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New Materials/Structures for MOSFET Technology 
Progression
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• Moore’s law in the past relied on shrinking Si MOSFETs
• Moore’s law in future demands more than just shrinking transistors

- New materials and device structures integrated on Si
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What is the Problem?

• To go beyond limits of Si higher performance material like Ge, 
III-Vs (?), carbon nanotubes and 2D materials like MoS2 provide 
a promising path to continue Moore’s law

• However, as device scaling continues, parasitic source 
resistance largely dominated by contact resistance, is beginning 
to limit the device performance 
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Contact Resistance
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• Contact resistance Rc∝ ρc/ Ac
• Contact area Ac goes down with scaling
• Active doping N limited by solid solubility
• Barrier height fB needs to be reduced
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Contact Resistance Problem: Photonics

Courtesy: E. Kasper et al, University of Stuttgart, Germany

• Direct band gap emission from Ge p-i-n 
heterojunction photodiode.

• Shift in wavelength with higher current density
• Power dissipation through Rc + Rdiff heats the 

diode
• Need contacts with 𝛒c ~ 10-9 ohm.cm2 for 

future electronics and photonics
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Conductance Quantum: Landaur Limit
• Conductance quantum in ideal 1D wire with M propagating modes and T transmission probability 

G = (2q2/h)MT
• Using this approach the intrinsic lower limit of contact resistivity is:

Maassen, Jeong, Baraskar, Rodwell and Lundstrom, Appl. Phys. Lett. 102, 111605 (2013)

as shown in Figs. 3(c) and 3(d), confirms that semiconduc-
tors with a larger number of channels yield smaller qLL

c val-
ues (for fixed EF). The markers in Figs. 3(c) and 3(d),
corresponding to carrier concentrations of 1018, 1019, 1020,
and 1021 cm!3, indicate that it is the relationship between n
and EF, which leads to similar qLL

c values for fixed n. In order
to better understand the correspondence between qLL

c and n,
and why all the studied semiconductors have nearly the same
qLL

c , we will utilize an approximate analytical formula.
Lowering the contact resistivity requires high doping

levels, which means the semiconductors are degenerate. In
this case, one can safely evaluate qLL

c (Eq. (1)) and the carrier
concentration n ¼

Ðþ1
!1 Dð!Þf ð!! EFÞ d! in the T¼ 0 K

limit.14 Assuming a non-parabolic Kane model for the elec-
tronic dispersion in 3D, 2D, and 1D respectively, we find

qLL
c ¼

h

4q2

m3D
DOS

m3D
DOM

4

ð3
ffiffiffi
p
p

n3DÞ2=3
; ½X!m2'; (3)

qLL
c ¼

h

4q2

ffiffiffi
p
2

r ffiffiffiffiffiffiffiffiffiffiffiffi
m2D

DOS

m2D
DOM

s
1ffiffiffiffiffiffiffi
n2D
p ; ½X!m'; (4)

qLL
c ¼

h

4q2

1

gv
; ½X'; (5)

where m3D
DOS ¼ ½

P
gv

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mxmymz
p '2=3;m3D

DOM ¼
P

gv

ffiffiffiffiffiffiffiffiffiffiffi
mxmy
p

;

m2D
DOS ¼

P
gv

ffiffiffiffiffiffiffiffiffiffiffi
mymz
p

and m2D
DOM ¼ ½

P
gv

ffiffiffiffiffiffi
my
p '2 (assuming

transport along z and confinement along x for the 2D case).

The 3D and 2D carrier densities have units of m!3 and m!2,
respectively. Unless otherwise mentioned, we consider the

case of 3D. Equation (3) predicts that qLL
c should depend on

n to the power !2/3 in the degenerate limit, as is observed
with the numerical results. Note that the non-parabolicity pa-
rameter a does not appear in Eqs. (3)–(5), and that the ratio
m(DOS=m(DOM is one for isotropic bands. Equation (3) is plot-

ted in Figs. 3(a) and 3(b) as a thin yellow solid line, using

m(DOS=m(DOM ¼ 1, and is found to provide an excellent fit to

the numerical results considering this simple equation
depends only on fundamental constants. Thus, this model
explains why the curves in Figs. 3(a) and 3(b) nearly over-

lap: any decrease in qLL
c due to an increase in Mð!Þ is offset

by a small EF value relative to the band edge. Hence, a
good conductor (large m(DOM and m(DOS) has a small EF and a

poor conductor (small m(DOM and m(DOS) has a large EF, such

that both yield a very similar qLL
c . For Si, we have

m(DOS=m(DOM ¼ 0:52, which reduces qLL
c compared to iso-

tropic bands. As expected, comparing Si to InAs and
In0:53Ga0:47As, we observe roughly a factor of two difference

in qLL
c . Finally, we highlight that the analytical expressions

in Eqs. (3)–(5) predict that qLL
c will have a gradually weaker

dependence on carrier density, m(DOM and m(DOS as dimen-

sionality is reduced.
We may ask how does valley degeneracy, band anisot-

ropy, and higher energy bands affect the lower limit of qc

and why do such features, present in the full band calcula-
tions, do not induce significant differences in qLL

c from one
material to another. Assuming there are gv degenerate ellip-
soidal bands, Eq. (3) can be rewritten as

qLL
c ¼

h

4q2

1

g1=3
v

mzffiffiffiffiffiffiffiffiffiffiffi
mxmy
p

 !1=3
4

ð3
ffiffiffi
p
p

nÞ2=3
; ½X!m2': (6)

We note that the same result, within a factor of two, was
reported elsewhere.4 Equation (6) indicates that although the
lower limit of qc can be decreased with increasing band
degeneracy, this dependence is weak. For example, with
gv¼ 6, the contact resistivity is reduced by a factor of 1.82.
Moreover, Eq. (6) also demonstrates that band anisotropy
can lower qLL

c by decreasing mz (EF further from the band
edge) and increasing mx;y (larger number of conducting chan-
nels). Due to the effective mass power of 1/3, anisotropic
effects are also weak. Finally, we verify the role of higher

FIG. 3. Contact resistivity (qLL
c ) versus

carrier concentration for p-type and n-type
InAs, In0:53Ga0:47As, GaSb, and Si at
300 K. Markers are experimental data
points taken from (InAs),2 (InGaAs),11

(GaSb),12 and (Si).13 Thin yellow solid
line is the analytical expression with
m(DOS=m(DOM ¼ 1. (c)–(d): Contact resis-
tivity versus EF for p-type and n-type
InAs, In0:53Ga0:47As, GaSb, and Si. EF is
defined relative to the valence and con-
duction band edges. Markers indicate the
EF values for carrier concentrations of
1018 (circle), 1019 (square), 1020 (dia-
mond), and 1021 cm!3 (triangle). Dashed
horizontal line corresponds to qc ¼ 10!9

X-cm2 called by the ITRS for 2023.

111605-3 Maassen et al. Appl. Phys. Lett. 102, 111605 (2013)
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Full band calculations of the intrinsic lower limit of contact resistivity
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The intrinsic lower limit of contact resistivity (qLL
c ) for InAs, In0:53Ga0:47As, GaSb, and Si is

calculated using a full band ballistic quantum transport approach. Surprisingly, our results show
that qLL

c is almost independent of the semiconductor. An analytical model, derived for 1D, 2D, and
3D, correctly reproduces the numerical results and explains why qLL

c is very similar in all cases.
Our analysis sets a minimal carrier density required to meet the International Technology Roadmap
for Semiconductors call for qc ¼ 10"9 X-cm2 by 2023. Comparison with experiments shows there
is room for improvement, which will come from optimizing interfacial properties. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4798238]

Achieving ultra-low contact resistivities for metal/semi-
conductor junctions represents a significant obstacle for the
scaling of nano-scale devices and the development of THz
bandwidth high-speed transistors.1 Much experimental effort
has been devoted to producing high quality material interfa-
ces, utilizing in-situ techniques for sample fabrication, with
the goal of reducing the specific contact resistivity (qc).2 The
International Technology Roadmap for Semiconductors
(ITRS) has called for a contact resistivity of 10"9 X-cm2 for
2023.3 This leads us to ask the following question: What is
the ultimate lower limit of Ohmic contact resistivity?

A recent theoretical study based on the parabolic
approximation and realistic band profiles demonstrated con-
tact resistivity values in excellent agreement with experi-
ment.4 This study also computed the case of perfect
reflection-less contacts, and found that this resistance was
within an order of magnitude of the lowest measured contact
resistivity to n-InGaAs. To achieve lower qc values, high
doping concentrations are required, which can push the
Fermi level far from the band edge where the electronic dis-
persion can be highly non-parabolic. In this work, we
address this important issue by calculating the theoretical
lower limit of contact resistivity (qLL

c ) for several semicon-
ductors by combining accurate full band electronic structure
calculations with the Landauer quantum transport formalism.
By naturally taking into account the role of valley degener-
acy, band anisotropy, higher energy bands, and the highly
non-parabolic shape of the bands, our results allow us to
quantitatively assess how much improvement in qc is possi-
ble given the present experimental values and verify the
validity of parabolic-based qc models. An analytical model,
applicable to 1D, 2D, and 3D structures, is found to
adequately reproduce the full band numerical results and is
utilized to provide an answer to what material properties are
desired to achieve the lowest possible qLL

c .

In this work, the intrinsic lower limit of metal/semicon-
ductor contact resistivity is calculated assuming that (i)
transport across the junction is ballistic, i.e., no scattering
and no Schottky barrier for carriers to tunnel through, and
that (ii) the metal is ideal meaning it contains more than
enough conducting channels to supply the semiconductor.
To compute qLL

c , we use the Landauer approach, which is
naturally suited to treat ballistic transport. The contact resis-
tivity (or inverse of the conductance per unit area), defined
in the limit of zero applied bias, can be expressed as5

1

qLL
c

¼ 4q2

h

ðþ1

"1
Mð!Þ " @f

@!

" #
d!; ½X"1"m"2'; (1)

where q is the electron charge, h is Planck’s constant, Mð!Þ is
the semiconductor distribution of modes (DOMs) or number
of conducting channels at energy !, and f is the Fermi-Dirac
distribution. The function ½"@f=@!' is centered at the Fermi
level EF and is strongly suppressed a few kBT away from EF,
where kB is Boltzmann’s constant and T is the temperature.
Thus, ðqLL

c Þ
"1 can be simply interpreted as the number of

“active” conducting channels times the quantum of conduct-
ance 2q2=h; an extra factor of two appears because half of the
resistance is associated with each of the two contacts.

In this study, we consider four of the most important
semiconductors for nano-scale and high-frequency electronic
devices: InAs, In0:53Ga0:47As, GaSb, and Si. The first three
are low-effective mass (m() III-V semiconductors with a sin-
gle isotropic conduction band (CB) located at C, while Si
has a six-fold degenerate large m( anisotropic CB. By study-
ing these much different semiconductors, our goal is to
understand and identify characteristics that can lead to a
reduction in contact resistivity. Fig. 1 presents the calculated
band structures of InAs, In0:53Ga0:47As, GaSb, and Si using
tight-binding and first principles frameworks (details found
in figure caption). Most calculations of contact resistivity
assume a parabolic-type form for the electronic bands, how-
ever at high doping concentrations, EF may reside far from
the band edge where features can be highly non-parabolica)Electronic address: jmaassen@purdue.edu

0003-6951/2013/102(11)/111605/4/$30.00 VC 2013 American Institute of Physics102, 111605-1

APPLIED PHYSICS LETTERS 102, 111605 (2013)

Downloaded 10 Oct 2013 to 171.65.239.140. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

• Assumptions in QM modeling
- Ideal metal with enough conducting channels (very large M)
- Realistic band structure of semiconductors (limited M)
- Ballistic transport between metal and semiconductor - no scattering
- Zero Schottky barrier, no Fermi level pinning, transmission coefficient T = 1

Need zero M/S barrier and heavy doping to lower ρc



7tanford University
araswat

Acceptor-like

Donor-like

EC

EV

El
ec

tro
n 

En
er

gy

ECNL

!

(-q)

(+q)

Metal

EC

EV

EFm

Metal Induced Gap 
States (MIGS)

Dipole + -

Wave function 
penetration δ

Semiconductor

Fermi Level Pinning è Fixes ϕB

DIS = 2 (πa
2Eg )MIGS density 

Pinned barrier height
fBn = S(fm - fCNL) + (fCNL- c)

E

k

Ec$

Ev$

ψ(ik)$

Bulk crystle

Forbidden 
gap

W. Monch, Phys. Rev. Lett., 58,1260, March 1987.

Unpinned barrier height fBn = fm - c

S = dφBn
dφm

= 1+ Dise
2δ

ε

!

"
#

$

%
&

−1

= 1+ 2e2δ
πa2Egε

!

"
#
#

$

%
&
&

−1

Pinning factorMetal Semiconductor

Ec
EFm

Ev

ΦBn

χΦm

Vacuum
Ideal Unpinned

Metal Semiconductor

Ec

EFm

Ev

MIGS
ΦBn

ECNL

χΦm

Vacuum

ΦCNL

Fully Pinned



8tanford University
araswat

Fermi Level Pinning è Fixes Barrier Height ϕB
• Metal wave function penetration
• Metal induced gap states (MIGS)
• Fermi level pins near ECNL

Metal Silicon

EcEFm
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ΦBn

ECNL
ΦBp

• Most semiconductors have strong pinning
• Excellent ohmic contacts to p-Ge, n-InAs, p-InSb
• Poor contacts to n-Ge, p-InAs, n-InSb, n-GaSb.
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Pinned Schottky Barrier Height

Dimoulas, APL 89, 252110 (2006)

𝚽Bn vs.𝚽m for Ge

Source and Drain Contacts for Germanium and III–V FETs for Digital Logic

MRS BULLETIN • VOLUME 34 • JULY 2009 • www.mrs.org/bulletin 523

Schottky barrier heights Φb,e and Φb,h and
on the metal work function Φm can be
described by

Φb,e = S(Φm − ΦCNL) + (ΦCNL − χs) (1)

Φb,h ≈ Eg − Φb,e , (2)

where Eg is the bandgap, and all energy
quantities are measured from the vacuum
level. The charge neutrality level ΦCNL is
the crossover at which the negative charge
from the occupied interface states bal-
ances the positive charge from the unoc-
cupied ones and defines the energy
position around which the Fermi level, Ef,
is pinned. The dimensionless quantity S =
∂Φb,e/∂Φm is the pinning factor indicating
the strength of the pinning. In the weak
pinning limit, S ≈ 1, one obtains Schottky
behavior (Φb,e ≈ Φm − χs). In the Bardeen
limit of strong pinning, S ≈ 0, the barrier
height Φb,e ≈ ΦCNL − χs is determined by
the position of the charge neutrality level
(CNL) relative to χs.

Germanium shows strong pinning7,8

(Figure 1) with S ≈ 0.05−0.02, consistent
with the value of 0.042 estimated by
Monch’s empirical model:9 S−1 − 1 = 0.1
(ε∞ − 1)2, which is based on MIGS theory.
Here, ε∞ is the high-frequency dielectric
constant. This pinning effect is much
stronger than in Si, as illustrated in
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Figure 1. Schottky barrier height (Φb,e) as a function of metal work function (Φm). Lines (a)
and (b) represent the Schottky limit and the Bardeen strong pinning limit, respectively. The
inset shows the alignment of the relevant energy quantities. CNL, charge neutrality level;
Eg, bandgap energy; Ef, Fermi level of the metal; χs, semiconductor electron affinity; 
M, metal; S, semiconductor. Reprinted with permission from Reference 7.
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Figure 2. Schematic illustrating the
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barrier height. Reprinted with
permission from Reference 8.

Figure 2. The CNL is only about
0.09−0.08 eV7,8 above the valence band
(VB) (Figure 1, Figure 2), which is in
excellent agreement with the predicted
values10 of the dangling bond acceptor
and donor levels, indicating that these
states may play a role in pinning the Ef
close to the valence band. As a conse-
quence of the low-lying CNL and the
strong Fermi pinning around this level,
the electron SB height Φb,e always
acquires high values of Eg ≈ 0.6 eV.
Consequently, the barrier height for
holes Φb,h (Equation 2) is negligible.
Therefore, almost all elemental metals
and their germanides easily form ohmic
contacts on p-type Ge, while they pro-
duce resistive Schottky contacts on n-Ge.

The opposite is true for InxGa1−xAs
when x = 0.53 or less, for which almost all
metals provide low barrier heights on the
n-type but not p-type semiconductor. This
situation arises because Ef is pinned either
close to or in the conduction band.11,12 For
x = 0.53, Φb,e ≈ 0.2 eV,12 and it becomes
even smaller or zero as x increases, as
shown in Figure 3. While studies on the
Fermi level pinning position in InSb may
not be in complete agreement,13,14 the
bandgap is so small (0.17 eV) that form-
ing ohmic contacts to this semiconductor
should not be difficult.

Source/Drain Contacts for Ge
Transistors
Metal Germanide Ohmic Contacts
for Ge pMOSFETs

As already stated in the introduction to
this article, low sheet resistance metals are
needed to contact the source and drain
regions in order to minimize series resist-
ance in short channel transistors. Metal
germanides (in analogy to silicides) with
low resistivity of a few tens of µΩ-cm are
good candidates because they also offer
the potential for self-aligned processing
of transistor junctions. Briefly, a metal is
deposited over the entire junction area and
subsequently reacts at higher temperature
with Ge at the exposed source and drain
areas to form germanides. Then, the unre-
acted Ge over the gate and the  isolation
areas is selectively etched with no addi-
tional lithographic step, allowing for con-
tact definition in a self-aligned manner.

A large number of transition metal
 germanides have been screened,15 and it
has been found that NiGe and PdGe are
probably the best candidates mainly
because they react at a low temperature,
around 150–360°C, to form low-resistivity
monogermanide phases with ρ ≈ 22–30
µΩ cm, which remain stable in terms of
stoichiometry up to 760–800°C. One of the
drawbacks of NiGe15,16 (and PdGe15) is the
degradation of morphology accompanied
by an increase of Rsh, which is attrib-
uted16 to agglomeration, after a post-
 germanidation anneal at temperatures
typically higher than 530–550°C. In the
case of NiGe, a potential solution to this
problem is to introduce Yb,16 which
retards agglomeration and improves ther-

Nishimura et. al, APL, 2007

GeSi

Ge FBp ≈ 0 and FBn ≈ Eg

Si FBp ≈ Eg / 3 and FBn ≈ 2Eg / 3
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Approaches for Low Resistance Contacts

Metal
Semiconductor

Decrease barrier thickness 
by increasing doping.
Best for n-Si, p-Ge, n-InAs

De-pinning Fermi level by 
metal - interlayer -
semiconductor (MIS)
ZnO, ITO for n-contacts
NiO for p-contacts interlayer with 

~0 �Ec

Metal

Metal

n-semiconductor

p-semiconductor

interlayer with 
~0 �Ev

-

+

Heterostructures
e.g., p-Ge on p-Si
n-InGaAs on n-Ge

Metal

low	N	and	high	ΦB

High	N	and	low	ΦB

Si
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Specific Contact Resistivity of MS Contacts to Si
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S.	Swirhun,	Electrochem.	Soc.	1988	
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Low 𝛒C by heavy doping in contacts to n-Si

C.-N. Ni, et al.,  2015 Symposium on VLSI Technology 

• Conventional doping methods give 𝛒c ~ 10-8 ohm.cm2

• It is possible to get metastable electrically active doping density higher 
than the equilibrium doping density > 1021 cm-3

• Low contact resistivity has been demonstrated in n-Si
• Thermal stability of laser annealing is problematic?

T1192015 Symposium on VLSI Technology Digest of Technical Papers

  Figure 1. (a) ITRS predicted ρC of mid 1e-9 Ωcm2 is required for 10/7-nm FinFET [1]. (b) Field-
emission model simulates ρC as a function of SBH and n-dopant (c) Band alignment of Ti on n-Si. 
(d) Band alignment of Ti on highly doped Si:P showing reduced barrier thickness (δ) 

  Figure 2. Detailed process flows showing selective 
highly doped Si:P EPI is processed prior to Ti/TiN 
contact metal deposition. 

 

 

  

Figure 3. (a) Schematics of contact chain test vehicle which comprises a 
chain of 13,000 contacts. (b) TEM of one pair of contact chain. (c) The 
formalisms used for calculating ρC. RS_M= metal sheet resistance, RS_Si= 
Si sheet resistance, Rc=contact resistance. LSi=diffusion length. (d) 
Contact chain resistance as a function of diffusion length for various 
samples. 

Figure 4. Total [P] as a function of strain 
of equivalent at% Csub in HD Si:P films. 
The inset shows the defect-free HD SiP 

Figure 5. (a) TEM of kelvin contact 
test vehicle with Ti contacting on 
HD Si:P (b) ρC of Ti/Si:P contact as 
a function of n-dopant concentration.  

 

  Figure 6. EELS analysis at contact 
interface. [P] segregation is visible at 
Ti/HD Si:P interface (upper right) . 

  

Figure 7. Correlation between 
measured ρC and predicted active 
concentration based on Field-
emission model  

Figure 8. ρC as a function of contact 
anneal conditions. DSA anneal 
splits outperformed soak anneal 
splits 

Figure 9. Post FGA (400C, 30 min) 
ρC as different splits. In general, 
ρC degradation < 20% is seen 
after FGA 

 

 
Figure 10. Sheet resistance measurement comparing pre- and post 
P cryo implant+anneal into HD Si:P. Rs improved with additional 
implant 

Figure 11. X-ray diffraction pattern shows no 
HD Si:P film relaxation after P implant and 
high temperature DSA anneal 
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  Figure 1. (a) ITRS predicted ρC of mid 1e-9 Ωcm2 is required for 10/7-nm FinFET [1]. (b) Field-
emission model simulates ρC as a function of SBH and n-dopant (c) Band alignment of Ti on n-Si. 
(d) Band alignment of Ti on highly doped Si:P showing reduced barrier thickness ( ) 

  Figure 2. Detailed process flows showing selective 
highly doped Si:P EPI is processed prior to Ti/TiN 
contact metal deposition. 

 

 

  

Figure 3. (a) Schematics of contact chain test vehicle which comprises a 
chain of 13,000 contacts. (b) TEM of one pair of contact chain. (c) The 
formalisms used for calculating ρC. RS_M= metal sheet resistance, RS_Si= 
Si sheet resistance, Rc=contact resistance. LSi=diffusion length. (d) 
Contact chain resistance as a function of diffusion length for various 
samples. 

Figure 4. Total [P] as a function of strain 
of equivalent at% Csub in HD Si:P films. 
The inset shows the defect-free HD SiP 

Figure 5. (a) TEM of kelvin contact 
test vehicle with Ti contacting on 
HD Si:P (b) ρC of Ti/Si:P contact as 
a function of n-dopant concentration.  

 

  Figure 6. EELS analysis at contact 
interface. [P] segregation is visible at 
Ti/HD Si:P interface (upper right) . 

  

Figure 7. Correlation between 
measured ρC and predicted active 
concentration based on Field-
emission model  

Figure 8. ρC as a function of contact 
anneal conditions. DSA anneal 
splits outperformed soak anneal 
splits 

Figure 9. Post FGA (400C, 30 min) 
ρC as different splits. In general, 
ρC degradation < 20% is seen 
after FGA 

 

 
Figure 10. Sheet resistance measurement comparing pre- and post 
P cryo implant+anneal into HD Si:P. Rs improved with additional 
implant 

Figure 11. X-ray diffraction pattern shows no 
HD Si:P film relaxation after P implant and 
high temperature DSA anneal 
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Low 𝛒C by heavy doping in contacts to p-Ge/GeSn
 

Fig. 1 A concept for
reducing ρc using
CAE techniques.
Band diagrams of
metal/n-Ge contacts
are shown.  CAE
reduces SB width,
which can enhance
tunneling of carriers. 
 

Fig. 10 SIMS profiles of a 
9nm thick NiGe/p+-Ge 
contact sample, showing a 
high B density of 4x1020cm-3

at the NiGe/Ge interface. 

Fig. 15 SIMS profiles and a TEM
image of the NiGe/n+-Ge contact
sample using LA, showing a high Sb
density of 1x1020cm-3 at the NiGe/Ge
interface. 

Fig. 16
NiGe/n+-
ultra-low
Ωcm2 wa

Fig. 11 J-V char
of p+/n junction 
9nm and 60n
contact samples.
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Fig. 8 TEM images of Sb
implanted samples after LA at (a)
0.2J/cm2 and (b) 0.4J/cm2.  (c)
Laser fluence dependent sheet
resistance (Rs). 
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Fig. 3 A key process flow 
for fabricating ultra-low
NiGe ρc contacts. 

Fig. 4 TEM ima
(a) thin and (b)
NiGe films.  

Fig. 17 Simulated Id-Vg
charactersitics for ITRS 
2015 HP Ge nFinFET based 
on the experimental ρc’s.

Fig. 12 Resistances of 
9nm and 60nm thick
NiGe/p+-Ge contacts in 
RTLM plot.   ρc’s were
deduced from the slope 
and the y-intercept.
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Fig. 14 Oxygen intensities 
(EDX) of the NiGe/p+-Ge 
contacts with a TEM 
image for the in-situ
60nm NiGe sample. 

Fig. 9 SIMS/SRP profiles for
Sb and P/Sb implanted 
samples before/after anneal.
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Fig. 5 SEM images
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• p-Ge: ρc = 2x10-9  Ωcm2

• p-GeSn: ρc = 1.2x10-9  Ωcm2 with Ga doping
• N-Ge: Laser anneal enhances n = 1.9x1020cm-3 and ρc =1.9x10-8Ωcm2

Ø ρc to n-Ge still higher than to p-Ge

n-Ge

p-Ge

T2192017 Symposium on VLSI Technology Digest of Technical Papers

 

 

  

Fig. 1.  Evolution of the lowest reported ρc 
for various p-type group IV 
semiconductors.  Ti/Ge0.95Sn0.05 contact in 
this work achieves the lowest ρc. 

Fig. 2. The well-defined Ge0.95Sn0.05 
peak in HRXRD curves indicates 
the high quality of the Ge0.95Sn0.05 
film and the Sn composition of 5%.  

Fig. 3. SIMS depth profiles of Ga and Sn 
atoms of the as-grown 30 nm-thick p+-
Ge0.95Sn0.05 layer on the un-doped Ge 
substrate. The total Ga concentration is 
~3.0×1020 cm-3 in the Ge0.95Sn0.05 film. 

Fig. 4. The real ( 1) and imaginary ( 2) 
parts of infrared dielectric function of 
GeSn film extracted from ellipsometry 
measurement showing an active Ga 
doping concentration of 1.6×1020 cm-3. 
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Fig. 5. (a) The 3D schematic of the nano-TLM structure. 
(b) The top-view schematic of the nano-TLM structure 
near the active region, illustrating the definition of Lc, Ld, 
and W.  

Fig. 6. (a) Key process steps for 
fabricating the nano-TLM. (b) The SEM 
image of the fabricated nano-TLM 
structure near the active region.  

Fig. 7. (a) Cross-sectional TEM image cutting along line A-A’ for 
Ti/Ge0.95Sn0.05 contact. (b) Lc of the metal line is 217 nm. (c) High 
resolution TEM images showing that Ti did not react with Ge0.95Sn0.05 
and good interface was formed between Ti and Ge0.95Sn0.05.  

   

Fig. 8. SIMS profiles of various elements 
for Ti on in-situ Ga-doped Ge0.95Sn0.05 
sample. Ge and Sn atoms tend to 
segregate at the Ti/Ge0.95Sn0.05 interface. 

Fig. 9. (a) Cross-sectional TEM image of Ni/Ge0.95Sn0.05 
nano-TLM. Ni reacts with Ge0.95Sn0.05 at tempertuare of 
250 ºC. (c) High resolution TEM images showing rough 
interface between Ni(GeSn) and Ge0.95Sn0.05. 

Fig. 10. I-V curves of the Ti/p+-
Ge0.95Sn0.05 nano-TLM from 
parallel measurement scheme. Lc 
is 167 nm. Ld is varying from 700 
to 1700 nm. 

Fig. 11. I-V curves of the Ti/p+-
Ge0.95Sn0.05 nano-TLM from cross 
measurement scheme. Lc is 167 
nm. Ld is varying from 700 to 
1700 nm 

 

   

Fig. 12. Extracted Rp and Rx (symbols) at 
different Ld and best fitting curves of the 
Ti/p+-Ge0.95Sn0.05 nano-TLM with Lc of 
217 nm. 

Fig. 13. Extracted Rp and Rx (symbols) 
at different Ld and best fitting curves of 
the Ti/p+-Ge0.95Sn0.05 nano-TLM with Lc 
of 167 nm. 

Fig. 14. Extracted Rp and Rx (symbols) at 
different Ld and best fitting curves of the 
Ni(GeSn)/p+-Ge0.95Sn0.05 nano-TLM with 
Lc of 217 nm. 

Fig. 15. Extracted Rp and Rx (symbols) at 
different Ld and best fitting curves of the 
Ni(GeSn)/p+-Ge0.95Sn0.05 nano-TLM 
with Lc of 147 nm. 

a) As deposited
10×10 µm2

RMS: 0.32 nm

b) 300 oC for 1 min
10×10 µm2

RMS: 0.27 nm

c) 350 oC for 1 min
10×10 µm2

RMS: 0.26 nm

d) 400 oC for 1 min
10×10 µm2

RMS: 0.37 nm

 

   

Fig. 16. Very small change of RMS 
surface roughness for the Ti/p+-
Ge0.95Sn0.05/Ge (001) sample after 
annealing at various temperatures 
for 1 min.  

Fig. 17. ρc as a function of annealing 
temperature. Very small change of ρc was 
observed with annealing temperature up to 
400 oC.   

Fig. 18. Benchmark plot of ρc obtained for 
metal on p-type Ge or Ge1-xSnx substrates 
with various doping concentrations 
reported in literature. Ti/p+-Ge0.95Sn0.05 
contact in this work achieves the lowest ρc. 

Fig. 19. Calculated ρc as a function of 
doping concentration for metal on Ge1-xSnx 
with various Sn compositions and 
Schottky barrier heights ( B) of 0.05 eV 
and 0.1 eV. 
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Contacts to III-V NMOS (InGaAs)

ρc (min) ~5x10-9 ohm-cm2

A. Baraskar, et al., 2010 IPRM

insures a pristine unblemished interface that yields excellent 

contact resistance.  

 

Fig. 2. Nano-TLM test structure to measure the contact resistance of 

nanoscale contacts to InGaAs. Inset: 19 nm long Mo contacts to InGaAs. 

 

Fig. 3. Contact resistance vs. contact length for nanoscale Mo/n+-InGaAs 

contacts. The data is consistent with a contact resistivity of 0.67 Ω.μm
2
. 

Inset: illustration of thermal stability of Mo/n
+
-InGaAs contacts 

 

To characterize nano-scale contacts, we have designed a 

new “nano-TLM” test structure. Fig. 2 shows an SEM picture 

of a nano-TLM with 19 nm long Mo contacts. Fig. 3 shows Rc 

measurements vs. contact length. An average contact 

resistivity of 0.67 Ω·μm
2
 is demonstrated. This yields 

extremely small Rc in relatively long contacts (~6.6 Ω.μm), 

but Rc shoots up when the contact length becomes shorter than 

the transfer length (~110 nm). Further work is required to 

address this problem. Mo contacts are thermally stable up to 

about 400
o
C (inset of Fig. 3). Other silicide-like contacts 

based on Ni, Co or Pd are being investigated elsewhere [6,7]. 

At the moment, these alternative approaches yield inferior 

values for the contact resistance.  

The key enabling technology for InGaAs MOSFETs is a 

high-quality oxide/semiconductor interface by ALD. Many 

groups have demonstrated excellent Al2O3/InGaAs interfaces 

and surface-channel transistors. This is insufficient for future 

scaled CMOS. First, a higher permittivity dielectric is 

required. Also, in a surface-channel design, interface 

roughness scattering severely degrades the mobility (Fig. 4). 

The pressing need is for an ultra-scaled buried-channel design 

with a total EOT well below 1 nm. We are investigating a 

composite HfO2/InP MOS barrier without intermediate Al2O3 

passivation [5]. This is predicated on research that shows that 

HfO2 gives lower Dit on InP than Al2O3 [8]. Our device results 

confirm that Al2O3 passivation is not needed (Fig. 5). Using a 

HfO2/InP composite gate barrier with sub-1 nm EOT, we have 

obtained Lg=50 nm MOSFETs with a subthreshold swing of 

95 mV/dec at Vdd=0.5 V. This nearly matches the 

characteristics of InGaAs Trigate FETs of identical gate length 

even though the Trigate MOSFET has intrinsically better 

short-channel effects [9]. In our approach, the MOS interface 

is formed late in the process and is completely finished 

immediately after the InP barrier is exposed [5]. This yields 

nearly ideal S=69 mV/dec on long-channel transistors [5]. 

Higher K dielectrics are being investigated by other groups 

and show promise [10,11].  

Fig. 4. Electron mobility in InGaAs channel MOS structures as a function 

of Capacitance-Equivalent Thickness (CET) at a sheet electron 

concentration of 3x10
12

 cm
-2

 for surface-channel and buried-channel 

MOSFETs using ZrO2 as gate dielectric. 

Fig. 5. Subthreshold characteristics of buried-channel InP/InGaAs QW-

MOSFETs with different gate dielectrics. The InP cap is about 1 nm 

thick. A pure HfO2 gate dielectric without Al2O3 passivation gives 

excellent results [5]. The total EOT of this gate barrier is about 0.8 nm.  

IEDM13-25 2.1.2

Mo/InGaAs

J. A. del Alamo, et al., IEDM 2013 

ρc= ~6.7x10-8 ohm-cm2  

• Fermi level pins in the conduction band è 𝚽BN ~ 0
• With moderate doping it is possible to get low ρc

correcting for the effect of TLM test structure interconnect 
resistance on measurements (5), we had earlier obtained 

cU  = (1.4±0.5)×10−8 Ω-cm2 for in-situ Mo contacts to a 
composite layer of 5 nm of n-type InAs on 95 nm of 
InGaAs (14). For this sample, the active carrier 
concentration in the InAs layer was 3 ×1019 cm-3 (calibrated 
on separate samples). As shown in Fig. 4, cU reported for 
InAs (5 nm) /InGaAs (95 nm) sample of ref. (14) is greater 
than expected from the current data because the observed 
resistivity includes Mo/InAs and InAs/InGaAs interfaces in 
series. Also shown in Fig. 4 is the cU  obtained with ex-
situ, annealed, contacts to InAs (9), which is greater than 
for in-situ contacts. 
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Fig. 4: Variation of specific contact resistivity with active 
carrier concentration. 
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Fig. 5: Measured TLM resistance as a function of pad 
spacing for the sample with cU  = (0.6±0.4)×10−8 Ω-cm2. 
The inset plots measured TLM resistance vs. pad spacing 
ranging from 0.8 µm to 25 µm. 

For the sample with cU = (0.6±0.4)×10−8 Ω-cm2, the 
transfer length was 260 nm, 2.6:1 larger than the N+ layer 
thickness; hence resistance analysis assuming one-
dimensional current flow is appropriate. Hall 
measurements on the same sample with lowest contact 
resistivity indicate 568 cm2/Vs mobility, and 10.5 Ω sheet 
resistivity. The sheet resistivity determined from TLM 
measurements was 11 Ω, correlating closely to the sheet 
resistivity obtained with Hall measurements. 

To study the thermal stability of the contacts, the 
processed samples were annealed under nitrogen 
atmosphere at 250 oC for 1 hour, a thermal cycle 
representative of the curing cycle of the benzocyclobutene 
(BCB) passivation and interconnect dielectric used in 
many III-V IC processes (15). The contacts were found to 
remain Ohmic and the observed variation in the contact 
resistivity was less than the margin of error in the 
measurement. 

 
IV. CONCLUSIONS 

 
We present the dependence of cU  on active carrier 

concentration for in-situ, thermally stable, Ohmic contacts 
to InAs. We show that, although the Fermi level pins in the 
conduction band for InAs, cU  decreases with increased 
active carrier concentration for active carrier 
concentrations below 8.2×1019 cm-3. cU  was found to 
saturate for active carrier concentrations above 8.2×1019 

cm-3 and the lowest cU  obtained was (0.6±0.4)×10−8 Ω-
cm2. Our results indicate that active carrier concentrations 
in excess of ~ 4×1019 cm-3 are required to obtain cU  less 
than 1×10−8 Ω-cm2. These results indicate the effectiveness 
of InAs in forming ultra-low resistance Ohmic contacts; 
application in contacts to layers within III-V devices 
requires further characterization of the heterojunction 
interface resistance between InAs and the contacting layer. 
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A. Atomistic Dopant Variation
Variability in doped contacts stems from two sources: (1)

the number of dopants in a given contact and (2) their spatial
distribution in the crystal lattice. In a continuum treatment of
materials such as effective mass approximations, only the first
aspect is manifested (through the ND term). The second aspect
requires an explicit atomistic treatment of transport.

The count of dopants within a given volume follows an ap-
proximately Poissonian distribution. This follows from treating
the substitution of any given lattice site as a Bernoulli trial
and observing that the probability of substitution is low (on
the order of 0.01 to 0.1). At ND = 7 × 1020 cm−3, a Si
block that is 20 × 20 unit cells in area (11 nm × 11 nm)
and 4 unit cells deep (2 nm, roughly the depth of a Schottky
barrier) would have a mean dopant count of µ ≈ 180, giving
a standard deviation of σ ≈ 13.4 dopants.

Now consider a Si contact that is shrunk by 40% on each
side to 12 × 12 unit cells in area (6 nm × 6 nm). The
corresponding values decrease to µ ≈ 64 and σ ≈ 8. Note
that relative variation about the target doping concentration
(the ratio of σ to µ) increases as contact area decreases. This
follows from the property that µ = σ2 for Poisson distributions
and thus σ/µ is proportional to 1/

√
µ. This motivates us to

quantify the effect on ρc, which has an exponential dependence
on the local dopant concentration.

B. Modeling Methodology
We have quantified both of these effects with two stage

Monte Carlo simulations that utilize sp3d5s∗ tight binding
to construct the Hamiltonian and nonequilibrium Green’s
functions (NEGF) to calculate the conductivity [6][7]. In the
first stage, approximately 1000 Si atomic configurations with
an area of 4 × 4 unit cells were generated and simulated
self-consistently. The active NEGF region had a depth of 6
unit cells. The first 4 unit cells from the contact contained
explicit P dopants placed randomly on the lattice and the last
2 unit cells had a continuum doping of 7 ×1020 cm−3. In the
second stage, these were used as building blocks to construct
thousands of possible contacts with a given physical area.

We use the Landauer approach for current density:

J =
q

h

!
dE T (E)(f1 − f2)

The Fermi functions f are taken at T = 300 K and a near-
zero applied bias is used since ρc = ∂V/∂J is defined at
V = 0. Transmission is computed using NEGF [8]:

T (E) = Tr[Γ1GΓ2G
†]

G(E) = [(E + i0+)S −H − U − Σ1 − Σ2]
−1

The potential U is solved for by iterating to achieving self-
consistency between the Schrödinger and Poisson equations.
H is the Hamiltonian of the Schottky barrier region and the
self-energies Σ = τgτ † modify the Hamiltonian to account
for the boundary conditions imposed by the metal and the
semiconductor bulk. The surface Green’s functions g are
obtained with the iterative Sancho-Rubio method [9] and τ is
the channel-contact coupling matrix. The broadening matrices

Γ = i[Σ - Σ†] give a finite lifetime and energy width to the
states of the system.

The role of metal band structure was excluded from the
dopant variation studies by setting the Schottky barrier at mid-
gap (ΦB = 0.56 eV) and placing band-shifted Si on the contact
side to act as a reservoir. This ensures that there are states on
both sides of the contact interface at a given energy E and
momentum k. By removing scattering due to band mismatch,
the effect of dopant variation can be isolated. This reduces the
simulated ρc values because actual metal-Si interfaces show
a 5× or more increase in resistivity due band mismatch [10]
even for materials have nearly a superset of Si E, k states at
the Fermi level (e.g. NiSi2 [11]). However, it is the variance
of ρc rather than the mean that we are interested in.

C. Results
The effect of dopant variation on ρc can be seen in Fig.

2, which plots the mean and standard deviation of ρc against
the contact area in nm2. A dramatic increase in both µ and σ
can be observed as area falls below the 100 nm2 mark. While
the increase in σ is easily explained by Poissonian statistics,
the increase in µ is surprising at first since the average ND

and other properties affecting ρc are fixed. However, it can be
explained by the heavy skew in the probability distribution of
ρc. Rather than being symmetrical about the mean, there is a
long tail of high ρc values.
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Fig. 2. Left: Contact resistivity shows increasing mean and variance as
dimensions decrease. Right: The standard deviation of ρc from the left plot
follows a roughly 1/

√
Ac form, where Ac is the contact area.

Fig. 3 shows the distribution of ρc values for contacts of size
6 nm × 6 nm. This phenomenon arises due to the harmonic
averaging of parallel resistances. Due to chance, dopants may
be concentrated in some regions and absent in others. Since
resistances add in parallel, conduction is dominated by regions
with high concentration. In large area contacts, it is highly
likely that there will be at least a few such regions. In the
nanoscale limit, some “unlucky” contacts will be left with no
highly conductive regions and this manifests as the skew in ρc.

• Si with ND = 7x1020 cm−3

• Contact resistivity shows increasing mean and variance as dimensions 
decrease

• The empirical distribution of ρc in 6 nm × 6 nm contacts shows high 
variance and skew. 
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This skew makes the atomistic variation problem worse since
circuit design must accommodate devices that have several
times the average ρc due to chance.
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Fig. 3. Left: The empirical distribution of ρc in 6 nm × 6 nm contacts shows
high variance and skew. Right: The distribution of dopant count in the same
set of contacts is approximately Gaussian.

To disentangle the effect of dopant count and dopant posi-
tions, we perform a log transform on ρc and regress the inverse
square of it against dopant count. This quantity has a linear
relationship to ND and thus the r2 of least squares regression
approximates the proportion of ρc variation due to dopant
count. The result in Fig. 4 shows that doping concentration
explains less than half (r2 ≈ 0.4) of the observed variance.
The remainder is due to positional variation at a fixed number
of dopants and manifests as the vertical width of the cloud of
points in Fig. 4. Since ion potential wells are unscreened near
Schottky barriers, they have a strong effect on the electron
wavefunctions and consequently the transmission probability.
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Fig. 4. Linear regression of the transformed quantity log(ρc)−2 against
dopant count for 6 nm × 6 nm contacts has r2 ≈ 0.4, indicating that dopant
position has a large effect on contact resistivity.

The implication of these results is that doping alone is not
a robust solution for achieving low contact resistance in the
nanoscale limit. Although the average ρc may be brought down

near or even below 1 × 10−9 Ω-cm2, the long tail of high
resistance contacts presents a problem. Without atom-level
control of dopant count and position, this source of variability
cannot be eliminated.

III. BARRIER LOWERING WITH INTERLAYERS

Achieving low ρc requires some combination of sufficiently
low barrier height and sufficiently low barrier thickness. As
the preceding results show, barrier thickness cannot reliably
be lowered with doping when contact dimensions drop below
10 nm. To overcome this, one solution is to bring barrier height
to nearly zero so that barrier width is inconsequential.

A. Fermi Level Depinning
Since barrier height at a metal-semiconductor junction is

largely determined by Fermi level pinning [12], modification
of the interface itself is necessary to lower it. The insertion
of any interfacial layer between the metal and semiconductor
modifies the pinning location and results in a new barrier
height that may be higher or lower.

In literature, this is often called Fermi level “depinning”
[13] because the interlayer attenuates the metal wavefunctions
and prevents them from reaching the semiconductor. This
prevents pinning to the semiconductor’s charge neutrality level
ECNL. However, the interlayer too has a pinning location as
determined by its own complex band structure, so the effect
may be equivalently thought of as “repinning” to a more
favorable pinning location. Fig. 5 shows the potential profile
of such a metal-interlayer-semiconductor (MIS) contact. This
may be contrasted with the standard MS contact of Fig. 1.

Ec

Ev

ΦB
MIGS

EF

Fig. 5. Band diagram of a metal-interlayer-semiconductor stack showing
Fermi level pinning due to the interlayer MIGS rather than the semiconductor
MIGS. The effective barrier height ΦB is reduced due to the pinning shift.

The energy ECNL is a feature of the material’s complex
band structure and typically lies within the band gap. Com-
plex wavevectors are evanescent solutions to the Schrödinger
equation that do not exist in the crystal bulk. At ECNL these
gap states switch between acceptor-like (similar to conduction
band orbitals) and donor-like (similar to valence band orbitals).
Fermi level deviation from this energy rapidly causes charge
accumulation so the Fermi level is “pinned” to maintain
local charge neutrality. This diminishes the influence of φM
considerably and gives rise to Schottky barriers.

G. Shine & K. Saraswat, IEEE TED, Sept. 2017.

6 nm×6 nm contacts 

ND=7x1020 cm−3
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Contacts to Carbon Nanotubes

There are some theoretical models that support the Lc depen-
dence of Rtot , suggesting that the metal 2 nanotube coupling
relies on Lc and influences the amount of carrier reflection at the
contacts, thus affecting the contact resistance30,31. Unfortunately,
although these models consider carrier injection between the
metal and nanotube, they do not provide information regarding
transport in the portion of the nanotube that is covered by the
metal contact. Greater elucidation of transport in metal-coated
nanotubes is needed to further examine the components of rc and
its potential dependence on other parameters, such as Lc. At this
stage, rc (Fig. 4) is an excellent approximation that encompasses
both the metal 2 nanotube injection and the metal-coated nano-
tube transport resistances to provide a fit to the present data;
however, we are not suggesting that this represents the final
physics at the contacts, as extensive, further investigation
is necessary.

A final demonstration of the operation of scaled nanotube tran-
sistors is shown in Fig. 5, in which both the channel and contact
lengths have been aggressively scaled (Lch ≈ Lc ≈ 20 nm). This is
the smallest nanotube transistor reported to date, and it performs
very well, in spite of such tiny critical dimensions. An on-current
of 10 mA is obtained at only 20.5 V of drain bias, and the
off-state is free of short-channel effects with a very stable SS of
"85 mV dec21—a superb SS for a Schottky barrier device.
Performance at these lengths can be improved further by incorpor-
ating thinner dielectrics. Additionally, the noise in the character-
istics, which is related to the small number of carriers in the
channel, can be reduced by incorporating several nanotubes in
parallel into the channel.

In summary, this Letter has provided the first experimental evi-
dence of the effects of aggressive channel and contact length scaling
in nanotube transistors. A wide range of lengths were studied
(15 nm , Lch , 3 mm and 20 nm , Lc , 300 nm) by fabricating
sets of devices with different dimensions along the same nanotube.
Results showed that Lch can be scaled down to 15 nm without incur-
ring short-channel effects, yet achieving saturated on-currents of up
to 25 mA for a single nanotube at Vds¼20.4 V and gm ≈ 40 mS.
The first evidence of contact resistance dependence on contact
length has been provided, and a reasonable fit to data from three
different nanotubes has been obtained. The performance costs of
Lc scaling must be taken into account when considering nanotube
transistors for a future technology. It is clear that there will be a
trade-off between extremely scaled contacts and the best performing
devices (high Ion and gm). With a final demonstration of the smallest
device to date, this study has provided evidence that, in spite of the

cost of Lc scaling, nanotube transistors can continue to offer
impressive performance at dimensions that are suitable for inte-
gration through the next decade of the technology roadmap.

Methods
Fabrication of local bottom gates. On silicon substrates with 1 mm of thermal SiO2,
1-mm-wide LBGs were patterned into poly(methyl methacrylate) (PMMA) using
electron-beam lithography. The SiO2 was then reactive ion etched in a mixture of
CHF3 and O2 at 100 W for 3 min to remove "40 nm, followed by a 10 s etch in 9:1
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As a final demonstration that aMo end-bonded
contact canmaintain its low 2Rc and thus serve as
the contact scaling solution for future ultimately
scaleddevice technologies,we constructeda SWNT
transistor with a physical Lc below 10 nm (a sche-
matic is shown in Fig. 4A; the detailed fabrication
flow is depicted in fig. S6). The actualMo-to-SWNT
contacts are confined by the size of SiO2 trenches,
similar to the contact vias in standardSiMOSFETs.
The corresponding scanning electron microscopy
(SEM) and scanning transmission electronmicros-
copy (STEM) images in Fig. 4, B to D, characterize
thegeometry of the sub–10-nmLc device, performed
after electricalmeasurements. The cross-sectional
STEM image (Fig. 4D) provides information on
the sidewall shape of the SiO2 trenches to give an
accurate extraction of the effective device Lc to be
~9 nm, which is taken as the average of Lc for
source and drain electrodes. Mo nicely filled into
these narrow vias. The roughness on the metal
top surface is caused by the grain growth induced
by this annealing process and can be planarized
with a chemical-mechanical polishing process in
the real technology integration process flow. Trans-
fer and output characteristics of three devices
with effective Lc of 59, 36, and 9 nmmade on this

SWNT are plotted in Fig. 4, E and F, with their
on-current levels consistent with each other, con-
firming the Lc independence of 2Rc (Fig. 3E). The
device with 9 nm Lc performs well with an on-
current of >10 mA at only −0.5 V VDS, an on/off
current ratio of 104, and extracted overall device
resistance in low-bias regime less than 36 kilohm.
For a realistic SWNT transistor consisting of a
nanotube array with a tube pitch of ~8 nm (5),
the effective device contact resistance per width
becomes ~240 ohm mm, which satisfies even
the most stringent target listed by International
Roadmap for Semiconductors up to 1.3 nm tech-
nology node in 2028 (37). This end-bonded con-
tact geometry formed through reaction between
Moandnanostructures could readily be extended
to improve the Lc scaling behavior of ultrascaled
nanoelectronic devices on the basis of other low-
dimensional materials including graphene and
MoS2. We have only demonstrated p-channel
SWNT transistors using p-type end contacts. It
will be difficult to form end-bonded n-type con-
tacts to SWNTs in which electrons are directly
injected into the conduction band of SWNTs
with this carbide formation approach, as metals
with low enough work function tend to oxidize

first rather than react with C. However, it is still
possible to realize n-channel SWNT device oper-
ation even with end-bonded contacts to high
work function metals through electrostatic dop-
ing in the vicinity of the source electrode (10, 38).
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Fig. 4. Mo end-contacted quasiballistic SWNT transistors with Lc defined
by contact trenches. (A) Schematic and (B) false-colored SEM image of a set
of Mo end-contacted nanotube transistors made on the same nanotube with Lc
ranging from ~10 to 60 nm defined by SiO2 contact trenches. The diameter of
this particular nanotube is determined to be ~1.7 nm by means of AFM (fig. S5).
Scale bar, 400 nm. (C) Top-view SEM image of the ~9 nm effective Lc nanotube
transistor at a higher magnification. Scale bar, 100 nm. (D) Cross-sectional high-

angle annular dark field-STEM of this device showing the trench profile for the
accurate determination of Lc. (E) Collection of transfer characteristics from the
set of Mo-contacted nanotube transistors as in (B) with different Lc plotted in
both linear (lines, left axis) and logarithmic (symbols, right axis) scales under
applied VDS of −0.5 V. (F) Output characteristics of the same devices as in (E)
measured at VOVof −7 V. Curves for the device with ~9 nm effective Lc measured
with descending VGS at a step of 1 V are also plotted (dashed lines).
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with an on/off current ratio up to 107 and a small
subthreshold swing of ~100mV/decade. Its output
characteristics (Fig. 2D) reveal other aspects of the
excellent device performance, including on-state
resistance ~40 kilohm, saturation current near
15 mA, and nearly linear current-voltage character-
istics at small drain-to-source bias (VDS). All of
these results suggest that high-quality barrier-free
contacts were formed. The absence of Schottky
barrier was further confirmed with temperature-
dependent measurements. The device output char-
acteristics remain unchanged when measured from
room temperature to 20 K (Fig. 2E), indicating
nearly zero Schottky barrier for hole injection. Al-
though the real contact area is extremely small,
these end-bonded contacts demonstrate excellent
electrical reliability, with negligible changes in
on-state current or on/off current ratio when the
device was electrically cycledmore than 400 times,
under a peak current density above 4 × 108 A cm−2

(fig. S2), presumably because of the formation of
robust metal carbide bonds (28).
For truly end-bonded contacts, 2Rc should be

independent of contact size. Unlike conventional
side contacts, all of the carrier collection should
occur at the quasi-0-D interface, with the negli-

gible spreading resistance (fig. S3) (33), so the
contact resistance 2Rc should be independent of
the physical width of the metal contact Lc. We
measured devices with a short Lc of 20 nmmade
on solution-processed SWNTs and found that
~50% of them exhibited low overall device resist-
ance (below 40 kilohm) (fig. S4), which is com-
parablewith the ratio obtained fromdevicesmade
with wide contacts. To further confirm the in-
variance of contact resistance with Lc and verify
the formation of an end-bonded contact, we
needed to control other factors, in particular the
dependence of 2Rc on the SWNT diameter and
band gap (16). To do this, we fabricated a series of
devices with different Lc on the same long nano-
tube grown by means of chemical vapor deposi-
tion (Fig. 3, A and B). This approach provided
precisely defined device geometries with a con-
stant diameter and band gap among devices. The
diameter of this particular SWNT was ~1.6 nm
(fig. S5) from atomic forcemicrocopy (AFM). The
Lch for each device was 60 nm, so that the SWNT
channel should be ballistic, and thus the 2Rc

could be approximated as the total device resist-
anceminus the quantum resistance of the SWNT
channel (RQ = 6.5 kilohm) (16).

The transfer characteristics of devices with Lc
varying from 20 to 300 nm at the same gate
overdrive (VOV, defined as the gate bias VGS ap-
plied above the device threshold voltage) (plotted
in Fig. 3C) showed no off-state performance dif-
ference caused by such wide Lc variation. The
values of 2Rc, extracted from the low-field slope
of the output curves at high VGS (Fig. 3D), are all
in the range of 25 to 35 kilohm per SWNT. Con-
sidering that the junction area is merely ~2 nm2,
this value corresponds to a contact resistivity as
low as 3 × 10−10 ohm cm2, compared with pre-
vious best value in the range of 1.5 × 10−9 to 4 ×
10−9 ohm cm2 for metal to Si or SWNT contacts
(21, 35). In Fig. 3E, the Lc scaling of our devices is
compared with one of the best reported Pd side-
bonded contacts (21). For side-bonded contacts,
because of the distributed nature of SWNT-metal
interface, the 2Rc is proportional to the reciprocal
of Lc in small contact regime as in the standard
transmission line model commonly used for
semiconductor devices (19, 36). Mo end-bonded
contacts start to outperform Pd side-bonded
contacts at dimensions near 20 nm, andwe project
that the former possesses more than two times the
performance advantage for Lc scaled below 10 nm.

70 2 OCTOBER 2015 • VOL 350 ISSUE 6256 sciencemag.org SCIENCE

Fig. 3. Contact length scaling of Mo end-contacted quasiballistic SWNT tran-
sistors. (A) Schematic and (B) false-colored SEM images of a set of transistors
fabricated on the same nanotube, with Lc ranging from 20 to 300 nm. Scale bar,
400 nm. (C) Collection of transfer characteristics from a set of Mo end-contacted
single-nanotube transistors with different Lc plotted in both linear (lines, left axis)
and logarithmic (symbols, right axis) scales with applied VDS of −0.5 V. (D) Output
characteristics of the same devices as in (C) measured at VGS of −6 V. Curves for
the device with 20 nm Lc measured with descending VGS at a step of 1 V are also

plotted (dashed lines). (E) Plot of 2Rc as a function of Lc for two sets of Mo end-
contacted devices (red), with each set on a different nanotube (red circle or
diamond represents a set of transistors on the same tube), and the best Pd side-
contacted nanotube devices from (21) (black square). Additional Mo end-contacted
nanotube devices whose Lc are confined by contact trenches (extracted from Fig.
4F) are shown as blue hexagons.The black dashed curve represents a fitting to the
formula of 2Rc = 2rc/Lc, where rc is the linear contact resistivity.The red dotted line
serves as a visual guide highlighting the invariance of 2Rc for end-bonded contacts.
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There are some theoretical models that support the Lc depen-
dence of Rtot , suggesting that the metal 2 nanotube coupling
relies on Lc and influences the amount of carrier reflection at the
contacts, thus affecting the contact resistance30,31. Unfortunately,
although these models consider carrier injection between the
metal and nanotube, they do not provide information regarding
transport in the portion of the nanotube that is covered by the
metal contact. Greater elucidation of transport in metal-coated
nanotubes is needed to further examine the components of rc and
its potential dependence on other parameters, such as Lc. At this
stage, rc (Fig. 4) is an excellent approximation that encompasses
both the metal 2 nanotube injection and the metal-coated nano-
tube transport resistances to provide a fit to the present data;
however, we are not suggesting that this represents the final
physics at the contacts, as extensive, further investigation
is necessary.

A final demonstration of the operation of scaled nanotube tran-
sistors is shown in Fig. 5, in which both the channel and contact
lengths have been aggressively scaled (Lch ≈ Lc ≈ 20 nm). This is
the smallest nanotube transistor reported to date, and it performs
very well, in spite of such tiny critical dimensions. An on-current
of 10 mA is obtained at only 20.5 V of drain bias, and the
off-state is free of short-channel effects with a very stable SS of
"85 mV dec21—a superb SS for a Schottky barrier device.
Performance at these lengths can be improved further by incorpor-
ating thinner dielectrics. Additionally, the noise in the character-
istics, which is related to the small number of carriers in the
channel, can be reduced by incorporating several nanotubes in
parallel into the channel.

In summary, this Letter has provided the first experimental evi-
dence of the effects of aggressive channel and contact length scaling
in nanotube transistors. A wide range of lengths were studied
(15 nm , Lch , 3 mm and 20 nm , Lc , 300 nm) by fabricating
sets of devices with different dimensions along the same nanotube.
Results showed that Lch can be scaled down to 15 nm without incur-
ring short-channel effects, yet achieving saturated on-currents of up
to 25 mA for a single nanotube at Vds¼20.4 V and gm ≈ 40 mS.
The first evidence of contact resistance dependence on contact
length has been provided, and a reasonable fit to data from three
different nanotubes has been obtained. The performance costs of
Lc scaling must be taken into account when considering nanotube
transistors for a future technology. It is clear that there will be a
trade-off between extremely scaled contacts and the best performing
devices (high Ion and gm). With a final demonstration of the smallest
device to date, this study has provided evidence that, in spite of the

cost of Lc scaling, nanotube transistors can continue to offer
impressive performance at dimensions that are suitable for inte-
gration through the next decade of the technology roadmap.

Methods
Fabrication of local bottom gates. On silicon substrates with 1 mm of thermal SiO2,
1-mm-wide LBGs were patterned into poly(methyl methacrylate) (PMMA) using
electron-beam lithography. The SiO2 was then reactive ion etched in a mixture of
CHF3 and O2 at 100 W for 3 min to remove "40 nm, followed by a 10 s etch in 9:1
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Contacts to MoS2

• Smallest MoS2 contacts to date

– L = 40 nm and variable contacts (LC = 20 to 100 nm)
– Smallest contact pitch CP ~ 70 nm, equivalent to “14 nm” tech. node

• Contacts are limiting the performance of small MoS2 transistors

C. English, G. Shine, V. Dorgan, K. Saraswat, E. Pop, Nano Lett. 16, 3824 (2016)

Schottky barrier. However, given that RSH depends both on μ
and n, we cannot rule out the possibility that RC is affected by n
under the contact instead of μ (e.g., through charge depletion,
which in turn is microscopically influenced by the deposition
conditions). This scenario would also lead to a larger RSH of
MoS2 under the contacts, although it would have a weaker
temperature dependence. Our model and measurements
cannot presently distinguish between the two scenarios, but
future work with higher contact doping and a two-dimensional
solution of the field, charge, and current distributions at the
contacts could help elucidate this issue.
Current Transfer Length. While calculating ρi is useful for

modeling purposes, ρC can be directly extracted using the
transmission line model in conjunction with the TLM
measurement because RC and RSH are known a priori. RTOT
vs L (Figure 1d) yields the sheet resistance (slope of the line
fits) and the contact resistance (vertical intercept =2RC),
yielding both ρC and LT from the exact form of eq 2 and from
LT = (ρC/RSH)

1/2. Thus, we extract ρC (Figure 3a) and the
transfer length LT (Figure 3b) from RC measurements on Au
contacts (PD = 10−9 Torr) for varying T and n. At 300 K the
lowest effective contact resistivity is ρC ≈ 3 × 10−7 Ω·cm2 for
our cleanest Au-MoS2 contacts; this result is comparable to that
of chemically doped contacts, but without the disadvantage of a
highly doped, “always on” channel with very negative VT. ρC
decreases with increasing T due to increased thermionic
emission, down to 1.5 × 10−7 Ω·cm2 at 400 K. Despite these
improvements, ρC remains higher than for modern Si contacts
(∼10−8 Ω·cm2),35 indicating a continued need for improve-
ment. Note that ρC is slightly larger than ρi (see Supporting
Figure S10) due to vertical, intralayer resistance underneath the
contact, which is not taken into account with the Tsu-Esaki
model.
In Figure 3b we extract LT ≈ 40 nm at 300 K, a relatively

small value consistent with a large RSH and small ρC. The
transfer length rapidly decreases with rising temperature, as RSH
increases due to phonon scattering and ρC decreases from
enhanced thermionic emission. In this respect, MoS2 transistors
look promising from the point of view of contacts at elevated

temperatures (LT ≈ 20 nm at 400 K), but more improvements
must made at room temperature and below.

Transistor Scaling. We now turn to an assessment of the
scaling limits of MoS2 FETs. In Figure 4a, using our best Au
contacts, we represent both the intrinsic channel resistance
(RCH) and the total contact resistance (2RC) as a fraction of the
total device resistance (RTOT = 2RC + RCH) for channel lengths
L ≤ 1 μm. At 300 K, the contact resistance does not dominate
(RCH ≥ 2RC) down to L ≈ 90 nm, where the two resistance
components are approximately equal. In other words, the
transistor becomes contact-limited at channel lengths below 90
nm given the best techniques shown in the present work, at
room temperature. At 80 K, reduced phonon scattering results
in a higher mobility (here μ ≈ 140 cm2 V−1 s−1) and a less
resistive channel; thus, MoS2 FETs become contact limited
below 0.6 μm. However, above room temperature (here at 400
K) the scalability of MoS2 devices is improved, as the contact
resistance does not become dominant until below L ≈ 40 nm.
These comparisons place the need for “good” contact

resistance in the proper context. In other words, RC ought to be
evaluated as a fraction of the total device resistance including
the channel. If the channel mobility is improved, the contact
resistance must also be reduced for a given channel length. (For
this reason, graphene FETs have more stringent contact
resistance requirements than MoS2 FETs.) Conversely, devices
with lower mobility may be scalable to smaller channel lengths
for a given contact resistance. These issues are particularly
important for MoS2, where RCH and RC have opposite
temperature dependencies, as seen in Figures 2c and 4a.
For completeness, it is also important to account for the

contact length LC, which ultimately plays a large role in
determining the total device size and density. The contact
pitch36,37 (CP) is L + LC, taking L as the inner source-to-drain
spacing (Supporting Figure S11). The CP is the true measure
of device density for a given transistor technology.36−39 We
recall that RC is independent of LC for LC ≫ LT, but RC

Figure 3. Specific contact resistivity ρC and current transfer length LT
as a function of carrier density and temperature for our “clean” Au
contacts (10−9 Torr deposition). (a) ρC vs n obtained directly from the
TLM measurement. The corresponding interfacial resistivity is shown
in Supplementary Figure S10. (b) LT vs n for T = 80−400 K. Inset
schematic shows LT and the physical contact length LC; red arrows are
current flow lines. The extracted LT uncertainty is approximately 33%
at high carrier density and 50% at low carrier density.

Figure 4. (a) Fraction of channel resistance (RCH) and contact
resistance (2RC) contributing to the total device resistance (RTOT =
RCH + 2RC) as a function of channel length L, at three temperatures,
for our “best” measured contacts. 2RC dominates RTOT for L ≤ 40 nm
at 400 K, L ≤ 90 nm at 300 K, and L ≤ 600 nm at 80 K. Solid symbols
are our measured TLM data. Dashed line is a simple extrapolation
based on the known RSH and RC. (b) RC vs T for different carrier
densities. Symbols connected are experimental data; solid lines are
calculations with ΦB = 150 meV and μC = 20 cm2 V−1 s−1

corresponding to the same n as the measurements, where data are
available. For the highest doping (3 × 1013 cm2) calculations suggest
RC ≈ 100 Ω·μm at 300 K.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.6b01309
Nano Lett. 2016, 16, 3824−3830
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Heterostructure Contacts: p-Si and n-Ge

Ø B activation higher in Si1-xGex

Ø lower fBp > reduction in 𝛒c

Ø Used widely in Si PMOS
2005 International Conference on Characterization and Metrology for ULSI Technology

Contact Resistivity – NiSiGe
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�c = 10-8 ohm-cm2 is possible
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Fig. 23 Comparison of Si:P cap 
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Fig. 21 ρc and Rs (of n-Ge) of 
Ti/12nm Si:P/n-Ge contacts before 
and after 1min N2 PMA. 
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Fig. 13 Discussion of using graded SiGe between high-Ge 
content SiGe and Si: a) schematic energy band diagram and b) 
electron reflection. Tunnel barrier between p-SiGe/p-Si is 
removed, while ∗  in a) critical angle θc in b) are independent 
of graded SiGe but determined by SiGe and Si at two ends. 

Fig. 14 a) Electron affinity 
energy [17] and b) ∗  [18] 
of InAs, Si and Ge.

Fig. 15 Calculated band diagrams of a) n-InAs/n-Si and b) n-
InAs/n-Ge, assuming active Nd in InAs, Si, Ge are 3×1018 cm-3, 
3×1020 cm-3, and 3×1019 cm-3, respectively. Low DOS causes 
strong band bending in InAs. Band offset and electron velocity 
difference induced strong reflection is schematically illustrated. 

Fig. 16. XSEM of epitaxial InAs grown on a) 40nm and b) 450nm wide Si fins. TLM 
structures were fabricated on Si fins with c) n-InAs only grown at S/D, or d) n-InAs 
grown along whole fin. Active Nd in Si and InAs are ~2×1018 cm-3 and 3×1020 cm-3. 
e) n-InAs/n-Si ρhi and Ti/n-InAs ρc are extracted. 
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Fig. 18 Schematic top view and cross section view of MR-CTLM 
(for ρc evaluation) and cross section view of contact stack. The 
process flow of the MR-CTLM structure including Ti/Si:P/n-Ge 
contact stack is also shown. More details of MR-CTLM can be 
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MIS Considerations: Band Alignment
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(a) Metal / insulator / 
semiconductor contact 

• Large band offset causes tunnel resistance
• Choose interlayer with ~0 band offset with semiconductor, pinning 

factor S closer to 1 and ECNL closer to band edge
• Choose metal with workfunction to align it with the band edges of 

interlayer and semiconductor

ΔEC!!

ΔEV!!

Ideal MIS Contacts

SiO2
Al2O3

interlayer with 
~0 △Ec

Metal

Metal

n-semiconductor

p-semiconductor

(b) Metal / ~0△Ec interlayer/ 
n-semiconductor

(c) Metal / ~0△Ev interlayer/ 
p-semiconductor

interlayer with 
~0 △Ev

TiO2
ZnO
ITO

NiO
CuAlO2
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Charge Neutrality Levels

Zn
O

Ti
O

2

Si G
e

• Band offsets are only part of the story

• ZnO has pinning near the conduction band

Pinning
Range
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Fermi Level Repinning: TiO2

• Charge neutrality level is higher up

• More responsive to low metal work functions

Ti
O

2 Si

Al

Ti
O

2 Si

Al

χ ≈
4 eV

ΦM ≈
4 eV
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Fermi Level Repinning: ZnO

• Charge neutrality level is higher up

• More responsive to low metal work functions

Zn
O Si

Al

Zn
O SiAl

χ ≈
4 eV

ΦM ≈
4 eV
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Transmission in MIS Contacts: TiO2 vs. ZnO 

• 10-9 Ω ∙ cm2 requires T ~ 0.1 or higher near EF

• ZnO can achieve this and comes within ~2x of the Landauer limit
• ZnO has lower barrier height with metal from better pinning location 

(ECNL close to conduction band) and is more responsive to metal 
work function (higher S factor)

−0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3
10−5

10−4

10−3

10−2

10−1

100
Transmission v. Energy

Energy (eV)

Tr
an

sm
is

si
on

−0.4 −0.3 −0.2 −0.1 0 0.1 0.2 0.3
10−3

10−2

10−1

100
Transmission v. Energy

Energy (eV)

Tr
an

sm
is

si
on

TiO2 ZnO 

Si 
ECNL 

0.12 eV 

ZnO S = 0.55

Si 
ECNL 

0.6 eV 

TiO2 S = 0.25



25tanford University
araswat

Metal/ZnO/n+-Ge Contacts: Simulations

• ZnO and ITO can be heavily doped to n ~1021 cm−3➡ low ρc

• Ge S/D doping in most of the published work around 1-3 x1019 cm−3

• With higher active doping in Ge ρc ~ 2x10-9 Ω.cm2 can be achieved  

J.-K. Kim, ………..,K. Saraswat, H. Y. Yu, IEEE Elec. Dev. Lett. Dec.  2014

ZnO Interlayer n =1x1021 cm−3

706 IEEE ELECTRON DEVICE LETTERS, VOL. 35, NO. 7, JULY 2014

Fig. 1. Energy band diagram of (a) Ti-ZnO-Ge structure and (b) Ti-n+-
ZnO-Ge structure, showing the Schottky barrier lowering effect induced by
IL doping.

metal work function) is calculated as

S =
!

1 + q2 DMIGS(di) (δGeεI L + diεGe)

ε0 (εI L + εGe)

"−1

(2)

where ε0 is vacuum permittivity, and εI L and εGe is the relative
permittivity of the IL and Ge, respectively [8]. The larger the
S value, the lesser the effect of Fermi-level pinning. Therefore,
we can identify that the reduction of DMIGS(di ) leads to
Fermi-level unpinning from Eq. (2). Using the S obtained
from Eq. (2), the effective metal work function (ΦMeff ) is
calculated as

ΦMeff = SΦM + (1 − S)ΦCNL (3)

where ΦCNL is the energy difference between ECNL and
vacuum level for Ge [1].

In Fig. 1(b), n+-ZnO IL introduces the larger built-in
potential of ZnO compared to that of undoped one in thermal
equilibrium condition (Vbi2 > Vbi1), because the donor ions
fixed within the depletion region of ZnO produce additional
internal voltage (VIL-donor). By using the Poisson Equation,
VIL-donor is calculated as

VIL-donor = −q NDi

2εi
x2

n (4)

where NDi is doping concentration of IL, and εi and xn are
dielectric constant and depletion width of IL, respectively. Due
to the fact that the conduction barrier offset (CBO) between
ZnO and Ge is constant regardless of the doping of ZnO,
this VIL-donor pulls down the surface potential of Ge at the
interface. As a result, smaller SBH is formed compared to
that of undoped case (ΦBn2 > ΦBn1).

To evaluate the SBH reduced by doping of ZnO, the band
bending of Ge (ψS) is calculated as

ψS = − CI

CI + CS
ΦMeffS − Ci I

CiS + Ci I
%I S + |VIL-donor| (5)

Here, %I S is the magnitude of dipole at the IL-Ge interface
and CI and CS (Ci I and CiS) are capacitances (dipole capac-
itance densities) of ZnO and Ge, respectively [1]. In Eq. (5),
the ψS is established by the sum of (i) capacitive division of
the M-S work function difference across a series combination
of the ZnO and Ge capacitance densities, and (ii) capacitive
division of the ZnO and Ge dipole voltage across a series
combination of the ZnO and Ge dipole capacitance densities,
and (iii) the |VIL-donor| which specifies the lowering effect of
the surface potential of Ge by n-type doping of IL. With ψS

Fig. 2. Schottky barrier height of Ge (1 × 1019 cm−3) as a function of IL
thickness for different doping concentration of ZnO IL.

including VIL-donor effect in Eq. (5), SBH depending on IL
doping concentration is then obtained by

ΦBn = ΦS − χS − ψS (6)

where ΦS and χS is a work function and electron affinity of
Ge, respectively.

Finally, the calculated SBH is used to obtain the contact
resistivity of Ti-n+-ZnO-Ge structure. The contact resistivity
is defined as

ρc =
!
∂ J
∂V

"−1
#####
V =0

(7)

where V is the applied voltage and J is the total current
density of M-I-S structure. To find the contact resistivity in
this structure, the total I–V characteristics of Ti-n+-ZnO-
Ge structure is formulated by multiplying I–V characteristics
for thermionic-field emission in metal-semiconductor Schottky
contact [9] and the tunneling probability of IL depending on
the doping concentration and IL thickness [10]. By applying
the calculated total I–V characteristics to Eq. (7), we finally
obtain the contact resistivity of this structure.

III. RESULTS AND DISCUSSION

Based on the model described above, we study the SB
lowering effect by the insertion of doped IL between metal and
n-Ge semiconductor. Fig. 2 shows the SBH as a function of
the IL thickness for different doping concentrations of the IL.
Because VIL-donor is proportional to the doping concentration
(NDi ) as shown in Eq. (4), SBH is reduced more abruptly
for the higher concentration with increasing the IL thickness.
Specifically, this lowering effect which has been consid-
ered so far, eliminates SBH and leads to the negative SBH
(∼−0.35 eV). As a result, there is a large SBH difference
between undoped and heavily doped IL cases.

By the model developed above, the SBH reduction can be
explained by both VIL-donor and S. Fig. 3 shows VIL-donor and
S as a function of ZnO IL thickness. As shown in this figure,
the S is increased with increasing IL thickness, due to the
decay of DMIGS. |VIL-donor| is also increased with increasing
IL thickness, but it is saturated at a critical thickness (xn max),
which physically means the maximum depletion width of ZnO.
Based on xn max , we can divide the IL thickness into two

Undoped ZnO Doped N+ ZnO
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Simulated ρc for MIS Contacts to n-Si
Effect of interlayer parameters variation
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For example, the six-fold degenerate Si X-valley with trans-
verse mass mt = 0.19m0 and longitudinal mass ml = 0.92m0

has m∗ = 2mt + 4
√
mtml = 2.05m0, rather than the usual

value of 1.08m0. However, for determining the position of the
Fermi level in the semiconductor, the conventional density of
states mass m∗

DOS is the relevant value.
The potential profile is determined by solving the 1D

Poisson equation in equilibrium. Fermi level pinning and inter-
facial dipoles are accounted for through shifts in the vacuum
level and semiconductor surface potential. After achieving
self-consistency, the semiconductor sees an effective φM,eff

rather than the true φM .

C. Results

Previous work, both theoretical [17][18] and experimental
[16][19], has found low band offset to be the most critical
factor in achieving low ρc. Most work has been on n-type
contacts and TiO2 has been the dominant choice, motivated
by the fact that it has χIL ≈ 4 eV. Since most common
semiconductors such as Si, Ge, and GaAs have χS ≈ 4 eV,
this has been thought to give near-zero barriers for n-type
contacts. Progress on TiO2 contacts include Si [16], Ge [20],
GaAs [21], and GaSb [22].

However, other work has demonstrated that TiO2 MIS
contacts provide little to no improvement in ρc over MS
contacts in the high doping regime [23]. Our modeling concurs
with this. This can be understood from the “depinning” versus
“repinning” perspective discussed before. Although the band
alignment with respect to vacuum seems favorable, the low
pinning factor SIL and deep pinning location ECNL,IL lead
to pinning on TiO2 itself that is far from ideal and forms a
Schottky barrier. To quantify this, we compare TiO2 against
ZnO, which has a similar χIL, but shallower ECNL,IL (0.27
eV against 0.6 eV from Ec) and a higher pinning factor SIL

(0.38 against 0.24).
The material parameters are uniformly sampled from the

ranges given in Table I. The random sampling serves two
purposes. First, it reflects our uncertainty about the parameters,
which are known to depend on fabrication conditions. Second,
the dispersion in the resulting ρc is itself a measure of the
quality of the interlayer since variation is inevitable. An
effective interlayer should consistently reduce ρc rather than
require a delicate balance of material properties.

Fig. 7 shows a Monte Carlo simulation of calculated ρc
at ND = 3 × 1020 cm−3 for Si MIS contacts with undoped
TiO2 and ZnO interlayers as a function of layer thickness.
Fig. 8 shows the same when the interlayers also have a
doping of ND,IL = 3 × 1020 cm−3. The Si and interlayers
dopings used here are deliberately low to test whether the
interlayer can protect against variation (i.e. the “unlucky”
contacts that posses a low number of dopants by chance).
The true metal work function was φM = 4.0 eV and an
effective mass of m∗

IL = 0.3m0 was used for both interlayers.
The tIL = 0 point corresponds to a direct MS contact. The
ρc = 1 × 10−9 Ω-cm2 target and the fundamental ballistic
lower bound (ρc ≈ 9× 10−11 for ND = 7× 1020) known as
the Landauer limit [1] are also shown.
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Fig. 7. Computed ρc values for MIS contacts to n-Si with ND = 3× 1020

cm−3 as a function of interlayer thickness tIL. The interlayers are undoped
and their material parameters are uniformly sampled from the ranges given
in Table I. The Landauer limit is taken at ND = 7 × 1020 cm−3. Left:
Metal / TiO2 / n-Si stack. Right: Metal / ZnO / n-Si stack.
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Fig. 8. Computed ρc values for MIS contacts to n-Si with ND = 3× 1020

cm−3 as in Fig. 7, but with interlayer doping of ND,IL = 3× 1020 cm−3.
The interlayer material parameters are uniformly sampled from the ranges
given in Table I. The Landauer limit is taken at ND = 7×1020 cm−3. Left:
Metal / TiO2 / n-Si stack. Right: Metal / ZnO / n-Si stack.

Our results show that TiO2 is not capable of reducing ρc at
high doping levels. In fact, it requires doping in the interlayer
(Fig. 8) to simply break even against standard MS Schottky
contacts. Recent experimental work has used this approach
with highly oxygen-deficient TiO2−x [16][25] used as a doped
interlayer. The failure to surpass MS contacts is consistent
with the experimental results of [23], which found that TiO2-
based MIS contacts matched n-Si MS contacts at ND = 3 ×
1020 cm−3 and performed worse when advanced silicidation
techniques are used.

Interlayer undoped

• Silicon ND = 3 × 1020 cm-3

• TiO2 unsuitable for MIS contacts to n-Si
• ZnO is a good candidate togive low ρc

TiO2

ZnO
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For example, the six-fold degenerate Si X-valley with trans-
verse mass mt = 0.19m0 and longitudinal mass ml = 0.92m0

has m∗ = 2mt + 4
√
mtml = 2.05m0, rather than the usual

value of 1.08m0. However, for determining the position of the
Fermi level in the semiconductor, the conventional density of
states mass m∗

DOS is the relevant value.
The potential profile is determined by solving the 1D

Poisson equation in equilibrium. Fermi level pinning and inter-
facial dipoles are accounted for through shifts in the vacuum
level and semiconductor surface potential. After achieving
self-consistency, the semiconductor sees an effective φM,eff

rather than the true φM .

C. Results

Previous work, both theoretical [17][18] and experimental
[16][19], has found low band offset to be the most critical
factor in achieving low ρc. Most work has been on n-type
contacts and TiO2 has been the dominant choice, motivated
by the fact that it has χIL ≈ 4 eV. Since most common
semiconductors such as Si, Ge, and GaAs have χS ≈ 4 eV,
this has been thought to give near-zero barriers for n-type
contacts. Progress on TiO2 contacts include Si [16], Ge [20],
GaAs [21], and GaSb [22].

However, other work has demonstrated that TiO2 MIS
contacts provide little to no improvement in ρc over MS
contacts in the high doping regime [23]. Our modeling concurs
with this. This can be understood from the “depinning” versus
“repinning” perspective discussed before. Although the band
alignment with respect to vacuum seems favorable, the low
pinning factor SIL and deep pinning location ECNL,IL lead
to pinning on TiO2 itself that is far from ideal and forms a
Schottky barrier. To quantify this, we compare TiO2 against
ZnO, which has a similar χIL, but shallower ECNL,IL (0.27
eV against 0.6 eV from Ec) and a higher pinning factor SIL

(0.38 against 0.24).
The material parameters are uniformly sampled from the

ranges given in Table I. The random sampling serves two
purposes. First, it reflects our uncertainty about the parameters,
which are known to depend on fabrication conditions. Second,
the dispersion in the resulting ρc is itself a measure of the
quality of the interlayer since variation is inevitable. An
effective interlayer should consistently reduce ρc rather than
require a delicate balance of material properties.

Fig. 7 shows a Monte Carlo simulation of calculated ρc
at ND = 3 × 1020 cm−3 for Si MIS contacts with undoped
TiO2 and ZnO interlayers as a function of layer thickness.
Fig. 8 shows the same when the interlayers also have a
doping of ND,IL = 3 × 1020 cm−3. The Si and interlayers
dopings used here are deliberately low to test whether the
interlayer can protect against variation (i.e. the “unlucky”
contacts that posses a low number of dopants by chance).
The true metal work function was φM = 4.0 eV and an
effective mass of m∗

IL = 0.3m0 was used for both interlayers.
The tIL = 0 point corresponds to a direct MS contact. The
ρc = 1 × 10−9 Ω-cm2 target and the fundamental ballistic
lower bound (ρc ≈ 9× 10−11 for ND = 7× 1020) known as
the Landauer limit [1] are also shown.
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Fig. 7. Computed ρc values for MIS contacts to n-Si with ND = 3× 1020

cm−3 as a function of interlayer thickness tIL. The interlayers are undoped
and their material parameters are uniformly sampled from the ranges given
in Table I. The Landauer limit is taken at ND = 7 × 1020 cm−3. Left:
Metal / TiO2 / n-Si stack. Right: Metal / ZnO / n-Si stack.
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Fig. 8. Computed ρc values for MIS contacts to n-Si with ND = 3× 1020

cm−3 as in Fig. 7, but with interlayer doping of ND,IL = 3× 1020 cm−3.
The interlayer material parameters are uniformly sampled from the ranges
given in Table I. The Landauer limit is taken at ND = 7×1020 cm−3. Left:
Metal / TiO2 / n-Si stack. Right: Metal / ZnO / n-Si stack.

Our results show that TiO2 is not capable of reducing ρc at
high doping levels. In fact, it requires doping in the interlayer
(Fig. 8) to simply break even against standard MS Schottky
contacts. Recent experimental work has used this approach
with highly oxygen-deficient TiO2−x [16][25] used as a doped
interlayer. The failure to surpass MS contacts is consistent
with the experimental results of [23], which found that TiO2-
based MIS contacts matched n-Si MS contacts at ND = 3 ×
1020 cm−3 and performed worse when advanced silicidation
techniques are used.

Interlayer doping of 3x1020 cm-3

TiO2

ZnO

G. Shine & K. Saraswat, IEEE TED, Sept. 2017.
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Simulated ρc for MIS Contacts 
Effect of interlayer parameters variation

• ZnO Interlayer doping of 3x1020 cm-3

• Even with low Ge doping of 3x1019 cm-3 ZnO can give low ρc
and small variation

n-Si
ND = 3x1020

n-Ge

ITRS Target

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. X, NO. Y, Z 2017 6

In contrast, ZnO without interlayer doping shows consistent
decrease in ρc for tIL < 1 nm before increasing (the “U”
shape is explained in Fig. 6). With ND,IL = 3× 1020 cm−3,
the decrease is large and robust up to tIL = 2 nm. This
illustrates the benefit of the “repinning” effect. Despite similar
conduction band offset, ZnO’s shallower ECNL,IL and higher
SIL lead to lower barrier height and thus lower ρc. These
results are also consistent with experimental evidence from
[19], which found ZnO superior to TiO2 for n-Ge contacts.

The case of n-type Ge presents an interesting test for
MIS contacts since doping is always low relative to levels
achievable (and necessary) in n-type Si. Fig. 9 shows the
ρc values attainable by ZnO-based contacts to n-Ge with
ND = 3 × 1019 cm−3. This doping level represents a n-Ge
source/drain with low doping due to chance when the target
concentration is ND = 1 × 1020 cm−3, which is near the
highest levels achieved in n-type Ge [26].

Since the n-Ge barrier is thicker, even TiO2 improves ρc.
The superior pinning properties of ZnO allow it to perform
better and nearly meet the 1 × 10−9 Ω-cm2 target. Note that
the ρc value corresponding to the Landauer limit is higher for
n-Ge than n-Si because the target doping of ND = 1 × 1020

cm−3 is much lower than the Si value of ND = 7×1020 cm−3.
This places the Fermi level closer to the conduction band edge
and results in a lower DOS, which lowers the conductance in
the ballistic limit.
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Fig. 9. Computed ρc values for MIS contacts to n-Ge with ND = 3× 1019

cm−3 and ND,IL = 3×1020 cm−3. The interlayer material parameters are
uniformly sampled from the ranges given in Table I. The Landauer limit is
taken at ND = 1 × 1020 cm−3. Left: Metal / TiO2 / n-Ge stack. Right:
Metal / ZnO / n-Ge stack.

IV. DISCUSSION

The difficulty of achieving low ρc stems from the exponen-
tial sensitivities of carrier population and tunneling probability
to energy. Since the Landauer limit is only a factor of ∼ 10×
lower than a ρc target of 1 × 10−9 Ω-cm2, barrier heights
must be at most a few kBT ≈ 26 meV and barrier widths

TABLE I
MATERIAL PARAMETERS FOR INTERLAYERS

Material Property Value Range Reference

TiO2 χ 4.0± 0.1 eV below Evac [3] (theory)

ECNL 0.6± 0.1 eV below Ec [3] (theory)

S 0.24± 0.05 [16] (experiment)

ZnO χ 4.0± 0.1 eV below Evac [3] (theory)

ECNL 0.27± 0.1 eV below Ec [24] (experiment)

S 0.38± 0.05 [24] (experiment)

should be less than 2 nm at the base. These results suggest
that a combination of barrier thinning using dopants and
barrier lowering using interlayers can meet ρc targets below
1×10−9 Ω-cm2. With the increased sensitivity to φM granted
by an interlayer, further ρc reduction can be gained with very
low work function metals (e.g. Yb as done in [25]).

A simpler solution than interlayers or low work function
metals would be to continue the strategy of ever-increasing
doping concentrations. Even under a Poisson distribution, the
relative variation goes as σ/µ ≈ 1/

√
µ and can be brought

down simply by increasing µ. For n-type Si, this may be
possible in the near future with Si-P alloys. Another strategy
is to control the atomistic variation, though how this can be
done remains an open question. If the number of dopants in
the source/drain followed a sub-Poissonian distribution (i.e.
σ2 < µ), then the rapid increases in ρc variability below 10
nm dimensions could be avoided.

The use of interlayers remains more interesting for materials
that cannot be doped far above 1020 cm−3 such as n-Ge. Even
an interlayer material with highly favorable pinning properties
such as ZnO only enables ρc values to get close to the target
of 1 × 10−9 Ω-cm2. This suggests that such interlayers will
be a necessity for viable contacts to low doped materials and
must be used in tandem with other techniques such as low
work function metals.

V. SUMMARY

We have used atomistic simulations to show that the specific
contact resistivity ρc of sub-10 nm contacts shows increasing
mean and variance at a fixed target doping concentration.
This is attributable to atomistic variation in the count and
spatial distribution of dopant atoms. The empirical probability
distribution of ρc is skewed and displays a long tail of high-ρc
contacts. Only ∼40% of this variance can be accounted for by
changes in the dopant atom count.

We have also studied the depinning effect of interfacial
layers to lower the Schottky barrier as opposed to thinning it
with dopants. The results show that reaching target ρc values of
1×10−9 Ω-cm2 requires pinning near the conduction band of
the interlayer. The commonly used interlayer material TiO2 is
not suitable for this reason, but other candidates such as ZnO
may be viable. With ZnO MIS contacts, n-Si contacts meet
ρc targets and are robust against atomistic variation. However,
n-Ge contacts are still slightly above the target when local
dopant concentration is low due to random chance.

ND = 3×1019 cm-3

Intrinsic Limit
(ND = 7x1020)

G. Shine & K. Saraswat, IEEE TED, Sept. 2017.
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Conclusion
☹ Contact resistance a major impediment to continued scaling
☺ Several methods to reduce contact resistance show promise

– Heavy doping, heterostructurs, depinning Fermi level by MIS
☺ For future nodes the materials giving lowest contact 

resistance may be the choice for MOSFETs.


