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Variability Study of MWCNT Local Interconnects
Considering Defects and Contact Resistances —
Part II: Impact of Charge Transfer Doping

Rongmei Chen, Jie Liang, Jachyun Lee, Vihar P. Georgiev, Raphael Ramos, Hanako Okuno,
Dipankar Kalita, Yuanqging Cheng, Liuyang Zhang, Reetu R. Pandey, Salvatore Amoroso, Campbell Millar,
Asen Asenov, Jean Dijon, Aida Todri-Sanial

Abstract—In this paper, the impact of charge transfer doping
on the variability of MWCNT local interconnects is studied
by experiments and simulations. We calculate the number of
conducting channels of both metallic and semiconducting CNTs
as a function of Fermi level shift due to doping based on the
calculation of transmission coefficients. By using the MWCNT
compact model proposed in Part I of this paper, we study
the charge transfer doping of MWCNTSs employing Fermi level
shift to reduce the performance variability due to changes in
diameter, chirality, defects and contact resistance. Simulation
results show that charge transfer doping can significantly improve
MWCNT interconnect performance and variability by increasing
the number of conducting channels of shells and degenerating
semiconducting shells to metallic shells. As a case study on a
MWCNT of 11 nm outer diameter, when the Fermi level shifts
to 0.1 eV, up to ~80% of performance and standard deviation
improvements are observed. Furthermore, a good match between
experimental data and simulation results is observed, demon-
strating the effectiveness of doping, the validity of the MWCNT
compact model and proposed simulation methodology.

Index Terms—multi-walled carbon nanotubes, charge transfer
doping, defects, Fermi level, variability, Monte Carlo simulation.

I. INTRODUCTION

S an alternative back-end-of-line material, carbon nan-

otubes (CNTs) present a viable opportunity due to their
ballistic transport, high thermal conductivity, and ampacity [1],
[2]. Compared to copper lines, CNTs are more resilient and
immune to electromigration (EM) as they can sustain signif-
icantly larger current densities than Cu [3]. Furthermore, the
resistance of CNT interconnects can be reduced by applying
doping such as charge transfer internal or external doping.
Doping improves CNT conductivity through the Fermi level,
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Ey shift to increase the density of charge carriers (by either
holes for p-type doping or electrons for n-type doping) [4]—
[7]. It was also experimentally demonstrated that doping could
improve CNT conductivity regardless of CNT diameter and
type (either metallic or semiconducting) as in [4]. In [8], it was
shown that the addition of MoOx, which forms a composite
material with CNT, makes the improved conductivity of doped
CNT stable in air at the temperatures up to 390 °C. Similar
stable doping has also been achieved by utilizing a single
electron oxidant to efficiently dope CNT films by [9].

The shift of Ky of CNT can be controlled or tuned by
chemical (alkali metals, acids, halogens, ...) [10] or electro-
chemical doping [11]. In theory, the Fy of semiconducting
CNT is at the equipotential position between the conduction
and valence band, obtaining p-type and n-type doping with
electron-borrowing and donating effects, respectively. Gener-
ally, the doping procedure involves the immersion of CNTs
into a concentrated solution of dopant for a period of time or
exposure to an atmosphere for gaseous dopants [7]. Depending
on either the electronegativity for atomic dopants or the elec-
trochemical potential for molecules and inorganic materials, p-
or n-type dopants can be achieved. Due to reactions with the
oxygen in the air under ambient conditions, CNTs are slightly
p-doped. Therefore p-type doping of CNTs is more efficient
and practical to improve CNT electrical properties. There are
many kinds of p-type dopants, including NOy [12], HoSOy4
and SOCIly [13], and the combination of HNO3 and SOClI,
[14], etc. [7]. Recently, iodine [15] , MoOs [16] and PtCly
[17] based p-type charge transfer doping have been presented.
Charge transfer doping is based on Van der Waals interac-
tion. Compared to substitutional doping, where the covalent
bonding between carbon and external atoms forms a bamboo-
like morphology [18], the charge transfer doping does not
modify the CNT structure and hence reduces morphological
defects and avoids unexpected physical property changes due
to structural modifications. In this work, we study PtCl, charge
based doping.

However, the back-end-of-line processing of CNTs is not
yet streamlined or CMOS compatible. CNTs require much
higher temperature compared to Cu (up to 900 °C) [19] to
achieve good quality CNT growth. Nevertheless, to achieve
CMOS BEOL process compatibility, CNTs need to grow at
lower temperatures such as 450 °C to 500 °C. However,
at such temperatures CNTs have many defects, variations



IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. XX, NO. XX, MAY 2018

in diameter and chirality, which currently limit the practical
application of CNTs as BEOL interconnects. Contacts are also
a serious challenge for both reliability (good contact) and
performance (high resistance). Metal electrodes might not be
connected to all MWCNT shells, which detriments MWCNT
interconnect performance.

While there is an extensive body of work on various
methods for doping CNTs, there is not yet a systematic
study of doping impact on MWCNT interconnects and their
variability. Doping is capable of changing semiconducting
CNTs into metallic CNTs concerning their electrical perfor-
mance, and thus it is possible to reduce chirality variation
and overall MWCNT resistance variation. In [20], we showed
by atomistic-level simulation and experimental results how
doping alters CNT chirality. However, there is still a need for
further investigations to understand the impact of doping in
the presence of various sources of variations such as defects,
diameter, chirality, and connectivity.

In this work, we evaluate MWCNT interconnects perfor-
mance and variability while considering the impact of doping.
We introduce the parameter number of conducting channels
(N¢) and incorporate it into our enhanced MWCNT compact
model described in Part I. By theoretically calculating N¢
as a function of Fermi level shift E; - we evaluate each
source of variation (diameter, chirality, defects) and all-sources
using Monte Carlo (MC) simulations. Simulation results are
subsequently compared with experimental results, and a good
consistency is found between them. The contributions of our
work can be summarized as follows.

1) We propose an analytical method for calculating N¢ for
metallic and semiconducting CNT shells and incorporate
it into the compact model of MWCNT.

2) We perform MC simulations to study the impact of dop-
ing with different variations such as diameter, chirality,
defects (defect density) and contacts. Finally, we assess
the effectiveness of doping to mitigate the effects of
process variations.

3) We present experimental results of MWCNT resistance
before and after doping and compare them with simu-
lation results. Good consistency is found between them,
demonstrating the correctness of the simulation method-
ology and the proposed MWCNT compact model.

II. ANALYTICAL METHOD FOR COMPUTING THE IMPACT
OF DOPING

Here, we present the analytical method for computing the
impact of doping on N¢ via the Fermi level shift E;. The
band structure of a zigzag CNT with chirality of (m, 0) can
be described by Equation (1) [21]:

3t
E(k,) = i%

1 4\

k2 + ( 20— —m > ()
Denr ( 3 )

where D¢y is the CNT diameter, k,, is the wave vector in

the x direction, ¢ is the hopping parameter, aq is the carbon-

carbon distance, and v is an integer less than m. E'y is assumed

to be 0.0 eV for pristine zigzag CNT although manufactured
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Fig. 1. Change of N with diameter for metallic and semiconducting CNTs
before and after the F shift.

CNTs tend to be slightly p-doped by the oxygen in the air
under ambient conditions [22] and have some downshift of
Ey. From Equation (1), we can calculate the transmission
coefficients (T'(EF)), and then N¢ can be obtained as in
Equation (2) [21]. It should be noted that the N of metallic
armchair CNT can be calculated similarly [23].

Ng = / T(E)f'(E,E)dE/(kpT) )

where f’ is the derivative of the Fermi function, kp is the
Boltzmann constant, and 7' is the temperature. N¢; of the
CNT shell © in MWCNT modifies its intrinsic resistance R;
as Equations (3) and (4) [24] where h/(2€2) ~ 12.9 kQ and
Rsi, Rg and \; represent scattering and quantum resistances,
and mean free path (MFP) of the CNT shell ¢, respectively. L
is the MWCNT length.

h h L
= L= — 3
R RQ + RS 2€2NCi + 2€2N0i )\z ( )
Ai = 1000Dcnr “)

Calculated results for metallic and semiconducting CNTs of
various diameters before and after the E shift are shown in
Fig. 1. It shows that the increase in N¢ is more significant
for larger diameter CNTs than for smaller diameter CNTs.
Moreover, metallic and semiconducting CNTs have almost
the same Nc when their diameters are larger than 20 nm.
The increase in N leads to increase in both conductance and
quantum capacitance of MWCNT [24] and can change the
performance of MWCNT interconnect.

In Fig. 2 we show the calculated results for different shells
of an MWCNT with 11 nm outermost diameter. The negative
shift of E; corresponds to the p-type doping while the positive
shift corresponds to the n-type doping. There are in total
nine shells based on the shell number calculation equations
(in Part I). The smallest or innermost diameter is 5.56 nm.
Furthermore, we note from Fig. 2(c) that when EY is shifted
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Fig. 2. N¢ of a) metallic shells with the E'; shift, b) No of semiconducting shells with the E shift for the MWCNT with 11 nm outermost diameter,
and ¢) N of metallic and semiconducting shells of the outermost (11 nm) and the innermost (5.56 nm) shells before and after the E shift (similar for the

negative Ey shift).

TABLE I
REPRESENTATIVE E ¢ SHIFTS FOR MWCNT WITH Dypaz = 11 NM AND
THE N FOR METALLIC (N, ) AND SEMICONDUCTING (Nos) CNT
SHELLS. ALSO SHOWN ARE THE RATIOS OF METALLIC CNT SHELLS AT
DIFFERENT E ¢ SHIFTS.

Ejy shifts (eV) 0 0043 0.1 02 03

11 nm N¢ 1.2 2.0 40 7.8 116

11 nm N¢oop, 2.1 23 37 76 115

5.56 nm N¢ 027 061 20 40 58

5.56 nm Ncyp, 2.0 2.0 21 36 59
Metallic shell ratio after doping 1/3 1/3 1 1 1

to 0.043 eV and 0.1 eV, the outermost and the innermost
semiconducting CNT shells start to have N¢ = 2, respectively.

Interestingly, pristine metallic CNTs also have No =2 when
their diameters are small (< 11 nm, see Fig. 1). Hence, we
deduce that a semiconducting CNT of a small diameter (<
11 nm) becomes equivalent to a pristine metallic CNT when
its N¢ reaches 2 (N¢ = 2) by shifting Fy. Additionally,
we assume that the E shift is the same for both metallic
and semiconducting CNT shells because no hint of doping
selectivity for semiconducting and metallic CNTs is observed
[4]. Furthermore, doping is assumed to have no impact on
defect and contact resistance. Based on these assumptions
and the simulations shown in Fig. 2(c), one can predict that
a MWCNT with 11 nm outer diameter starts to degenerate
semiconducting shells and increase metallic behavior when E'y
is shifted by 0.043 eV with doping. All shells start behaving
as metallic when E is shifted by 0.1 eV.

It is important to note that chirality which represents the
carbon nanotube rotation angle does not change with doping
- it is the N¢ and electrical conductance of semiconducting
shells that changes to metallic-like shell properties. Detailed
information of N¢ and the ratios of metallic CNT shells in
the MWCNT at some specific Fy shifts are shown in Table 1.

End Contact

MWCNT and
/ Cross Section
d =0.34 nm

Cioad=1aF

Dpax= 11 nm

H=1pm

GND

Fig. 3. Simulation setup schematic of MWCNT as interconnect. MWCNT is
connected between two inverters composed of CNTFETs.

III. SIMULATION SETUP AND RESULTS

A. Simulation Setup

The simulation setup schematic is shown in Fig. 3, which
is the same as in Part I of this paper. The circuit benchmark
consists of two inverters connected through either an ideal
wire or a MWCNT interconnect. Inverter gates are created
with carbon nanotube field effect transistors (CNTFETSs) based
on compact models as in [25]. The key parameters of both
n-type and p-type CNTFET are 11.7 nm, 1 pum, 10 nm
for gate length, gate width and the distance between CNTs,
respectively where other parameters are the default values
recommended by [25]. We compute the MWCNT interconnect
delay, power consumption, and power-delay product (PDP).

We conduct MC simulations for diameter, defects, chirality
and all-sources variations. A detailed description of each
variation source can be found in Part I of this paper. One
thousand samples are collected to obtain a good confidence
level for each simulation condition. We investigate MWCNT
doping by considering the five representative Ey shifts as
listed in Table I. For any given Fermi shift £y (or doping
concentration), the MWCNT compact model (described in Part
I) is updated to take into account the N¢ of each shell (either
metallic or semiconducting). We also assume a defect density
on each shell as 10 /um.
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Fig. 4. (a)-(c) are distributions of resistance variation of the MWCNT interconnect at different £y shifts with input diameter, defects, and chirality variations

respectively.

B. Impact of MWCNT Doping

In this work, we explore charge transfer doping as a means
for reducing resistance variability. As described in Section
II, doping shifts the Ey and introduces additional N¢ for
both metallic and semiconducting MWCNT shells (see Table
I). We perform MC simulations for each source of variation
(diameter, defects, and chirality) with different levels of E
for doping. Results are shown in Fig. 4(a)-(c). The all-sources
variation results are shown in Fig. 5. Foremost, we observe
that doping lowers MWCNT resistance and narrows the dis-
tributions, particularly for the E shift from 0.043 eV to 0.1
eV. Similar trends are also obtained for MWCNT performance
(delay, power, and PDP) and are not shown here.

We also calculated the mean value (u), standard deviation
(0) and 30 percentage (30/px100%, used to estimate the
largest possible percentage deviation from p [26], [27]) of
MWCNT resistance and performances with the Ey shift and
are presented in Fig. 6 and Fig. 7(a)-(c), respectively for
each source of variations. Based on our analytical method

140
-AE =0eV
120t f |
I:]AEf=0.043 eV
100¢ -AEf=O.1 eV 1
g0l -AEf=0.3 eV

Count

MWCNT resistance (kQ)

10

Fig. 5. Distributions of resistance variation of the MWCNT interconnect at
different E¢ shifts with input all-sources variation.

from Section II (Fig. 2(c)), we know that doping of E; >
0.043 eV starts to increase No for metallic CNTs, whereas
semiconducting CNTs begin to behave as metallic-like shells
as N¢c > 2. Hence, it is not until £y reaches 0.043 eV that
we start to observe improvements in MWCNT resistance and
performances 1 and o as in Fig. 6. On the contrary, the o
and 30 percentage of diameter variation increases to some
extent when the Iy shift increases beyond 0.043 eV. This is
because the outermost semiconducting shell of MWCNT at
these E; shifts can behave like metallic CNT shell when its
diameter is larger than 11 nm as a result of diameter variation
(see Table I and Fig. 1). The co-existence of metallic and
semiconducting CNT shells makes the diameter variation more
predominant. Due to the increase in diameter variation, the all-
sources variation also slightly increases with £y beyond 0.043
eV.

But, as F; reaches 0.1 eV, all semiconducting shells behave
as metallic, thus improving significantly MWCNT resistance
w1 and o. As more doping is applied with E; from 0.1 eV to

—e— i, Diameter -O- - 5, Diameter - @ 3c %, Diameter
—aA— , Defect -/ - o, Defect - 4= 30 %, Defect
—v— p, Chirality - - o, Chirality - %= 30 %, Chirality
—o— 1, All --O -, All - &= 36 %, All
10 T T T T T T T T T T T T T 300
9 250
8 ]
= ] 200
g 7] | I
g 6 150 &
] 1 [0)
@
» 51 100 g
2 | 1 c
o 4 g
5 4] g
3] ]
o ] 0 Db-
T 24 | ™
(] 4
= 1] -50
0 -100
T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

E, shift (eV)

Fig. 6. Change of resistance of the MWCNT interconnect with the Ef shift
for diameter, defect, chirality and all-sources variations.
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Fig. 7. (a)-(c) are change of delay, power and PDP variations of the MWCNT interconnect, respectively with the E'¢ shift for diameter, defect, chirality and

all-sources variations.

0.3 eV, slight reductions in p and o are observed. This can be
mainly explained due to two doping attributes: (1) significant
CNT shell resistance reduction is obtained at Ky = 0.1 eV as
all semiconducting shells behave as metallic shells, and (2)
with more doping Ey > 0.1 eV the N¢ increases, however,
resistance reductions is less drastic as in (1). Additionally,
the change in the ratio of metallic to semiconducting CNT
shells makes the chirality variation reduced (both ¢ and 3o
percentage). It approaches zero when Ey reaches 0.1 eV.
We also note that although the o of diameter and defects
variation reduce with Ey of 0.1 eV, the 30 percentage does
not improve due to their similarly decreasing rate of u. Both
diameter and defect variations remain present as E shifts
beyond 0.1 eV because they are not directly related to Ey or
N¢ and furthermore contact and defect resistances (contribute
to diameter and defects variations) are assumed to be not
impacted by doping in this work. Hence, their impact cannot
be canceled out by doping.

All-sources variation shows a similar trend in resistance and
performances o to that of chirality variation with the E; up
to 0.1 eV as shown in Fig. 6 and 7. Beyond E; of 0.1 eV,
the contribution of chirality to overall variation is negligible,
but the variations of diameter and defects dominate. We can
deduce that doping helps to reduce overall MWCNT variation
by decreasing the contribution of chirality variation mainly
due to the degeneration of semiconducting shell properties to
metallic. Doping has limited impact on defects and diameter
(including contact resistance variation) variations, especially
for the 30 percentage variation.

C. Comparisons with Experimental Data

As described in [20], we developed a CNT integration
process to grow individual MWCNTs at predefined locations
on a silicon wafer by hot filament assisted CVD, and to
individually contact them with Palladium (Pd) electrodes for
electrical characterization. External doping of the MWCNT
by PtCly salt was then developed. To estimate the impact
of doping under various conditions, similarly to [20], we
assume the contact resistance is much smaller than MWCNT
intrinsic resistance and compare the distributions of linear
resistance before and after doping. In [20], a 40% reduction

(a) Before doping

(b) After doping

Fig. 8. TEM and STEM pictures for MWCNT before and after doping with
PtCly, respectively.

TABLE II
COMPARISONS OF DOPING EFFICIENCY IN REDUCING MWCNT
RESISTANCE BETWEEN THE ALL-SOURCES SIMULATION RESULTS AND
THE EXPERIMENTAL DATA IN THIS WORK OR THAT FROM [20].

Doping Non Dipping Spray Spray
process doped [20] dopant 1 dopant 2
Estimated E; shifts (eV)  0.00 0.104 0.122 0.250
o, simulation 0% -19.6% -42.6% -77.2%
o, experiments 0% -18.6% -59.3% -77.2%
1, simulation 0% -41.2% -55.1% -73.1%
L, experiments 0% -41.4% -55.5% -73.3%
30%, simulation 0% 38.9% 24.4% -16.6%
30%, experiments 0% 39.0% -8.5% -14.5%

of the linear resistance was obtained by dipping the connected
MWCNTs in PtCly solution. In this work, we used a different
doping process and instead sprayed the PtCl, solution on the
connected MWCNTSs to better control the amount of dopant
on the CNTs. It is found that both mean value and variations
of MWCNT resistance are significantly reduced after doping.
In addition, higher doping efficiencies can be obtained with
the spray doping process and that the Fermi level shift can be
controlled by the amount of dopant deposited on the CNTs.
TEM and STEM pictures of MWCNT before and after doping
are shown in Fig. 8.

The measured average D,,,, of the experimentally doped
MWCNTs was 6.5 nm. Because the defect density and MFP
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Fig. 9. Change of MWCNT resistivity and its variability from the all-sources
simulation results with the F I shift for the MWCNT of D,uqr = 6.5 nm
(other parameters are the same to previous simulations).
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Fig. 10. Change of MWCNT resistivity and its variability from the all-sources
simulation results with the E¢ shift for MWCNT of Dyqz = 11 nm (MFP
=1000D¢cNT).

of these doped CNTs are not measurable, direct comparisons
of u and o of MWCNT resistance between experiments and
simulation (all-sources variation) are difficult and meaningless.
Instead, we compare relative change (or doping efficiency) in
MWCNT resistance p and o, and the 30 percentage variations
with Ey shift for MWCNTSs of D4, = 6.5 nm. Fig. 9 shows
the simulation results of MWCNT doping efficiency with Ey
shift. In Table II, we show doping efficiency of ;1 and o, and 30
percentage variations before and after doping for experimental
results (obtained this work or those from [20]). By compar-
ing these simualtion reuslts and experimental results we can
further predict the Fermi shift due to experimental doping, as
presented in the table. For comparisons, the corresponding u,
o and 30 relative percentage reductions from Fig. 9 are shown
in Table II as well. The most significant deviation between the
simulation results and experimental data is the relative change
in 30 percentage variation at the Ey shift of 0.122 eV. This can
be attributed to the abrupt change in 30 percentage variation as
shown in Fig. 9 and the assumed £y = 0 eV for pristine CNTs
(before doping operation) which may be incorrect because p-
doped CNTs have an Ey downshift which can be expected
during fabrication [4], [22].

Except for the 30 percentage deviation, an overall good
match between experimental data and simulation results is
observed, which strongly demonstrates the capability of the
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Fig. 11. Change of MWCNT resistivity and its variability from the all-sources
simulation results with E shift for MWCNT of Diaz = 11 nm (MFP =
10DcNT)-

MWCNT compact model to quantitatively predict relative
change in MWCNT performance and the doping efficiency.

D. Doping Efficiency

1) Impact of MWCNT diameter: It is worth noting that the
required level of the £ shift (or effective E'¢ shift) to achieve
a significant improvement of MWCNT resistance is dependent
on the MWCNT dimensions though the overall change of
doping efficiency with doping is similar. For example, by
decreasing D, from 11 nm to 6.5 nm, the effective Ef
shift is increased from ~ 0.1 eV to ~ 0.16 eV but the overall
change of doping efficiency with doping is similar, as shown
in Fig. 9 and Fig. 10.

2) Impact of MFP: CNTs are of interest due to their
ballistic transport and long mean free path (MFP). In this
work, we assume that the default value of MFP in each shell of
MWCNT is 1000 times the CNT shell diameter [24]. However,
MFP is dependent on MWCNT fabrication process and thus
may change from process to process. For instance, based on
the scattering resistance of CVD-grown MWCNTSs measured
in [20] and in this work - it appears that MFP is shorter than
100 nm (~10-20 x Dc 1), which is also in agreement with
other literature reports [28]. So, it is worth investigating the
impact of MFP on doping efficiency by considering different
MFPs. Simulation results of doping efficiency for MFP of 10
X Denr are presented in Fig. 11 and compared with the
default case (MFP of 1000 x D¢gyr) in Fig. 10. It shows
that despite the 100 times difference in MFP, doping efficiency
is similar. This is because doping increases No of CNT
shells and further improves conductance of MWCNT, which is
impacted by MFP proportionally under different N as shown
in Equations (3) and (4). As a result, we deduce that the MFP
does not impact the relative change of MWCNT resistance and
performance improvements obtained from doping.

3) Impact of Pristine MWCNT chirality: As demonstrated
in Section III-B, the improvement of MWCNT performance
and variability with doping is mainly attributed to chirality
variation reduction. Because the chirality variation results from
the change of metallic and semiconducting CNT shell portions,
it is reasonable to deduce that the doping efficiency can be
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Fig. 12. Change of metallic MWCNT resistivity and its variability from the
all-sources simulation results with the E'¢ shift for defect density of 10 /um
(the default) and 100 /um.

degraded if the original MWCNT is more metallic, namely
a larger portion of metallic CNT shells. For example, Fig.
12 shows the simulation results of entirely metallic MWCNT,
namely metallic chirality 1 (other parameters are the same as
the default one) with the Ey shift. Compared with the default
MWCNT (1/3 of metallic CNT shells) as shown in Fig. 10, the
doping efficiency is reduced for the entirely metallic MWCNT.
Instead of the abrupt reduction in p and ¢ of MWCNT
resistance for the default MWCNT from the E shift of 0.043
eV to 0.1 eV, a continuous and slow reduction is observed
for the entirely metallic MWCNT up to 0.3 eV. Moreover,
different from the default case where 30 percentage can finally
be reduced by doping up to 0.1 eV, the 30 percentage is
continuously increased with doping for the entire metallic
MWCNT case.

4) Impact of Defect Density: We study the impact of defect
density and in Fig. 12 we show the simulation results of
doping efficiency for the entire metallic MWCNT. We observe
that with the increase in defect density, doping effectiveness
is significantly reduced for the entire metallic MWCNT. For
example, the doping efficiency of ;1 and o of MWCNT
resistance at the 0.3 eV E shift is 26.5%/7.3% and 5.0%/0.7%
for defect density of 10 /um and 100 /um, respectively. The
30 percentage is increased relatively by 26.1% and 4.5%,
respectively. This is because the role of diameter and defect
variations are relatively more important as defect density is
increased for the case of entirely metallic MWCNT. However,
it is found that for the default case of 1/3 metallic chirality,
the defect density impact on doping effectiveness is negligible
(less than 2% and 4% difference are observed at the E; of
0.1 eV and 0.3 eV, respectively). This is due to the dominant
impact of chirality variation to the overall variation response
with E shift for the default case.

E. MWCNT Shell to Contact Variations

Here, we study the impact of doping on MWCNT shells
connectivity to contact. In Fig. 13, we show the relative worst
case (the outermost shells disconnected, as discussed in Part
I of this paper) resistance degradation (similar to o) versus a
different number of disconnected shells for different £y shift

80 ‘
_e_AEf=0 eV D

70y —e- AE0.043 &V

o 60f b AE=0.1 eV

X

2 500 -4 -AEf=O.2 eV

3 —A—AE=0.3eV

5 401

£

2 30

«

& 20}
10}

4
Unconnected shells

Fig. 13. Relative increase in the worst case MWCNT delay with several
disconnected shells and E shift levels compared to the case of all (nine)
connected shells. The inset is the simulation result of unconnected shells
from O to 3 after zooming in.

levels compared to all shells connected case. No significant
improvements with doping are observed till £y = 0.043 eV
and significant improvements are observed for £y > 0.1 eV.
When normalizing the relative worst resistance degradation
to the case with all shells connected resistance (similar to
o/u, namely relative variation), it is found that there is not
an obvious impact from doping up to five disconnected shells
(out of nine shells total) and increases slightly as more shells
are disconnected. MWCNTSs performances with disconnected
shell have a similar response to doping and are not shown here.
Hence, we deduce that doping improves MWCNT resistance
and then performances, which allows mitigating the effect
of disconnected shells without increasing relative variation
significantly.

IV. DISCUSSION AND CONCLUSION

In this work, we show that by doping (£ shift to 0.1 eV)
on a MWCNT of D,,4, = 11 nm significant improvements on
performance and variability can be obtained. However, we also
show that for MWCNT of smaller diameters, more doping or
Ey shift is required to achieve these improvements. Hence, as
technology scales, the local interconnect sizes also decrease
[29], which implies that MWCNT interconnects for advanced
technology node applications may need higher doping lev-
els to improve their performance and variability efficiently.
Moreover, the N¢ of semiconducting CNT shells decrease
with their diameter and technology scaling, hence, increasing
the importance of applying doping to local interconnects with
small geometries to improve MWCNT resistance and chirality
variation. However, doping can do much. Other sources of
variations such as diameter and defects will require further
improvement on CNT process growth to exploit the potentials
of MWCNTs for interconnect application.

In this work, we propose an enhanced compact model
for MWCNT interconnects to take into account variability
including diameter, defects, chirality and connectivity but also
the impact of doping as a countermeasure to large resistance
variability. Based on the analytical formulations, the change



IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. XX, NO. XX, MAY 2018

of MWCNT resistance and performance variation (including
delay, power, and PDP) with E shift can be calculated while
including variations on diameter, defect densities, chirality,
and shell-to-contact connectivity. We identify that chirality
variation (both ¢ and 30 percentage) can be significantly
reduced to almost zero when the doping Ey shift enables to
degenerate all semiconducting shells to equivalent metallic like
shell conductivity. Also, the diameter and defect variations o
can be reduced up to ~80% while the 30 percentage is slightly
increased. The efficiency of doping is compared with exper-
imental data, and an overall good match is obtained, which
demonstrates the validity of computing doping efficiency and
simulation methodology. We observe that MFP has a minor
effect on doping efficiency. However, doping efficiency can be
significantly reduced and degraded if the original portion of
metallic CNT shells increases. Overall, we have established the
analytical methods and simulation framework to study charge
based doping impact on MWCNT interconnects performance
and variability.
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