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ABSTRACT: Introduction of defects via ion irradiation ex
situ to modify silver/single-wall carbon nanotube (Ag-
SWCNT) electrical contacts and the resulting changes in the
electrical properties were studied. Two test samples were
fabricated by depositing 0.1 μm Ag onto SWCNT thin films
with average thicknesses of 10 and 60 nm, followed by ion
irradiation (150 keV 11B+ at 5 × 1014 ions/cm2). The contact
resistance (Rc) between the Ag and SWCNT thin films was
determined using transfer length method (TLM) measure-
ments before and after ion irradiation. Rc increases for both
test samples after irradiation, while there is no change in Rc for
control structures with thick Ag contacts (1.5 μm), indicating that changes in Rc originate from changes in the SWCNT films and
at the Ag-SWCNT interface caused by ion penetration through the Ag contact electrodes. Rc increases by ∼4× for the 60 nm
SWCNT structure and increases by ∼2.4× for the 10 nm SWCNT structure. Raman spectroscopy measurements of the
SWCNTs under the contacts compared to the starting SWCNT film show that the degradation of the 10 nm SWCNT structure
was less significant than that of the 60 nm SWCNT structure, suggesting that the smaller change in Rc for the 10 nm SWCNT
structure is a result of the thickness-dependent damage profile in the SWCNTs. Despite the increase in overall contact resistance,
further TLM analysis reveals that the specific contact resistance actually decreases by ∼3.5−4× for both test samples, suggesting
an enhancement of the electrical properties at the Ag-SWCNT interface. Irradiation simulations provide a physical description of
the underlying mechanism, revealing that Ag atoms are forward-scattered into the SWCNTs, creating an Ag/C interfacial layer
several nanometers in depth. The collective results indicate competing effects of improvement of the Ag-SWCNT interface
versus degradation of the bulk SWCNT films, which has implications for scaled high-performance devices employing thinner
SWCNT films.
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■ INTRODUCTION

Metal contacts to single-wall carbon nanotubes (SWCNTs) are
essential in a majority of SWCNT-based electronic devices,
including organic photovoltaics,1,2 CNT-metal matrix compo-
site electrodes for advanced solar cells,3,4 thin-film transistors,5

and scaled high performance field effect transistors.6 As the
SWCNT layers are dimensionally decreased in these advanced
devices, the effects of the electrical contact between metals and
CNTs become increasingly important. For instance, the contact
resistance becomes dominant for scaled field effect transis-
tors.7,8 Many of these devices are intended for use in space and
other harsh radiation environments, and it is thus critical to
understand changes in the metal-CNT electrical interactions as
a result of different types of radiation, including ion irradiation.

Many studies have investigated the effects of ion irradiation
on a wide range of SWCNT materials, including SWCNT
papers,9,10 electronic-type separated11 and diameter con-
trolled12 SWCNT thin films, and many other SWCNT types
and form factors,13−17 yet no studies have specifically
investigated the role that SWCNT−metal contacts play in
measured results. Specifically, the effects of ion irradiation on
the contact resistance between metals and SWCNTs have not
been documented, which is critical for harsh environment
applications. In the work presented here, modification of the
metal-SWCNT interface by exposure to ion irradiation was
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investigated. A method was developed to determine whether
ions impact the contact resistance and other electrical transport
properties at the SWCNT−metal interface. Different Ag
contact thicknesses were deposited on SWCNT films to
provide a means to control the ion irradiation-induced damage
at the SWCNT−metal contact using 150 keV 11B+, either
stopping them within the Ag contacts or allowing the ions to
penetrate fully through to the underlying SWCNTs. For
thinner Ag contacts where ion penetration is expected, two
different SWCNT film thicknesses were utilized to explore the
effect of SWCNT film thickness on the measured results.
Transfer length method (TLM) measurements and analysis
were used to quantify changes in contact resistance, transfer
length, and specific contact resistance in response to ion
irradiation. These observations along with computer simu-
lations provide an understanding of how defect generation
within the structures affects the properties of the Ag-SWCNT
interface and additionally accounts for the role of metal
thickness and SWCNT film thickness.

■ EXPERIMENTAL SECTION
Structures were fabricated for performing TLM measurements to
extract the Ag-SWCNT contact resistance. In this study, high purity
SWCNT materials were synthesized in-house by laser vaporization and
purified using established techniques.18 The diameter range of
SWCNTs was 1.0−1.4 nm based on Raman spectroscopy analysis.12

Thin films of the high purity SWCNTs were transferred onto Si/SiO2
substrates using a standard mixed cellulose ester film transfer
method.19,20 Ag contacts for TLM measurements were deposited
onto the SWCNT films via thermal evaporation (Kurt Lesker PVD
75C) through a shadow mask. Figure 1a shows a schematic detailing a
top-down view of the surface of the TLM structure with Ag contact
dimensions of 2 × 8 mm (L × W) and SWCNT channel lengths (d1−
d4) of 1, 2, 3, and 4 mm. Three TLM structures were produced in
total: (1) a control sample with 1.5 μm Ag contacts on a 60 nm
SWCNT film (Figure 1b), (2) a test sample with 0.1 μm Ag contacts
deposited onto a 60 nm SWCNT film (Figure 1c), and (3) a test
sample with 0.1 μm Ag contacts deposited onto a 10 nm SWCNT film
(Figure 1d). The average SWCNT thicknesses were determined by
profilometry using a Tencor P2 Profilometer. TLM measurements
were performed on the samples after metal contact deposition. The
shadow mask was then carefully placed back onto the sample to shield
the SWCNTs in the channel regions from subsequent ion irradiation.
The realignment of the shadow mask was confirmed by optical
microscopy. The samples were then irradiated with 150 keV 11B+

(Varian 350D medium current ion implanter) at 5 × 1014 ions/cm2, as
illustrated in Figures 1b−d. The shadow mask was selected to be of
sufficient thickness (0.5 mm) to mask the SWCNTs in the channel
(between the Ag contacts) from the incident ions so that only the Ag
contacts are irradiated. Following ion irradiation, TLM measurements
were repeated to assess changes in the contact resistance in response
to ion irradiation.
TLM measurements were performed by forcing current between

each pair of electrodes and monitoring the voltage, and the resistance
was calculated via Ohm’s law. Raman spectroscopy of the SWCNTs
was performed both in the channel (shielded from irradiation) and
under the contacts using a LabRam spectrometer at 633 nm excitation
(Jobin Yvon Horiba). Kapton tape was used to peel the Ag contacts off
of the SWCNTs to enable Raman measurements of the SWCNTs
under the contacts.

■ RESULTS

The Ag contact thicknesses were specifically chosen for two
intended scenarios: (1) the ions come to rest within the thick
contacts, and (2) the ions are transmitted through the thin
contacts into the SWCNT film and SiO2. The range of ions in

metals will vary depending on factors such as the ion species,
energy, and metal type. 11B+ was selected for the present
experiments to enable comparisons to previous work that
examined changes in the structural and electronic degradation
of electronic-type separated11 and diameter enriched12

SWCNTs under 150 keV 11B+ irradiation. SRIM software21

was used to calculate the range of 150 keV 11B+ in Ag
(conditions for the present experiments) to ensure that the
proper Ag contact thicknesses were selected. The projected
range of 11B+ in Ag is approximately 0.18 ± 0.09 μm. Thus, thin
Ag contacts of 0.1 μm (test samples) and thick Ag contacts of
1.5 μm (control samples) were deposited to meet the given
criteria of contacts either below or well above the projected
11B+ range, respectively. Such an experimental setup ensures
that changes in contact resistance after irradiation can be
distinguished as resulting from either ion-induced damage in
the Ag or ion-induced damage in the SWCNT film.
TLM measurements of the structures described in Figure 1

were performed before and after ion irradiation to discern
whether the ions have any impact on Rc. The results of the
TLM measurements are shown in Figure 2, where the
measured electrical resistance is plotted versus contact spacing
for the control sample, the 60 nm SWCNT structure, and the
10 nm SWCNT structure (Figures 2a−c, respectively). The
closed black squares are the measured resistance before ion-
irradiation, and the open red squares are the measured
resistance after ion-irradiation, with dotted lines corresponding
to linear least-squares fits to each data set (all linear fits exhibit

Figure 1. (a) Schematic showing a top-down view of structures
fabricated for TLM measurements of contact resistance between Ag
contacts (labeled 1−5) and SWCNT thin films with contact lengths L
and widths W of 2 and 8 mm, respectively, and electrodes spaced a
distance d apart. (b−d) Cross-sectional views showing TLM structures
with Ag contacts during ion irradiation with the TLM shadow mask in
place so that the channel region is shielded and the 150 keV 11B+ are
only incident on the Ag contacts. The samples consist of (b) 1.5 μm
Ag contacts on a 60 nm SWCNT film, (c) 0.1 μm Ag contacts on a 60
nm SWCNT film, and (d) 0.1 μm Ag contacts on a 10 nm SWCNT
film.
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R2 > 0.996). The linear fit to TLM measurements is used to
determine the unknown variables by eq 1:22

= +R
R
W

d R2total
sh

c (1)

where Rtotal is the total measured resistance, Rsh is the sheet
resistance between the contacts, W the width of the contacts,
and d the distance between consecutive contacts, as defined in
Figure 1. The slope of the line is directly proportional to the
sheet resistance, and the vertical intercept (R at d = 0) is 2Rc.
Previous work has shown that SWCNTs irradiated under the
present 150 keV 11B+ conditions should exhibit a fluence-
dependent increase in Rsh.

11 No appreciable changes were
observed in the slope of the linear fits to the data (and hence,
Rsh) after ion irradiation, indicating that the shadow mask was
properly realigned after the initial TLM measurements and
serves as an effective radiation shield. As shown in Figure 2, the
contact resistance before irradiation is identical for the 10 and
60 nm SWCNT structures (12.8 Ω) and similar to the control
sample (10.4 Ω). After ion irradiation, Rc remains relatively
unchanged for the control sample (1.5 μm contacts, Figure 2a)
and increases for both test samples (0.1 μm contacts, Figures
2b and c). As noted previously, SRIM calculations show that
the 11B+ should stop well within the thick Ag contacts and
should be transmitted through the thin contacts and the
underlying SWCNT film. Thus, the increase in Rc after
irradiation for the thin-contact structures suggests that the

origin of the change is related to modifications of the SWCNTs
and/or the Ag-SWCNT interface and eliminates the prospect
of contributions from damaged Ag contacts. Rc increases by
∼4× for the 60 nm SWCNT structure (Figure 2b) and ∼2.4×
for the 10 nm SWCNT structure (Figure 2c), indicating that
changes in the measured contact resistance resulting from ion
penetration through the contacts are dependent on the
SWCNT film thickness.
Characterization of the SWCNT material properties can

facilitate understanding of the observed changes in contact
resistance of the Ag-SWCNT interface induced by ion
irradiation. Raman spectroscopy was employed to evaluate
structural damage in the SWCNTs under the contacts as well as
in the channel region, which was shielded from the ion
irradiation by the TLM shadow mask. Raman measurements
underneath the contacts were facilitated by adhering Kapton
tape to the Ag surface and peeling it back to reveal the bottom
of the metal contact and top of the SWCNT film, as illustrated
in Figure 3a. The regions between the contacts, which were
shielded by the shadow mask, are labeled “shielded region”, and
the regions where the Ag contacts were exposed to radiation are
labeled “under contacts”. In some cases, portions of the
SWCNT films adhered to the Ag upon contact removal;
however, the Raman spectra of these SWCNTs were identical
to those of the SWCNTs remaining on the substrate.

Figure 2. Plots of the measured 4-point resistance versus Ag electrode
spacing for TLM structures with (a) 1.5 μm Ag contacts on a 60 nm
SWCNT film, (b) 0.1 μm Ag contacts on a 60 nm SWCNT film, and
(c) 0.1 μm Ag contacts on a 10 nm SWCNT film. Resistance values
for the structures are shown before (black square) and after (red
squares) irradiation with 150 keV 11B+ to a fluence of 5 × 1014 ions/
cm2. The linear fits of the data are indicated by dashed lines.

Figure 3. (a) Schematic illustration showing the removal of the
contacts by Kapton tape to enable Raman measurements under the
contacts. The channel region, which was shielded from ion irradiation,
is labeled “shielded region”. (b−d) Raman spectra for the shielded
region and under the contacts are shown for each sample with the D-,
G-, and G′-peaks labeled.
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The characteristic Raman peaks of interest for SWCNTs are
the D-peak (∼1300 cm−1), which is related to defects, the G-
peak (∼1590 cm−1), indicating sp2 graphitization, and the G′-
peak (∼2690 cm−1), corresponding to two-phonon scattering
processes around the K-point.23 Figure 3b shows the Raman
spectra for the control sample (thick contacts) after irradiation.
The Raman spectra both in the shielded region and under the
contacts are nearly identical, indicating no significant changes in
the SWCNT structural properties as a result of ion irradiation,
which is expected from the SRIM calculations of projected
range and the lack of changes in Rc. Figures 3c and d show the
Raman spectra for the 60 and 10 nm SWCNT structures,
respectively, after irradiation. The Raman spectra for the
SWCNTs in the shielded regions are also nearly identical to the
control sample spectra (Figure 3b); however, the Raman
spectra under the contacts show significant changes in the
prominent SWCNT peaks. The extent of structural damage
(i.e., defect density) within the SWCNTs can be evaluated by
examining relative changes in the Raman peak ratios after ion
irradiation, e.g., [D/G(Φ)]/[D/G(0)], where D/G(Φ) is the
D/G-peak ratio under the contacts, and D/G(0) is the D/G-
peak ratio in the shielded region. [D/G(Φ)]/[D/G(0)] is 4.8
for the 60 nm SWCNT structure and 4.1 for the 10 nm
SWCNT structure. In comparison, nearly complete suppression
of the G′-peak in the SWCNTs under the contacts is observed,
resulting in [D/G′(Φ)]/[D/G′(0)] values of 54 for the 60 nm
SWCNT structure and 24 for the 10 nm SWCNT structure.
The collective Raman results indicate structural damage of the
SWCNTs under the contacts for both test samples but less
significant degradation of the 10 nm SWCNT structure.

■ DISCUSSION
There is a clear correlation of structural damage in the SWCNT
films to the increase in Rc for both test samples, but analysis of
the transfer length (Lt) and the specific contact resistance (ρc)
is needed to assess these effects as they relate to the Ag-
SWCNT interface. Lt is the length in the direction of current
over which 1/e of the current has been extracted from the
contacts, and ρc is the area-normalized resistivity of the
interface.24 As defined by the transmission line model, Lt and ρc
are independent of the contact area and are a property of the
metal-SWCNT interface. If the contact length is >1.5 Lt and the
sheet resistance under the contacts is identical to the sheet
resistance in the channel (an assumption that cannot be
verified), then eq 1 can be approximated as22

= + ≈ +R
R
W

d R
R
W

d L2 ( 2 )ttotal
sh

c
sh

(2)

The contacts used in the present study have a length of 2
mm, ensuring the validity of eq 2, because Lt is typically on the
order of micrometers for contacts to SWCNT films. Solving eq
2 for Lt leads to

=L
WR
Rt

c

sh (3)

By the definition of the transfer length, the specific contact
resistance can be expressed as24

ρ = R L( )c sh t
2

(4)

Thus, from the TLM data, the value of Lt can be determined
using eq 3, and ρc can be determined using eq 4. However, for
cases in which the sheet resistance under the contacts is

modified, eq 2 is no longer valid because of the addition of an
extra series resistance for current in the SWCNT film under the
contact traveling toward the channel, leading to an alternative
expression of eq 2 as24

= + ≈ +R
R
W

d R
R
W

d
R L
W

2
2

total
sh

c
sh sk t

(5)

where Rsk represents the sheet resistance under the contacts.
For this scenario, Lt is now determined by a modified
expression of eq 3 as

=L
WR
Rt

c

sk (6)

and ρc is determined by a modified expression of eq 4 as

ρ = R L( )c sk t
2

(7)

In most cases, it is not possible to know the sheet resistance
under the contacts, and thus additional measurements are
needed to determine Lt and ρc. This scenario is commonly seen
where modifications have been made to achieve Ohmic metal−
semiconductor contacts such as silicide contacts.24,25 Typically,
in these cases, Rc, Lt, and ρc decrease as a result of improving
the contact interface. However, removal of the contacts in the
present study permits calculation of Rsk from the changes in the
Raman D/G′-peak ratios. Previous work11,12 has shown that the
relative increase in sheet resistance at a given fluence correlates
linearly with the relative increase in D/G′-peak ratios (i.e., [D/
G′(Φ)]/[D/G′(0)] ≅ [Rsh(Φ)]/[Rsh(0)]). Thus, based on the
measured [D/G′(Φ)]/[D/G′(0)] values for each test sample,
the sheet resistance under the contacts increases (relative to the
sheet resistance in the channel) by ∼54× for the 60 nm
SWCNT structure and ∼24× for the 10 nm SWCNT structure.
Table 1 provides a summary of the calculated TLM values for

the test samples both before and after irradiation and provides
details on how those values are determined. The measured
values for the 10 nm SWCNT structure are fairly consistent
with other work for SWCNTs synthesized via arc discharge
with film thicknesses of 20−30 nm, which reported 80 μm and
0.02 Ω cm2 for Lt and ρc, respectively.

1 The transfer length and
specific contact resistance decrease similarly for both samples
after irradiation. For example, ρc decreases by 3.5× for the 60
nm SWCNT structure and by 4.1× for the 10 nm SWCNT
structure. Overall, the decreases in Lt and ρc suggest that the
irradiation-induced damage improves the electrical properties
of the Ag-SWCNT interface despite the increase in contact

Table 1. Electrical Values for 0.1 μm Ag Contacts on 60 nm
and 10 SWCNT Films Both As-Deposited and after Ion
Irradiation with 150 keV 11B+ to a Fluence of 5 × 1014 ions/
cm2

Rsh or Rsk
(Ω/□)

RC
(Ω)

LT
(μm)

ρc
(Ωcm2)

60 nm-thick
SWCNT film

as-
deposited

363a 12.8 281.7b 0.29c

irradiated 19 500d 50.6 20.6e 0.08f

10 nm-thick
SWCNT film

as-
deposited

1206a 12.8 84.7b 0.09c

irradiated 29 320d 31.0 8.5e 0.02f

aDetermined from eq 1. bDetermined from eq 3. cDetermined from
eq 4. dCalculated from relative changes in D/G′-ratios after irradiation.
eDetermined from eq 6. fDetermined from eq 7.
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resistance. Thus, the overall measured increase in Rc for both
test samples is a result of adding a series resistance between the
Ag-SWCNT interface and the SWCNTs in the channel region,
and this increase in resistance dominates over any potential
benefits gained by electrical enhancement of the Ag-SWCNT
interface. However, the less significant increase in Rc for the 10
nm SWCNT structure results from a less significant increase in
sheet resistance (24×) under the contacts compared to the
increase in sheet resistance (54×) for the thicker 60 nm
SWCNT film. Clearly, the effects of ion irradiation on the Ag-
SWCNT electrical properties are dependent on the SWCNT
film thickness.
SRIM simulations were employed to gain additional insight

into the physical mechanism for the enhancement of Lt and ρc
at the Ag-SWCNT interface. The transport of ion in matter
(TRIM) program within SRIM was used to simulate 150 keV
11B+ collisions into a Ag/C/SiO2 (100/70/250 nm) target
using detailed collisions with full damage cascades, 40 000
particle histories, and assuming a C density of 0.5 g/cm3 and
displacement energy of 20 eV.12 Analysis of the incident 11B+

and recoil distributions in the SWCNT layer was performed
with data from the Range output files. Figure 4a shows the

distributions of B ions and final location of Ag and C recoils vs
depth into the sample, which are defined as the number of
recoils per incident B ion per cm. The data reveal a high
distribution of forward-scattered Ag (relative to C and 11B+) in
the top ∼4 nm (sample depth of 104 nm) of the SWCNT film.
Multiplying any ion/recoil distribution by the dose (5 × 1014

ions/cm2) gives an atomic density distribution (i.e., atoms/
cm3) which can be converted into an atomic ratio by dividing
by the total atomic density of the layer. The calculated results
are plotted as Ag concentration vs depth into the SWCNT film
in Figure 4b. Interestingly, from 100 to 104 nm (4 nm into the
C layer), the average Ag concentration was 9.2% (or 9.2 × 104

ppm), decreasing dramatically to 0.44% from 4−8 nm and
0.07% form 8−12 nm into the SWCNT film. In contrast, the
11B+ concentration is <50 ppm throughout the Ag and SWCNT
layers because most of the boron ions are transmitted through
the SWCNT film and into the SiO2. Thus, any doping effects
from the 11B+ will be negligible, especially given that
substitutional doping of CNTs is very difficult to achieve and
requires ion energies on the order of 70−500 eV,15 much lower
than the current experimental conditions. The C concentration
in the Ag layer is also <50 ppm except at a sample depth of 96−

100 nm (directly before the Ag-SWCNT interface) where the
concentration is ∼245 ppm due to backscattered C. Analysis of
the ion and recoil distributions reveals forward scattered Ag
atoms at the Ag-SWCNT interface, suggesting the existence of
an Ag/C (∼9/91%) interfacial layer with improved electrical
interactions with the Ag contacts. The existence of such an
interfacial layer also provides insight into the overall
observations regarding SWCNT film thickness: the relative
contribution of the interface behavior on the measured contact
properties should increase with decreasing SWCNT film
thickness. For example, this electrically enhanced Ag/C layer
comprises an order of magnitude higher portion of the 10 nm
SWCNT film compared to the 60 nm SWCNT film. Thus, it is
likely that use of SWCNT active layers approaching monolayer
thickness would further modify the Rc values as a result of the
relative contribution of the enhancement of Lt and ρc and the
observed trend of smaller damage profiles for thinner SWCNT
films.

■ CONCLUSIONS

The effects of ion irradiation on the Ag-SWCNT interface were
studied, and results show that exposure to extreme ion
irradiation can significantly impact the electrical properties of
SWCNT−metal contacts. For structures with 0.1 μm Ag
contacts deposited on 60 and 10 nm SWCNT film thicknesses,
irradiation with 5 × 1014 11B+/cm2 causes the contact resistance
to increase by 4× and 2.4×, respectively. The contact resistance
did not change for control structures with thick Ag contacts
(1.5 μm) where the 11B+ ions are expected to stop within the
metal contact and not affect the Ag-SWCNT interface. Thus,
the changes in Rc are directly correlated to structural damage in
the SWCNTs, as confirmed by Raman spectroscopy measure-
ments. Further analysis shows decreases of ∼10−13× in
transfer length and ∼3.5−4× in specific contact resistance. This
infers that transport at the Ag-SWCNT interface was actually
improved by the ion irradiation, while transport through the
SWCNTs was degraded. Analysis of the ion and recoil
distributions from SRIM suggests that Ag atoms are forward-
scattered into the Ag-SWCNT interface, creating an Ag/C (9/
91%) interfacial layer ∼4 nm in thickness, which may explain
the improvement in the electrical properties of the Ag-SWCNT
interface despite significant structural damage. The competing
effects of interface enhancement and bulk SWCNT degradation
show a dependence on SWCNT layer thickness with the
thinner SWCNT film experiencing less structural damage and a
smaller increase in Rc. Overall, this study provides a framework
to investigate the effects of various ion species, energies, metal
compositions, and SWCNT layer thicknesses on the electrical
interactions between metals and SWCNTs, all of which are
important considerations for devices exposed to extreme ion
irradiation conditions.
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