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High performance multiwall carbon nanotube bolometers

Rongtao Lu,"® Jack J. Shi," F. Javier Baca,'? and Judy Z. Wu'
lDepartment of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, USA
2MPA—STC, Los Alamos National Laboratory, MS K673, Los Alamos, New Mexico 87545, USA

(Received 15 June 2010; accepted 14 August 2010; published online 21 October 2010)

High infrared bolometric photoresponse has been observed in multiwall carbon nanotube
(MWCNT) films at room temperature. The observed detectivity D* in exceeding 3.3
X 10° ¢cm Hz"?2/W on MWCNT film bolometers is a factor of 7 higher than that obtained on the
single-wall CNT (SWCNT) counterparts. The response time of about 1-2 ms on MWCNT
bolometers is more than an order of magnitude shorter than that of SWCNT bolometers. The
observed high performance may be attributed to the naturally suspended inner-shell structure in a
MWCNT, which enhances photon absorption and restricts bolometer external thermal link to
environment. © 2010 American Institute of Physics. [do0i:10.1063/1.3492633]

I. INTRODUCTION

Over the past decade or so, extensive efforts have been
put forth to explore device applications of carbon nanotube
(CNT). CNT based infrared (IR) detectors, especially those
with single-wall CNTs (SWCNTs),'™ have received much
attention due to their moderate band gap of ~0.4-2.0 eV
(Refs. 5 and 6) and high absorption efficiency in IR band.’
The observed photoresponse under IR radiation has been ar-
gued to be dominantly bolometric effect via exciton genera-
tion and dissociation.”® This is in contrast to the direct pho-
toconductivity possibly due to transition associated to the
series of van Hove singularity in one-dimensional electronic
density states.”'” The bolometric effect may not be observ-
able if the CNT’s thermal link to the environment is suffi-
ciently high. Considering a high thermal conductance of up
to 8000 W/mK at room temperature reported for individual
SWCNT,11 reducing the CNT film’s thermal link to the en-
vironment is thus necessary in order to obtain an adequate
bolometric photoresponse.z’3 1213

One way to reduce the thermal link is to suspend
SWCNT films and enhanced bolometric photoresponse has
been obtained.>” Nevertheless, the best-obtained bolometer
detectivity (D*) around 4.5X10° cm Hz"?/W3 is nearly
three orders of magnitude lower than that of conventional
VO, bolometers.'* In addition, the response time of the
SWCNT film bolometers in the range of 40—-60 ms must be
further reduced by at least a factor of 5-10 for practical
applications of IR imaging systems.lz’n’15 Further improve-
ment of SWCNT bolometer performance faces several fun-
damental limitations associated with the SWCNT films in-
cluding reduced light absorption at small thickness
approaching percolation threshold, difficulties in suspending
very thin CNT films, a large number of intertube junctions
that may limit electrical and thermal transport, and a large
surface area that amplifies effects of molecules such as oxy-
gen attached to CNT surface.'®"’

Multiwall CNTs (MWCNTs) may provide a unique so-
lution to address these performance limitations. A MWCNT
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can be viewed as a set of coaxial graphene cylinders with
fixed intershell spacing of ~0.34 nm.” This could lead to an
enhanced light absorption per tube and the enhancement is
proportional to the number of inner shells. In addition, all
inner CNT shells are naturally suspended in MWCNTSs,
which is a desired configuration for optimal bolometeric
photoresponse.z’3 In MWCNTs, the neighboring shells are
incommensurate, prohibiting charge delocalization in the ra-
dial direction and results in highly anisotropic charge and
thermal conduction between the axial (higher conduction)
and radial (lower conduction) directions.®"” In a transport
study on MWCNTSs with electrodes directly on the sidewall
of the MWCNT, it has been found that the outmost shell (or
few shells) of the MWCNT, which could be either semicon-
ducting or metallic, plays the dominant role in electrical and
thermal transport considering electrodes are typically laid on
the outmost shell."” This means that the phonons generated
on the inner shells of a MWCNT via photon absorption and
exciton dissociation can only be dissipated after reaching the
outmost shell. The semiconductor band gap of MWCNTs
decreases approximately inversely with the tube diameter,
making MWCNT a promising material for IR detection in
the entire IR band. Motivated by these advantages of
MWCNTs, we have investigated IR photoresponse of sus-
pended and unsuspended MWCNT films with comparison
also made with their SWCNT counterparts. Significant en-
hancement of the IR photoresponse and reduction in the re-
sponse time have been observed in MWCNT films. The fit-
ting of the observed photoresponse of MWCNT films with a
bolometer model confirmed that the observed photoresponse
is primarily bolometric. MWCNT is therefore indeed a
promising candidate for IR nanobolometers with high sensi-
tivity and fast response. In this paper, we report our results.

Il. EXPERIMENTAL DETAILS

CNT films were prepared in a vacuum filtration process
using SWCNTs and MWCNTs synthesized via chemical va-
por deposition (Shenzhen Bill Technology Development
Ltd., China).>*® The diameter of SWCNT is typically less
than 2 nm while that of the MWCNT is around 40-60 nm.

© 2010 American Institute of Physics
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FIG. 1. (a) SEM images of unsuspended (left) and suspended (right)
MWCNT films. (b) A TEM image of a representative MWCNT. The shell
number is estimated to be ~40-50 for the MWCNTs used in this
experiment.

The unsuspended CNT films were transferred onto SiO,/Si
(001) substrates with 500 nm thick thermal oxide layer. Par-
allel channels were defined using electron beam lithography
(EBL) before CNT film transfer on the same type of sub-
strates for suspending CNT films.®> The channel width and
channel spacing are both around 0.5 wm. The overall EBL
patterned area was about 270X 270 um?. The average film
thickness of SWCNT films was estimated to be about 80 nm
using a KLA Tencor P-16 profiler. MWCNT films are not
continuous and the average thickness was estimated to be
100-200 nm. Suspension of MWCNT film thinner than this
thickness is difficult due to serious film deformation. Several
samples were studied for each kind for consistency. The
same electrode configuration was used for both suspended
and unsuspended CNT films. Four Au(25 nm)/Ti(5 nm) elec-
trodes were deposited on all substrates for four-probe trans-
port measurements. The voltage electrodes spacing is about
0.35 mm and the width of all CNT films was about 0.3-0.4
mm. Thermal annealing of CNT films was made in vacuum
of <5X107® Torr at 400 °C for 90 min. The improvement
of the temperature coefficient of resistance (TCR) on both
SWCNT (Ref. 20) and MWCNT (this work) after annealing
was attributed to an enhanced intertube coupling. IR radia-
tion was provided by a xenon flash light (Stinger 75014,
Streamlight, Inc.) with a near IR filter (X-Nite1000C, LDP
LLC; 1000 nm cutoff at 50%, 1300 nm passband >90%). IR
power intensity was calibrated using a Thorlabs PM100D
thermal powermeter. Noise property was examined using a
SR760 spectrum analyzer. All measurements were performed
in air at room temperature.

lll. RESULTS AND DISCUSSIONS

Figure 1(a) shows scanning electron microscopy (SEM)
images of representative MWCNT films in the unsuspended
(left) and suspended (right) forms, respectively. Unlike their
SWCNT counterparts,3 the MWCNT films contain substan-
tial uncovered substrate areas. This means the labeled thick-
ness of MWCNT films has a large uncertainty. In addition,
some minor deformation of recess is visible on suspended
MWCNT films, which is similar to the SWCNT film case in
the same thickness range.3 Figure 1(b) includes a transmis-
sion electron microscopy (TEM) image of a representative
individual MWCNT, which has a large hollow center of ap-
proximately 10—11 nm in diameter and contains approxi-
mately 40-50 CNT shells.
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FIG. 2. Resistance vs temperatures curves of SWCNT films and MWCNT
films.

All MWCNT films studied in this work show semicon-
ductive resistance-temperature (R-T) behaviors and a repre-
sentative curves is depicted in Fig. 2. Nevertheless, the in-
crease in the resistivity of MWCNT films is much less than
that of SWCNT films with decreasing temperature, as shown
in Fig. 2. This is not unexpected considering a much smaller
band gap in MWCNTs. The reduced temperature dependence
also implies smaller TCR absolute value in MWCNTs. For
example, the TCR absolute value at room temperature for
MWCNT films is about 0.07%/K in contrast to ~0.17%/K
for SWCNT films. R-T curve after suspending the MWCNT
film has been also measured (not shown) and the room tem-
perature TCR remains the same as before suspending.

Figure 3 compares the photoresponse R/R, of MWCNT
films in unsuspended (a) and suspended (b) cases, where R,
is the sample resistance before IR radiation was turned on
and the change in the resistance caused by IR radiation is
defined as AR=R-R,,. For comparison, the results of their
SWCNT counterparts are also included in Fig. 3(c) (unsus-
pended) and Fig. 3(d) (suspended). Two major differences
are visible between MWCNT and SWCNT films, a signifi-
cantly higher AR/R and a much shorter response time in the
cases of MWCNT. The AR/R, for MWCNT samples is typi-
cally in the range of a few percents, which is more than one
order of magnitude higher than that of suspended SWCNT
films and two orders of magnitude higher than the unsus-
pended SWCNT films at a comparable IR power. Consider-
ing a lower TCR absolute value in MWCNTs, the much en-
hanced photoresponse of MWCNT films should be attributed
to the naturally suspended inner CNT shells, which may pro-
vide an ideal configuration to enhance the bolometric effect
by improving light absorption and reducing thermal link.
Physical suspension of the films in both MWCNT [Fig. 3(b)]
and SWCNT [Fig. 3(d)] cases results in a further improve-
ment of AR/R,, as compared to their unsuspended counter-
parts. The improvement is, however, much more pronounced
(by a factor of 5-10) in SWCNT film than in MWCNT film
(by a factor of 2). Considering the same physical suspension
structures employed for both SWCNT and MWCNT films, it
is plausible to argue that the proportions of the reduction in
direct thermal link to substrate are comparable in the two
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FIG. 3. (Color online) Photoresponse of unsuspended

and suspended CNT films. (a) Unsuspended MWCNT
film, f=10 Hz, in IR~3 mW/mm? (b) suspended
MWCNT film, f=10 Hz, in IR~3 mW/mm?; (c) un-

suspended SWCNT  film, f=1/30 Hz, in IR
~3.5 mW/mm?; and (d) suspended SWCNT film, f
=2 Hz, in IR~3.5 mW/mm?.
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suspended cases. The much greater improvement of AR/R,
by suspending SWCNT films therefore suggests the AR/R,
in unsuspended SWCNT film may contain a considerable
portion of nonbolometric photoresponse, such as direct pho-
toconductivity. The direct photoconductivity in SWCNT is
fairly weak even under high intensity laser. The possible
electron plasmon excitation'® may facilitate electron transfer
to molecules attached to the CNT surface, leading to a rather
large relaxation time (response time) on the order of several
seconds.' The low photoresponse and large response time
observed on unsuspended SWCNT film are consistent to
these characteristic features. However, direct photoconduc-
tivity may not play a significant role in unsuspended
MWCNT films in which the bolometric response is signifi-
cantly enhanced by naturally suspending CNT inner shells.

The other major difference between MWCNT and
SWCNT films is in much shorter response time in the former
case. For MWCNT films, the response time is in the range of
1.0-2.6 ms. Here the response time was measured from 10%
to 90% magnitude change in AR/R with 10 Hz modulation
(chopping) of the incident IR radiation. This is a significant
improvement on the response time of 40-60 ms of the sus-
pended SWCNT films and several seconds for the unsus-
pended SWCNT films.

To better understand the observed IR photoresponse of
CNT films, the measured photoresponse was compared with
the theoretical calculation based on the bolometric heat bal-
ance equation with the measured R-T curve and the tempera-
ture dependence of the specific heat of the films. The bolo-
metric heat balance equation with a constant bias current can
be written as'?

dT
mCE = pPH(t) + I’R-G(T- To), (1)

where T and T, are the film and heat sink temperatures,
respectively, m and C are the mass and specific heat of the
film, 7 is the radiation absorbance of the film, P is the inci-

dent radiation power, I is the bias current, R is the resistance
of the film, G is the total thermal conduction coefficient, and
H(t) is a rectangular pulse with H(t)=1 when the incident
radiation is on and H(t)=0 when the incident radiation is off.
The heat sink temperature is assumed to be the same as the
ambient temperature, i.e., Tp=300 K for the case of this
experiment. Note that the linear T-dependence term of the
thermal energy loss due to the blackbody radiation of the
film is included in the term of G and the higher-order terms
of the energy loss were neglected in Eq. (1). The
T-dependence of R was obtained by fitting the measured R-T
curves in Fig. 2. For SWCNT films, the temperature increase
AT of the photoresponse is much smaller than T, and, there-
fore, only the linear term of the T-dependences of R is
needed here, i.e.,

(2)

where Ry=R(T,) and @=0.48 at T;=300 K. For MWCNT
films, the fitting of the measured R-T curve near T,
=300 K yields a similar linear T-dependence but a=0.23.
For the T-dependence of C, the published data was used 2
Near T(y=300 K, it can be approximated for both SWCNT
and MWCNT that

C(T) = Cy+ C(T - Ty), 3)
where Cy,=650 J/(kgK) and C,;=2.0 J/(kgK?) for
SWCNT while Cy=450 J/(kg K) and C,=1.5 J/(kg K?)
for MWCNT. With Egs. (2) and (3), the dynamics of the
bolometric response can be solved from Eq. (1). In this ex-
periment, the modulation period of the incident radiation is
much larger than the response time of the photoresponse (see
Fig. 3). In this situation, the photoresponse has enough time
to reach its maximal temperature change (steady state) and
follows the rectangular pulse of the incident radiation. This
maximal temperature change obtained from Eq. (1) is then
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and the response time can be written as

AT AT
Ts=a | a+ | — ) (5)
TO max T() max

where a;=mC,T,/(7P+I1’R,) and a,=C,/(C,T,). Note that
the values of a; and a, do not depend on whether a CNT film
is unsuspended or suspended. The suspension of a CNT film
only reduces the thermal conduction G. Let 7y,, and 7,, be
the maximum values of (AT/Ty).x of a suspended and un-
suspended CNT films while 7, and 7, are the response time
of the suspended and unsuspended films, respectively. If a
pair of unsuspended and suspended CNT films have other-
wise similar physical characteristics, which is the case of this
experiment, the ratio of their time constants is then

Tsu (a2 + 7’su) Ysu

o S et ©)

Tun (a2 + ')/un) Yun
This scaling relationship can be conveniently used to verify
the bolometric effect of a CNT film by comparing the mea-
sured photoresponses between a suspended and unsuspended
film.

In the case of MWCNT, we have v,,=0.052 extracted
from Fig. 3(b) and v,,=0.026 from Fig. 3(a). Based on the
measured specific heat,”! a,=1 for MWCNT. The ratio of
the response time between the suspended and unsuspended
MWCNT films calculated from Eq. (6) is then 7,/ 7, =2.0.
On the other hand, the value of this ratio directly calculated
with the measured response time from Figs. 3(a) and 3(b) is
around 1.3. The observed photoresponses on the MWCNT
films therefore qualitatively agree with the model, which
confirms that the observed photoresponse of MWCNT films
is dominantly a bolometric effect and a reduction in the ther-
mal link in suspended MWCNT films leads to a smaller G
and therefore longer response time.

In the case of SWCNT, the maximal photoresponses in
Figs. 3(c) and 3(d) are 7,,=0.8 X 107 and y,,=0.5X 1072,
respectively. From the measured specific heat of
SWCNT, a,> v,,. The ratio of the response time calcu-
lated from Eq. (6) is then 7,/ 7,,=6.3. A direct calculation
of 7y, and 7, from Figs. 3(c) and 3(d), however, suggests
that 7,/ 7,,<<1. The observed photoresponse in SWCNT
films is therefore inconsistent with the bolometer model.
Note that the response time of a bolometer is the conse-
quence of the thermal dissipation and is inversely propor-
tional to the thermal conduction. Since the suspension of the
film reduces the thermal conduction, the increase in the pho-
toresponse after the suspension is agreeable with bolometric
effect being dominant. The photoresponse of the unsus-
pended SWCNT film is therefore most probably not a bolo-
metric effect, which may be affected by the large surface
area and massive intertube junctions inherent to SWCNT
films.

A question arises on why much enhanced bolometric
photoresponse is observed on unsuspended MWCNT films
as compared to their SWCNT counterparts. Although a com-
plete answer requires a systematic investigation of the pho-
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FIG. 4. (a) D* as function of bias current I for suspended MWCNT (square)
and SWCNT (triangle) films. The modulation frequencies were 10 Hz for
MWCNT and 2 Hz for SWCNT films. (b) D* as function of modulation
frequency for MWCNT films. Solid squares: unsuspended MWCNT film,
I=2 mA; open squares: suspended MWCNT film, [=200 uA. The open
triangle in (b) shows the D* of suspended SWCNT film at f=2 Hz. The IR
intensity of 0.3 mW/mm? was applied in all measurements.

toresponse, this study reveals a critical effect of the micro-
scopic configuration of CNTs to the photoresponse. The
naturally suspended CNT inner-shell configuration in a
MWCNT may provide several favorable effects to enhanced
bolometric photoresponse including high radiation absor-
bance per tube, engineered thermal link to environment, re-
duced surface area and intertube junctions.

Figure 4(a) plots the detectivity as a function of the bias
current I for the suspended MWCNT and SWCNT films. The
detectivity is defined as D*:RV\:"Ad/ Vn,12 where A4 is the
active detection area, V,, is the root-mean-square noise volt-
age per unit bandwidth, and Ry=AV/AP is the responsivity
that is defined as the ratio of the voltage change (AV) and
the power (AP) of incident IR radiation. The modulation
frequencies of the incident radiation were 10 Hz for
MWCNT films and 2 Hz for SWCNT films, respectively.
The D*-1 curves show a qualitatively similar parabola shape
for both MWCNT and SWCNT films, which is similar to that
reported in traditional VO, uncooled IR bolometers,'*** The
D* peak of the suspended MWCNT film (square) is ~1.5
X 10° cm Hz!"2/W, which is more that three times higher
than the peak D*~4.5X 103 cm Hz"?/W for the suspended
SWCNT film (triangle). This improved D* is a consequence
of the naturally suspended multishell structure of MWCNT,
as discussed above. A similar variation trend was also ob-
served on unsuspended MWCNT film (not shown) with a
peak D*~8.3 X 10° ¢cm Hz"?/W. For CNT, the major noise
has been reported to be 1/f noise at low frequencies.zs’27 The
V, is expected to increase with bias current at a fixed fre-
quency, which has been confirmed experimentally. The pa-
rabola shape of the D* versus current curves is attributed to
self heating and TCR decrease at higher dc bias current in
VO, bolometers.'*** At higher current the self heating leads
to Ry drifting downwards from the linear I-dependence,
causing D* decreasing after reaching a peak at certain bias
current. In both suspended and unsuspended CNT films the
R, indeed shift downwards from the linear R, versus I curves
at higher bias, indicating a similar mechanism to that in VO,
bolometers. In the unsuspended MWCNT film case the peak
D™ appears at much higher bias current, this might be in-
duced by the reduced self-heating with improved thermal
link to environment.

The frequency dependence of D* at IR power intensity

Downloaded 17 Jan 2013 to 129.237.99.94. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



084305-5 Lu et al.

of 0.3 mW/mm? is depicted in Fig. 4(b) for both suspended
and unsuspended MWCNT films. It should be pointed out
that this curve can not be obtained on suspended SWCNT
films due to the limitation of large response time, thus only
one point (open triangle) was added to represent the D* of
suspended SWCNT film at 2 Hz. The curves for suspended/
unsuspended MWCNT films show a same trend that D* in-
creases monotonically with f at lower frequencies, which is
expected as a consequence of monotonically decreasing V,
o 1/f"2 and weak frequency dependence of R,. This varia-
tion is consistent with previously reported results in conven-
tional vanadium oxide based bolometers.” Since 1/f noise
dominates the noise spectrum at low frequencies below the
corner frequency, V, is expected to saturate at the thermal
noise when frequency is higher than the corner
frequency.zsf27 On the other hand, R, decreases very slowly
with increasing frequency due to the small response time, the
D™ is expected to eventually saturate at a certain value when
V,, almost reaches its saturation at near the corner frequency.
Despite a slightly lower D* for unsuspended MWCNT film, a
maximum value of about 3.3X10° cm Hz"?2/W was ob-
served for both suspended and unsuspended MWCNT
samples at around 80-90 Hz. The comparable performance
of D* and response time in suspended and unsuspended
MWCNT films suggests the natural suspension of inner CNT
shells plays a dominant role in enhancing the bolometric
photoresponse. Moreover, the saturated high D* value on
MWCNT films is more than seven times of the best D* of
45X 10° cm Hz"?/W [open triangle] so far achieved on
suspended SWCNT film bolometer,” which further confirms
the advantage of MWCNT film for bolometer applications.

IV. CONCLUSIONS

In conclusion, the naturally suspended inner CNT shells
structure in MWCNT provides a unique microscopic con-
figuration desired for a nanoscale bolometer with high pho-
ton absorption and engineered thermal conduction. Signifi-
cantly improved IR photoresponse, fast response time, and
high bolometer detectivity have been observed in both sus-
pended and unsuspended MWCNT films as compared to
their SWCNT counterparts. The observed high detectivity D*
and short response time around 1-2 ms represent the best so
far achieved on CNT film bolometers. These results suggest
MWCNT film based IR bolometers may become competitive
for practical application of uncooled IR detection with fur-
ther optimization.
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