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Pd-cluster-functionalized carbon nanotubes (CNTs) have been shown experimentally to be effective hydro-
gen sensors. Semiconducting CNTs exhibit much higher sensitivity than ensemble (mixed) ones. Using the
nonequilibrium Green’s function method combined with the density-functional theory, we simulate and con-
trast the (8,0) semiconducting and the (5,5) metallic CNT model systems. We find that the electron localization
effect plays a crucial role in determining electron transport. Pd clusters and hydrogen adsorption cause opposite
effects on electron localization in the CNT backbone for the semiconducting CNT-based systems. Conse-
quently Pd functionalization dramatically increases the conductance, but then it is strongly suppressed by
hydrogen absorption. For the metallic CNT-based systems, there is a tiny shift of the transmission peak near the
Fermi energy. These results offer a consistent explanation for the experiments.
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I. INTRODUCTION

Single-walled carbon nanotubes (SWCNTSs) are consid-
ered to be promising materials and building blocks for future
electronic device applications.!=3 The study of metal—carbon
nanotube (CNT) interaction, including metal-CNT contacts,
metal-doped, and metal-coated SWCNTs has therefore
drawn much attention in the last decades. It has been dem-
onstrated that CNTs can be used as chemical sensors that are
capable of detecting small concentrations of molecules with
high sensitivity under ambient conditions.*'* Thus CNT-
based sensors have potential impact on a wide range of hu-
man activities, from domestic gas alarms, space missions,
agricultural and medical diagnostic apparatuses, to chemical
plant instruments for safety control.'” Traditional gas sen-
sors, such as semiconductor metal oxides, silicon, organic
materials, and carbon black polymer composites, are known
to be only operable at high temperatures (200—600 °C) due
to the chemical reaction barrier between the sensing materi-
als and the gas molecules. Hole-doped semiconductor CNTs,
however, have been proven to have substantial conductance
change upon exposure to NO, and NH; molecules at room
temperature,’ and thus shed light on room-temperature elec-
trical sensing.

Among all CNT-based sensors, palladium-doped CNTs
have drawn special attention. Recently, experiments demon-
strated that Pd-doped or Pd-coated CNTs can be used as a
hydrogen sensor.®”'%1® In these experiments, ensemble
(mixed) SWCNTSs show a limited hydrogen sensitivity, while
semiconducting SWCNTs show a nearly 50% conductance
change in the presence of hydrogen. Experimentalists were
also able to identify that the palladium forms noncontinuous,
closely deposited clusterlike structures.®® Theoretically,
Miao et al.'” employed a continuous atomic chain model and
studied band structure of Pd and Pd/Ni alloy chain-doped
CNT using density-functional theory (DFT). Their results
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showed that hydrogen adsorption modifies the density of
states (DOS) around E dramatically in both semiconducting
and metallic CNTs, and therefore causes the conductance
change observed experimentally. In our previous work,'® we
studied the band structure of Pd,-cluster-functionalized (5,5)
CNTs, and concluded that the hydrogen adsorption reduces
the electron localization effect. Hence the conductance of
Pd,-cluster-functionalized metallic CNTs is expected to in-
crease upon hydrogen adsorption. Nevertheless, no transport
calculation is available at the moment, and it is still not clear
what the sensing mechanism is or why there is such a large
difference between semiconducting and metallic SWCNTs.
In this paper, we report a first-principles investigation of
the conductance response of Pd,-functionalized SWCNTs to
hydrogen environment. We examine and contrast semicon-
ducting and metallic SWCNT systems, and reveal the phys-
ics behind Pd-doped SWCNT hydrogen sensing. The rest of
the paper is organized as follows: in Sec. II, we briefly
present our theoretical method and calculation details. Then
we present our results of semiconducting (8,0) SWCNTs in
parallel with metallic (5,5) SWCNTSs, combined with discus-
sion. Finally we summarize the paper and draw conclusions.

II. METHOD AND CALCULATION DETAILS

We combine DFT (Ref. 19) and nonequilibrium Green’s
function?>?! (NEGF) method to calculate the electronic
structure and transport properties. In particular, we use the
SMEAGOL code,?>?* which implements the NEGF formalism
for the single-particle Hamiltonian that is obtained from DFT
calculations based on the SIESTA code.?* It follows the stan-
dard three-part division of a transport system, i.e., the left
lead, the right lead, and the device region in between the
leads. Density-functional theory is used to relax the structure
and to construct the Hamiltonian matrices
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HiP = (g [HIn ) (1)

and the overlapping matrices

S = (i),

where / and J can be L, R, and D, representing the left lead,
the right lead, and the device region, respectively. a and 3
represent orbital indices; n is the density matrix. This infor-
mation is then used to calculate the self-energies

Ef(E) = (ETSDI - HDI)GIIQI(E)(ETSID - Hp),

where [ is either L or R (left or right lead), e+=E+i77, Gf, is
the retarded surface Green’s function for lead 7, and # is an
infinitesimal number in order to keep causality. The effective
Green’s function for the device region can be then calculated
as

Gp(E) =[€'Spp = Hpp = Z1(E) =Xk, (2)
The nonequilibrium Green’s function G is then
G~ =Gr3=G*, 3)

where 3==37+37 is the sum of the self-energy terms from
both leads; X (E)=f/(E)['}; f(E) is the Fermi distribution
function; iI';=34~3R is the coupling strength between lead I
and device region; and /=L,R.

Furthermore, the density matrix and G= have following
relation:

n= if G=(E)dE. (4)
27T

Equations (1)—(4) form a self-consistent set, which can be
solved iteratively. After achieving the self-consistency, the
transmission coefficient 7' can be evaluated as

2¢2 " 4
T= TT"[FLGDFRGDI

We chose a (5,5) SWCNT as the metallic model system
and a (8,0) SWCNT as the semiconducting model system.
The transport is along axis of the CNT (z axis), and a large
intercell distance was introduced in the x and y directions to
eliminate the interactions between two neighboring images.
Two tetrahedral Pd, clusters were deposited on top of the
CNT to form the scattering or reaction center. The leads were
chosen to be Au wire in (111) direction, and the lead-
molecule distance was optimized to ensure stability. How-
ever, the CNT structure and Au surface structure at the inter-
face were kept rigid respectively during the optimization. We
argue that the important physics occur at the device region,
and the interface introduces nothing but a fixed interface re-
sistance. Therefore, the detailed interface structure is not im-
portant to our result. Structures other than the device/lead
interface were fully relaxed until the force on each atom was
smaller than 0.01 eV/A. We used the double-zeta split-
valence numerical basis sets?® and the minimal basis sets for
the structural optimization and the transport calculations, re-
spectively. Minimal basis sets were used for transport calcu-
lations because only the states around E. are crucial to trans-
port properties. Thus minimal basis set is good enough for
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this purpose. Also, redundant basis will lead to singular ma-
trix problem when calculating the Green’s function. In all
calculations, the local-density approximation (LDA) in
Perdew-Zunger form?® was incorporated to describe the ex-
change correlations of the system, and the electron-density
matrix is regarded as converged if [n})—nJ;'|<1.0X 1075 in
the last self-consistent field (SCF) iteration. The equivalent
plane-wave energy cutoff for the real-space grid was taken to
be 200 Ry. For the leads, we used a 1 X 1X32 Monkhorst
scheme k grid?’ to sample the Brillouin zone, while for the
device region we take only the gamma point into consider-
ation. In the retarded and advanced Green’s function calcu-
lations, we set the infinitesimal number 7=1.0 X 107 to en-
sure the causality. Finally, we enforce the charge neutrality to
be 0.001e by matching the Hartree potentials at leads/device
region interface.

III. RESULTS AND DISCUSSION
A. Structure

Figures 1 and 2 show the optimized geometries for the
device regions of the semiconducting and metallic CNTs,
respectively. Even though hydrogen molecules can be either
physisorbed or chemisorbed on Pd clusters, the physisorption
is rarely observed experimentally due to the small barrier
between the two states.?®?° We simulate both states for com-
pleteness and comparison purposes. The Pd, clusters form a
distorted (slightly elongated along the z axis) tetrahedron on
the CNTs due to strong interactions between the carbon and
palladium atoms. The Pd-H bond lengths in the physisorbed
and chemisorbed complexes are approximately 1.67 and
1.80 A, respectively. The H-H distance is increased from
0.75 A (in a H, molecule) to 1.00 A in physisorption, and is
further increased to 2.38 A in chemisorption.

B. Electronic structure analysis

1. Transmission coefficient

We show the NEGF calculation of the conductance in Fig.
3. The small bias conductance near Ey corresponds to the
quantity measured in most experiments. The conductances of
pure (5,5) and (8,0) CNTs without Pd doping are 0.62G, and
0.23G,, respectively, where Gy=2¢*/h denotes the conduc-
tance quanta [Fig. 3(a)]. Note that in Fig. 3(a) there is a finite
conductance at E for the semiconducting CNT due to the
tunneling current. The changes in the conductance after Pd
doping and hydrogen absorption are very different for the
semiconducting and the metallic CNTs. After Pd doping, the
conductance of the metallic CNTs decreases to 0.28G,, [Fig.
3(b)], and that of the semiconducting CNTs increases to
0.54G,, [Fig. 3(c)].

With the adsorption of hydrogen, the conductance
changes are reversed. For the semiconducting CNT-based
systems, the conductance is reduced to 0.27G, for physisorp-
tion and 0.24G,, for chemisorption [Fig. 3(c)]. For the metal-
lic system, hydrogen adsorption enhances the conductance
to 0.36G,, for physisorption and 0.53G,, for chemisorption
[Fig. 3(b)].
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FIG. 1. (Color online) Geometric structures of the semiconducting (8,0) CNT-based systems (a) doped only with palladium, (b) with
hydrogen molecule physisorbed on palladium, and (c) with hydrogen molecule chemisorbed on palladium. Yellow atoms are Au in leads;
green atoms are carbon; magenta atoms are palladium; and white atoms are hydrogen. The top right inset of each panel shows the local
structure of Pd cluster from front view. The dotted line shows the H-H bond.

To compare with experimental results, we define the sen-
sitivity as

sensitivity = max{ G , ﬁ} , (5)
G; Gy
where Gy is the palladium-doped system conductance after
hydrogen adsorption, and G; is the palladium-doped system
conductance before hydrogen adsorption. From the conduc-
tances calculated above, a pure (8,0) semiconducting sensing
system has a sensitivity of ~2. For a mixed ensemble system
consisting of 1/3 metallic CNTs and 2/3 semiconducting
CNTs, if we assume that all CNTs are in a parallel configu-
ration and use the conductance calculated for both systems,
our model system gives a sensitivity of ~1.35 because the
metallic system conductance varies in the opposite direction
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from the semiconducting systems. If as we argued that the
conductance of the metallic systems varies much less than
the zero-bias conductance calculated at Ef, then the sensitiv-
ity of the mixed ensemble is increased slightly above 1.49
but still significantly below 2. These results perfectly match
the experiments performed by Kong et al..® which measured
sensitivities of ~2 and ~1.36, respectively, for the
semiconductor-based systems and the mixed ensemble sys-
tems. The conductance increase in the metallic CNT-based
systems is also consistent with our previous band-structure
calculation of (5,5) CNT-based systems.'®

2. Density of states

To analyze the physics behind different behavior induced
by Pd,-cluster doping, we first calculated the electronic DOS
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FIG. 2. (Color online) Geometric structures of the metallic (5,5) CNT-based systems (a) doped only with palladium, (b) with hydrogen
molecule physisorbed on palladium, and (c) with hydrogen molecule chemisorbed on palladium. Yellow atoms are Au in leads; green atoms
are carbon; magenta atoms are palladium; and white atoms are hydrogen. The top right inset of each panel shows the local structure of Pd

cluster from front view. The dotted line shows the H-H bond.
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FIG. 3. (Color online) Transmission spectra of (a) pure CNTs
within gold leads (without any Pd or hydrogen doping), (b) metallic
(5,5) CNT-based systems, and (c) semiconducting (8,0) CNT-based
systems. “Pd only” indicates Pd-cluster-doped CNT system without
hydrogen adsorption; “Physi” indicates hydrogen-physisorbed sys-
tem; and “Chemi” indicates hydrogen-chemisorbed system. E is
aligned at 0.0 eV in all figures.

and projected DOS onto the CNT backbone for both metallic
and semiconducting systems without hydrogen adsorption as
shown in Figs. 4(a) and 4(b). For the metallic CNTs [Fig.
4(a)], the result confirms that obtained in a previous work.!'®
Bonding with the Pd cluster causes the localized states to
form at CNT/Pd-cluster interface. This should add consider-
able scattering to the conduction channels, and as we will
show below should significantly reduce the conductance. For
the semiconducting CNTs, the projected DOS of pure CNT
and CNT with Pd doping [Fig. 4(b)] shows that the presence
of Pd cluster greatly reduces the band gap, from ~0.8 to
~0.4 eV. This is expected to significantly increase the con-
ductance.

Realistic CNT-based systems are usually much longer
than our model systems, but simulating systems with a much
longer length is not computationally feasible. Therefore, in
order to see possible effects of Pd doping and hydrogen ad-
sorption on longer CNTs, we present the projected DOS cal-
culation of model systems without the gold leads (Fig. 5). By
eliminating the gold leads, we can focus on the change
within scattering center area that more closely mimics the
part of the CNTs far away from the electrodes in a realistic
system. The metallic CNT-based system shows a similar re-

DOS (arb. units)

Energy (eV)

(a) Energy (eV) (b)

FIG. 4. (Color online) DOSs around E projected onto CNT
backbone for the pure and Pd-cluster-doped CNT systems without
gold leads. Ey is aligned at 0. Panel (a): metallic (5,5)-based sys-
tems; panel (b): semiconducting (8,0)-based systems.
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FIG. 5. (Color online) DOSs of model systems without gold
leads projected onto CNT backbone: (a) metallic (5,5) CNT-based
systems; (b) semiconducting (8,0) CNT-based systems. Ep is
aligned at 0.

duced electron localization effect with hydrogen chemisorp-
tion since the state around E in the top panel is much more
extended than in the bottom panel. The semiconducting
CNT-based system exhibits an even larger localization effect
that the band gap at Er is again enlarged.

3. Charge transfer and Hartree potential

To further understand the sensing mechanism, we per-
formed the Miilliken population analysis (Table I) on our
model systems. For pure CNTs, the Pd doping causes ~5.6e
and ~4.6e transferred to the metallic and the semiconducting
systems from the Pd clusters, respectively. These charge
transfers cause different effects in the two types of systems.
For the semiconducting system, the charge transfer causes a
significant shift in the conductance peaks and brings one of
the peaks very close to Ef, thus leading to a large increase in
the conductance. For the metallic system, however, the shift
in the conductance peak near E is much smaller, less than
0.01 eV. The large change in the conductance is mainly due
to the sharpness of the peak. When integrated over a typical
bias voltage window, the effect of the charge transfer on the
conductance in the metallic system should be greatly re-
duced.

For hydrogen-adsorbed systems, the charge analysis
shows that both hydrogen physisorption and chemisorption
will further deplete charge on Pd clusters by ~0.1e. Interest-
ingly, no significant difference between physisorption and
chemisorption is observed on Pd cluster or CNT backbone.
However, since the hydrogen atom has much higher electron
affinity than Pd cluster after hydrogen dissociation, approxi-

TABLE 1. Excess charges in device region and on each atomic
species (number of electrons). “Pd only” denotes the Pd-
functionalized CNT without hydrogen adsorption; “Physi” denotes
hydrogen-physisorbed system; and “Chemi” denotes hydrogen-
chemisorbed system.

(5.5) (8,0)
Pd only Physi Chemi Pdonly Physi Chemi
C 9.85 9.72 9.65 8.92 8.88 8.79
Pd -5.65 -5.78 -5.18 -4.63 -476 474
Au —4.20 -4.66 -6.21 -4.29 -492  -6.37
H NA 0.72 2.34 NA 0.80 2.32
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FIG. 6. (Color online) Hartree potentials averaged over the xy
cross section of the device region along the z axis for (a) (5,5)-
based model systems and (b) (8,0)-based model systems. The two
panels should not be compared directly against each other. The
curves within each panel, however, are directly comparable. The
labels “Pd only,” “Physi,” and “Chemi” have the same meanings as
in Fig. 3.

mately 1.6 more electrons will be transferred onto hydrogen
to form Pd-H chemical bonding in chemisorption than in
physisorption. A similar amount of electrons was then trans-
ferred from Au leads via CNT backbone onto Pd cluster to
neutralize the clusters.

The large effect of hydrogen adsorption in the semicon-
ducting systems is again due to the significant shift in the
transmission peak relative to Ep, this time in the opposite
direction from the case of Pd doping. For the metallic sys-
tems, there is still very little shift in the transmission peak.
The large changes in the conductance are again due to the
tiny shift of a very sharp peak, and are expected to diminish
once integrated over a small bias window.

One way to visualize the effect of charge transfers is
through the plot of the Hartree potential within the device
region, as shown in Fig. 6. Both plots indicate that either
hydrogen physisorption or chemisorption substantially modi-
fies the electrostatic potential within the device region. Yet,
no big differences are seen at the Au-lead/CNT interfaces
(around =12 A). This further supports our initial assump-
tion that the details of the interface are not important factors
in understanding the effect of hydrogen adsorption.

4. Local density of states

We now analyze how the local density of states (LDOS)
(Figs. 7 and 8) responds to hydrogen adsorption. The LDOS
is obtained by integrating the real-space Green’s function for
the device region:

1 Ep+6
p(r)=-— —f Im[G(r,r,E)]dE, (6)

TJE—6

where we choose §=0.05 eV. The figures clearly show that
the hydrogen adsorption induced electron localization on
CNT backbone for semiconducting CNT systems, which re-
duces the conductivity approximately by half (Fig. 8). For
metallic CNT-based systems, little difference is observed on
CNT backbone. However the states at the CNT/Pd-cluster
interface are greatly reduced by hydrogen chemisorption.
These states are actually strong chemical bonding between
CNT and Pd cluster,' which serves as a scattering center in
device region. Thus, the hydrogen chemisorption enhances
the electron transport.
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FIG. 7. (Color online) LDOSs of metallic (5,5) CNT-based sys-
tems. The contour is taken at LDOS of 1.0 X 107*. The figure shows
only one of the two CNT-cluster units for simplicity and clearness
purposes. (a) Pd-cluster-doped CNT without hydrogen adsorption;
(b) Pd-cluster-doped CNT with hydrogen chemisorption.

C. Length dependence and interference effects

Finally, we use two more systems to investigate the length
dependence and possible interference between two Pd, clus-
ters. For one of these systems, we remove one of the func-
tioning Pd, clusters together with the underlying CNT, and
therefore the effective length of the device region is reduced
by half. We will refer to this system as “reference system A.”
For the other system, we add one more unit cell of pure CNT
in between the two Pd clusters, so that the distance between
the two Pd clusters is increased. We will refer to this system
as “reference system B.” Both structures are relaxed with the
same procedure and criterion as previously stated.

Figures 9(a) and 9(b) show the transmission coefficient
spectrum of reference system A. Apparently, they are very
different from Figs. 3(b) and 3(c). Although we can still
identify the corresponding peaks in Figs. 9(a) and 9(b), their
heights and widths are completely different from those in

FIG. 8. (Color online) LDOSs of semiconducting (8,0) CNT-
based systems. The contour is taken at LDOS of 1.0 X 107*. The
figure shows only one of the two CNT-cluster units for simplicity
and clearness purposes. (a) Pd-cluster-doped CNT without hydro-
gen adsorption; (b) Pd-cluster-doped CNT with hydrogen
chemisorption.
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FIG. 9. (Color online) Transmission spectra of reference system
A for (a) (5,5) metallic CNT-based systems and (b) (8,0) semicon-
ducting CNT-based systems. “Pd-only” denotes the system without
hydrogen adsorption; “Physi” denotes the system with hydrogen
physisorbed on the cluster; and “Chemi” denotes the system with
hydrogen chemisorbed on the cluster.

Figs. 3(b) and 3(a). Nevertheless, the conductances of metal-
lic CNT-based systems without hydrogen adsorption, with
hydrogen physisorption, and with hydrogen chemisorption
are 0.567G,, 0.645G,, and 0.541G, respectively, showing
almost no sensitivity (~1). The conductances of semicon-
ducting CNT-based systems without hydrogen adsorption,
with hydrogen physisorption, and with hydrogen chemisorp-
tion are 0.209G,, 0.067G,, and 0.063G,, respectively. This
corresponds to sensitivity of ~3. Although the specific con-
ductance number changes a lot, the relative conductance
change after hydrogen adsorption is rather stable. Thus our
fundamental conclusion remains unchanged.

The influence of interference can also be observed in Figs.
10(a) and 10(b), which show the transmission coefficient
spectrum of reference system B. In the (5,5) CNT case, the
extra CNT unit causes large shift of the conductance peaks
both with and without hydrogen adsorption. The resulting
conductances are 0.031G, 0.033G,, and 0.025G, for CNT
without hydrogen adsorption, CNT with hydrogen physisorp-
tion, and CNT with hydrogen chemisorption, respectively. In
the (8,0) CNT case, the extra CNT unit also causes shift of
the conductance peaks, but the shift does not change the
relative positions of these peaks. Therefore, the conductances
are 0.87Gy, 0.74G,,, and 0.40G, for CNT without hydrogen
adsorption, CNT with hydrogen physisorption, and CNT
with hydrogen chemisorption, respectively. Thus, the sensi-
tivities for metallic and semiconducting CNTs are ~1 and
~2 in the second comparison systems, respectively. Again,
although the specific conductance number changes a lot, the
relative conductance changes, and hence the conclusion re-
mains unaltered.
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FIG. 10. (Color online) Transmission spectra of reference sys-
tem B for (a) (5,5) metallic CNT-based systems and (b) (8,0) semi-
conducting CNT-based systems. “Pd-only” denotes the system
without hydrogen adsorption; “Physi” denotes the system with hy-
drogen physisorbed on the cluster; and “Chemi” denotes the system
with hydrogen chemisorbed on the cluster.

IV. SUMMARY AND CONCLUSION

In conclusion, we have performed DFT-combined NEGF
calculations on Pd,-cluster-functionalized (5,5) and (8,0)
CNT model systems. Upon Pd doping, the conductance of
metallic CNTs decreases due to electron localization effects,
and the conductance of the semiconducting CNTs increases
since it creates new states that reduces the band gap. For
metallic (5,5) system, the conductance increases by ~90%
with hydrogen chemisorption, while for semiconducting
(8,0) system, the adsorption suppresses the conductance by
~60%. This behavior is dominated by electron localization
effect upon hydrogen adsorption, and is related to charge
transfer. Therefore both metallic and semiconducting CNTs
are much better hydrogen-sensing materials individually than
mixed ensemble CNTs. Although we are unable to mimic a
very long CNT/Pd complex system such as those in the ex-
periments, we conclude from this study that the sensitivity of
the system is insensitive to the length of the CNT/Pd com-
plex and the displacement of the Pd clusters, meaning that
the sensing mechanism is robust.
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