IS APPLIED MATERIALS

Research Article

INTERFACES

www.acsami.org

High Photoresponse in Hybrid Graphene—Carbon Nanotube Infrared

Detectors

Rongtao Lu,* Caleb Christianson, Ben Weintrub, and Judy Z. Wu*

Department of Physics and Astronomy, University of Kansas, Lawrence, Kansas 66045, United States

ABSTRACT: Efficient exciton dissociation is crucial to
obtaining high photonic response in photodetectors. This
work explores implementation of a novel exciton dissociation
mechanism through heterojunctions self-assembled at the
graphene/MWCNT (multiwall carbon nanotube) interfaces in
graphene/MWCNT nanohybrids. Significantly enhanced near-
infrared photoresponsivity by nearly an order of magnitude has
been achieved on the graphene/MWCNT nanohybrids as
compared to the best achieved so far on carbon nanotube
(CNT) only infrared (IR) detectors. This leads to a high

* Graphene/MWCNT nanohybrid
e 4 MWCNT film

= graphene | MWCNT 7 . ‘
% = el

12
.

| 4 N Laa kA
& KXY : .
‘a 10° a .
A ~=b ,_7( N
7K A 1 ‘
0 20 40 60 80 100
+ — exciton MWCNT graphene Frequency (Hz)

detectivity up to 1.5 X 107 cm-Hz">W™" in the graphene/MWCNT nanohybrid, which represents a 500% improvement over
the best D* achieved on MWCNT film IR detectors and may be further improved with optimization on the interfacial
heterojunctions. This approach of the self-assembly of graphene/CNT nanohybrids provides a pathway toward high-performance

and low-cost carbon nanostructure IR detectors.
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1. INTRODUCTION

Carbon nanotubes (CNTs) offer a promising alternative to
conventional materials for infrared (IR) detection due to their
compatible band gap and high absorption coefficient in the IR
spectrum.’ Considerable progress has been made recently using
both individual CNTs** and CNT films* ™' for IR detections,
and a prototype infrared camera was recently reported using a
single nanotube photodetector.'' Recent work on individual
CNT employed mechanism of engineering electrode con-
tacts.”'*> By comparison, CNT films have unique advantages in
IR detection in terms of ease of fabrication, low cost, and
scalability. This has motivated considerable efforts in the
development of CNT film IR detectors of different types
including photodiodes,'*'* photoconductors,>*'*
eters.”> In the first two kinds of devices, the incident
photogenerated excitons can be dissociated at either the
metal-CNT Schottky interface’* or the heterojunction
interfaces between CNT and other appropriately conjugated
semiconductors."”> Consequently, a photocurrent can be
observed as photoresponse. For bolometers, the excitons are
dissociated to phonons via interaction with lattice, and the
dissipated heat induces slow resistance change as bolometric
photoresponse.” Higher figure-of-merit photodetectivity D*
values by 1—2 orders of magnitude were observed on the first
two kinds CNT IR detectors'>'® as compared to that on CNT
bolometers,'’ suggesting implementation of efficient exciton
dissociation mechanism in CNT films is important toward
obtaining high photoresponse in CNT IR detectors. This is
anticipated, considering the high exciton binding energy in
these one-dimensional systems."

and bolom-
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In a recent work, we have demonstrated generation of type-II
heterojunctions at the interface of semiconducting SWCNTs
and Poly(3-hexylthiophene) (P3HT) nanohybrid IR detec-
tors."> The photodetectivity D* up to 2.3 X 10® cm-Hz!/2W™!
was obtained at room temperature, which represents the best so
far achieved on CNT-based IR detectors. This result confirms
the exciton dissociation mechanism facilitated by the band-edge
offset at the type-II heterojunctions indeed plays a critical role
in further photoresponse improvement of CNT film IR
detectors. Considering the additional steps necessary in
separating SWCNTs (i.e, to eliminate the metallic SWCNTs)
and in forming the type-II heterojunctions between SWCNT
and P3HT, exploration of more robust schemes to incorporate
the heterojunction mechanism into MWCNT films is
important to large-scale applications of the CNT IR detectors,
if an appropriate heterojunction can be formed with other
materials.

Graphene may form heterojunctions on CNTs with band-
edge offset in a wide range depending on the specific CNT
diameter and chirality'® and the actual contact may also vary
greatly by controlling the geometric angular alignment of the
atomic lattices." These junctions may form in a robust way on
CNT films by simply dispersing graphene flakes into CNT
networks. Because the bulk-fabricated CNTs are typically
mixtures of CNTs with different chiralities, the graphene/CNT
junctions formed with negligible band-edge offsets may not
generate any detrimental effects. Instead, they may be beneficial
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Figure 1. (a) SEM image of graphene/MWCNT nanohybrid. (b) Schematic of exciton dissociation in graphene/MWCNT nanohybrid. The inset

shows the band diagram of graphene/MWCNT nanohybrid.

to electron/hole (charge) and phonon (heat) transport if the
graphene flakes happen to cover across the intertube junctions,
which are regarded as weak links to charge/heat transport in
pristine CNT films. The hindered transport across intertube
junctions has profound effects on the CNT bolometer
performance. First of all, the dominance of large intertube
resistance in CNT films over the intratube resistance leads to a
lower temperature coefficient of resistance (TCR), which is
attributed to the intratube semiconducting transport properties.
This argument is supported by the improved photoresponse
obtained on thermally annealed CNT films via optimizing the
intertube coupling.””*" Enhanced detectivity by a factor of 3
due to improved TCR and reduced noise level was observed in
annealed MWCNT films as opposed to the original reference
samples.’>>' The dimension of graphene flakes is typically a
few micrometers, which is comparable to the length of most
CNTs and may be well dispersed over the CNT network in
large scales. In this paper, we report the experimental results on
fabrication and characterization of self-assembled graphene/
CNT nanohybrid film IR detectors, on which significantly
improved photoresponse has been demonstrated.

2. EXPERIMENTAL DETAILS

MWCNT with a diameter of 40—60 nm (fabricated by using
chemical vapor deposition) was mixed with graphene flakes
(5—8 nm thick, XGnP-M-5, XG Scienceszz) in a mass ratio of
3:1 and then dispersed in deionized water with Triton X-100
surfactant using a bath ultrasonic processor. It should be noted
that graphene is a gapless semiconductor and direct measure-
ment on graphene films without asymmetric Schottky contacts
yielded negligible photoresponse, and shorts through con-
nections of graphene flakes in the graphene/MWCNT
nanohybrid were intentionally avoided by selecting a low
mass portion of graphene. The graphene/MWCNT nanohybrid
suspension was processed via vacuum filtration, resulting in a
mixed graphene/MWCNT film of about 160 nm thick. The
control samples of a comparable thickness in the range 200 nm
thick reference MWCNT film, without adding graphene, was
also fabricated in the same way using pure MWCNT.'® The
films were then transferred onto a Si(100) substrate with a 500
nm thick thermal oxide, which had four Ti(5 nm)/Au(40 nm)
electrodes predeposited using electron beam evaporation and
was annealed at 400 °C in high vacuum.'®*' The spacing
between two adjacent voltage electrodes is about 0.35 mm, and
the width of the samples is about 0.3—0.4 mm. No passivation
layer was applyed on the graphene/MWCNT film before
measurements. IR radiation was provided by NIR light (1-1.3

um). The sample was biased using current source, and IR
modulation was controlled using a mechanical chopper. Noise
was measured using a spectrum analyzer. More details of IR
detection measurement setup can be found elsewhere.®> All
measurements were performed in air at room temperature.

3. RESULTS AND DISCUSSION

Figure la shows the scanning electron microscopy (SEM)
image of the graphene/MWCNT nanohybrid, where graphene
flakes distributed uniformly into the MWCNT film can be
clearly identified. The thickness of the graphene/MWCNT
nanohybrid sample is not very uniform in the small thickness
range chosen to maximize the TCR,*'%*! which is anticipated
because the average thickness of the samples studied in this
work is only several times of the component MWCNT
diameter. In fact, a similar morphology has been also observed
in the reference MWCNT films of comparable thickness. In the
SEM image, two graphene flakes of a dimension of about 2 ym
can be clearly identified, which cover multiple intertube
junctions. The exciton dissociation process is shown in Figure
1b, and the inset shows the band diagram of the graphene/
MWCNT nanohybrid, where a work function larger than 4.5
eV is employed for MWCNT with a diameter of several tens of
nm.”® After photons are absorbed by the MWCNT and
graphene, excitons may be dissociated at the interface of
graphene/MWOCNT and charges transport to the graphene and
CNT network, contributing additional photoconductivity that
due to the bolometric effect from the MWCNT film IR
detector. On the other hand, the improved transport over the
intertube junction decoration of graphene flakes may lead to
enhanced TCR and, therefore, increased bolometric photo-
conductivity.

To pinpoint these effects quantitatively, the resistance—
temperature (R—T) curves were taken on a representative
graphene/MWCNT nanohybrid sample and a MWCNT
reference sample. The resistivity of the graphene/MWCNT
nanohybrid is about 0.08 €-cm, which is slightly smaller by a
factor of 20% than that of ~0.1 Q-cm for the reference
MWCNT films. This suggests a considerable improvement in
electrical transport through the MWCNT network via graphene
decoration. On the other hand, the fact that the composite
resistivity is not dramatically different from that of the reference
MWCNT film is indicative of “no through graphene short” at
the selected graphene mass concentration. Figure 2 compares
the R—T curves of these two samples with R normalized to its
values at room temperature. Both samples show semi-
conductive R—T behaviors with a monotonic increase of R
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Figure 2. R—T curves of graphene/MWCNT nanohybrid and
MWCNT samples.

with decreasing T whereas the graphene/MWCNT nanohybrid
has a similar T dependence to the reference sample at higher
temperatures in the range 270—300 K but slightly lower T
dependence at lower temperatures. At room temperature, the
calculated TCR for the graphene/MWCNT nanohybrid is
around —0.08%/K and that for the reference MWCNT film is
around —0.07%/K.*® A possibility of this TCR improvement of
about 15%, together with the reduced resistivity, is attributed to
the improvement of intertube coupling.”'

Figure 3 shows the temporal response of (a) the graphene/
MWCNT nanohybrid in comparison with (b) the reference
MWCNT samples to the NIR radiation, which consists of a
train of reproducible square-wave pulses corresponding to the
10 Hz incident NIR modulation. The NIR power intensity was
about 0.3 mW/mm?, and the bias current was 2 mA in both
cases. A resistance change, AR/R,, around 1.6% observed on
the graphene/MWCNT nanohybrid is about 4 times that
observed in the reference MWCNT film (~0.4%),'® where AR
=R, — Ry; Ry is the resistance under NIR illumination and R, is
the initial resistance in dark. This higher AR/R, value implies
higher photoresponse in the graphene/MWCNT nanohybrid.
In addition, a significantly improved signal-to-noise ratio was
observed on the graphene/MWCNT nanohybrid as opposed to
the reference MWCNT samples, which was determined by the
higher photoresponse. Considering the graphene flake induced
TCR improvement is only on the order of 10%—15%, it is
unlikely responsible for the observed large photoresponse
enhancement of ~400%. Instead, the heterojunctions generated
at the graphene/MWCNT interfaces may facilitate exciton
dissociation in a similar way to the case of SWCNT/P3HT
nanohybrids.** On the other hand, the response time of the
graphene/MWCNT nanohybrid samples is about 1.5 ms, which

10,1
S and for

is in the range of that for reference MWCNT films
the semiconductive SWCNT/P3HT nanohybrids.

Figure 4 compares the voltage responsivity (Ry) as function
of (a) bias current and (b) incident NIR source modulation
frequency taken on the graphene/MWCNT nanohybrid and
the reference MWCNT samples. The Ry is defined as Ry =
AV/AP, where AV = I-AR is the voltage response, I is the bias
current, and AP is the NIR power incident to the detection
element. The Ry’s of the two kinds of the samples qualitatively
follow the similar trends as the bias current, and NIR
modulation frequencies (f) are varied in the ranges shown in
Figure 4.'° One difference made by graphene flake decoration
on the MWCNT network is the higher bias currents above 3
mA the nanohybrid sample could take with Ry not considerably
deviating from the Ry vs I trend by extrapolating the curve from
the lower bias currents. Increased fluctuation in Ry at higher
currents above 2.5 mA was observed in the graphene/MWCNT
nanohybrid, which we speculate was caused by heating at
higher resistance spots (hot spots) in the MWCNT network at
the CNT intertube junctions or/and the graphene/MWCNT
interfaces. In contrast, the Ry saturates at I > 3 mA for the
reference MWCNT sample. This observation provides further
support of the improved photoresponse in the graphene/
MWCNT nanohybrid via graphene flake decoration. And the
almost stable responsivity at different modulation frequencies
up to 100 Hz is an expected result of the small response time.
Compared with the reference MWCNT sample, the
responsivity of the graphene/MWCNT nanohybrid sample is
enhanced by more than 8 times at the same bias current and
modulation frequency, suggesting a dramatic contribution from
heterojunctions formed on the interface between graphene and
MWCNTs.

The figure-of-merit detectivity D* was characterized to
further probe the mechanism responsible for the enhanced
responsivity. The D* is expressed as D* = Ry (4;,?/v,),
where Aj is detection area and v, is the noise voltage per
bandwidth. Thus, the voltage noise spectra Sy of graphene/
MWCNT nanohybrids were first characterized and illustrated
in Figure Sa. As the noises in MWCNT films were standard 1/f
spectra and have been reported,” Figure Sa only shows the Sy
vs f spectra of the graphene/MWCNT nanohybrid at two
different bias currents of 1 and 2 mA, respectively, which are in
parallel to the ideal 1/f behavior (straight line, red). This
indicates the noise behavior in graphene/MWCNT nano-
hybrids is also 1/f type, which is similar to the case of the
MWCNT films.”® The Sy spectra shift up when the bias current
is increased and decrease at higher frequencies because Sy = v,
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Figure 3. Temporal response of (a) graphene/MWCNT nanohybrid and (b) reference MWCNT film. NIR ~ 0.3 mW/mm?, f = 10 Hz. Bias current

of 2 mA for both samples.
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Figure 4. Comparison of Ry as a function of (a) current and (b) frequency for graphene/MWCNT nanohybrid and reference MWCNT film. NIR
intensity ~0.3 mW/mm? for both figures. A 10 Hz modulation frequency was applied for panel a and a 2 mA bias current was applied for panel b.
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Figure 5. (a) Noise spectrum Sy vs frequency of graphene/MWCNT nanohybrid. The straight line shows ideal 1/f performance. (b and c)
Comparisons of D* as a function of (b) bias current and (c) frequency for graphene/MWCNT nanohybrid and reference MWCNT films. NIR
intensity ~0.3 mW/mm? for both figures. A 10 Hz modulation frequency was used (b), and a 2 mA bias current was used (c).

= (A, V?/f) for 1/f noise, where A, is the material's noise
amplitude coefficient.”® The calculated A, of the graphene/
MWCNT nanohybrid is around 5 X 107", which is about S
times of that of the reference MWCNT film (~1 X 107!1)2°
The increased noise amplitude is not anticipated from the
reduced resistivity in graphene/MWOCNT nanohybrids with
decoration of the graphene flakes on the MWCNT film,
indicating the graphene/MWCNT nanohybrid differs from the
pure MWCNT reference films considerably. In particular, the
role of the graphene flakes is not limited to simply improving
the intertube transport of charge and heat. Considering the
significantly enhanced photoresponse in the graphene/
MWCNT nanohybrids, it is plausible to argue that the
heterojunctions formed between graphene flakes and
MWCNTS provide additional exciton dissociation mechanism,
which may enhance the dark current as well and therefore
contribute to noise.
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Using the noise voltage v, obtained in the noise spectra, the
D* is estimated as a function of the bias current I and frequency
f, respectively, for the graphene/MWCNT nanohybrid and
reference MWCNT samples. The results are shown in Figure
5Sb,c. In the comparison of D* vs I curves for these two kinds of
samples in Figure Sb, the D* of the reference MWCNT sample
increases slightly with current at lower currents and levels off
before falls at higher bias current in exceeding 2.5 mA. In
contrast, the D* for the graphene/MWCNT sample takes an
upper turn at higher bias current reaching a peak D* of 7.6 X
10° em-Hz">W™ at I ~ 3.75 mA. The fluctuations in D* are
induced by the fluctuations of Ry shown in Figure 4a. To
compare the D* vs f properties, both samples were biased at 2
mA to avoid the possible damage induced at higher bias
currents. As shown in Figure Sc, the D* vs f curves for both
samples have consistent trends that D* increases with
frequency, which is qualitatively determined by the combined

variation of Ry and v,° The maximum D* obtained on
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graphene/MWCNT nanohybrids at a higher frequency of 80—
100 Hz is about 1.5 X 107 cm-Hz"2W~L, which is higher than
that of the reference MWCNT sample by a factor of 5. The
much improved NIR photoresponse performance in the
graphene/MWCNT nanohybrid suggests implementation of
exciton dissociation mechanism in CNT films is an important
pathway toward enhanced photoresponse and detectivity. It is
worth pointing out that the meaurements were stable and
repeatable, mainly due to the dominant exciton dissociation
mechanism and the stability of component graphene and
nanotube. The heterojunctions formed at the interface between
graphene and CNTs may be further improved via interface
engineering.

4. CONCLUSIONS

We have fabricated graphene/MWCNT nanohybrids by
decorating MWCNT networks with graphene flakes. The
interfacial heterojunctions formed between graphene and
MWCNT have been shown to provide an efficient exciton
dissociation mechanism required for high-performance photo-
detectors. Significantly enhanced photoresponse to NIR
radiation was achieved in the graphene/MWCNT nanohybrid
IR detectors. This results in an improved figure-of-merit D* by
a factor of 5 to 1.5 X 107 cm-Hz">W™! in graphene/MWCNT
nanohybrid as compared with the best so far demonstrated on
CNT films, in which the bolometric effect dominates the NIR
photoresponse. A plausible mechanism is the enhanced exciton
dissociation at the interfaces of graphene/MWCNT hetero-
junctions, which can lead to significantly enhanced photo-
conductivity. This argument is supported by nearly an order of
magnitude increase in responsivity and considerably higher
noise amplitude after graphene flake decoration on MWCNT
films. In addition, a minor benefit of an improved intertube
charge and heat transport is provided with graphene flake
decoration on the MWCNT network, it is limited to 10—15%
improvement to the bolometric photoresponse as suggested by
the observed resistivity reduction and TCR increase. This result
suggests that forming heterojunctions between graphene and
CNTs can be achieved at a low cost and the self-assembly
approach reported in this work may provide a scalable scheme
toward high performance IR detectors using carbon nanostruc-
tures.
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