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Carbon nanotube-Si diode as a detector of mid-infrared illumination
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We report a room temperature mid-infrared photodetector based on a carbon nanotube-silicon
heterojunction nanostructure. The observed mid-infrared band (8—12 wm) in the photocurrent
spectrum is consistent with the estimated band gap energy of semiconducting multiwall nanotubes
(I5 to 30 nm diameter). The fast response time (16 ms) and small temperature change
(~107% K) upon infrared light suggest that the photocurrent response is not due to bolometric
effect. We determined that the primary mechanism of the photocurrent in this spectral range is
associated with photon absorption of semiconducting multiwalled carbon nanotubes followed by
charge separation at the interface, their transport, and collection at the external electrodes.

© 2010 American Institute of Physics. [doi:10.1063/1.3279141]

For the last decade, the photoconductivity of carbon
nanotubes (CNTs) has attracted great interest due to possible
applications of their unique optoelectronic properties for the
development of novel photosensitive nanomaterials for
photovoltaics,l"8 photodetectors,g_12 and bolometers.'” ™"
Most of these studies were related to CNT photoconductive
response upon exposure to visible and near infrared li§ht of
individual CNTs, bundles, or films (freelgf suspendedl 15 or
deposited on an insulatin§ substrate' 1214, CNT-conjugated
polymer composites,z_ 1214 and  CNT-semiconductor
interfaces,ﬁf9 which was motivated by the benefits for solar
energy conversion.

Very recently, several groups reported hybrid 9photovol—
taics based on a CNT n-type Si heterojunction.ﬁf A major
advantage of such an approach is the combination of charge
separation at the CNT-nSi interface along with charge trans-
port and collection through the CNT network. In a study of
photoresponse of CNT-nSi diode to mid-IR, Tzolov et al’
observed a band (maximum at 0.45 eV or 2.8 wm) in the
mid-IR spectral range in the photocurrent spectrum, which
was interpreted as the interband transitions for semiconduct-
ing multiwalled nanotubes (MWNTs). The device structure
was a vertical array of chemical vapor deposition (CVD)
grown MWNTs in a nanoporous alumina template on a sili-
con substrate. There is a possibility that incomplete removal
of the alumina matrix resulted in several undesired effects
for the diode performances, e.g., a barrier layer between
nanotubes and Si or surface traps in alumina. In addition, the
response time detected was in the range of one second,
which indicated an influence of a thermal effect, either com-
plex interaction of MWNTs with alumina/Si or due to oxy-
gen desorption.“

In this letter, we report that MWNT-nSi diode prepared
by a simple spray deposition technique demonstrates photo-
conductive response in the mid-IR region in nonbiased
mode. As distinct from the previous study,9 such an approach
provides a direct contact of MWNTs with n-type Si, allowing
study of control samples [single walled nanotubes
(SWNT)-nSi] where no IR response in the same spectral
range was detected as compared with MWNT-nSi structure.
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In addition, the device exhibited a fast response time, which
cannot be associated with a bolometric effect or to oxygen
desorption.

For this study, purified MWNT (15-30 nm diameter,
acid treated from Nanocs, Inc.) and purified semiconducting
SWNTs (7,6 major chirality obtained from SouthWest
Nano Technologies, Inc.) were used. The sample preparation
procedures are described elsewhere.® Briefly, the diodes
were fabricated by spraying MWNT/SWNT through a 5
X 5 mm? window (active area) on a n-type Si (100 orienta-
tion, p=0.01  cm) surface. Prior to spraying, nanotubes
were centrifuged (6500 rpm) and the sediment collected after
decantation was redispersed by sonication in dichloroben-
zene. A layer of Cr/Au (20 nm/150 nm) was sputtered on the
back side of the Si wafer to form an Ohmic back contact with
Si. The top contact to the MWNT/SWNT film was made by
a thin strip of silver paint (1 X5 mm?) over the MWNT/
SWNT film. Time response and current-voltage (I-V) char-
acteristics were detected using a Keithley 238 controlled by
LabVIEW software. Photocurrent spectra measurements at
zero bias were carried out using a Bruker Tensor 27 Fourier
transform infrared (FTIR) spectrometer equipped with an
analog/digital converter module under IR Globar source illu-
mination. Amplitude-frequency dependences were detected
with a digital oscilloscope (HP 54502A) synchronized with a
chopper (frequency range ~4-400 Hz) placed between the
sample and IR source.

SEM image of the MWNT-nSi diode cross-section is
presented in Fig. 1(a), where a direct contact can be seen
between the MWNTs and the n-type Si surface. Figure 1(b)
shows the -V characteristics of the device under dark and
under IR illumination. A long pass germanium filter (LF)
was used to filter photon energy higher than 0.6 eV (cutoff
wavelength is 2000 nm) in order to avoid any response from
the Si band edge. There is a clear indication of an existence
of a short circuit current (Igc=1.5X10"* mA/cm?) and
open circuit voltage (Voe=1.1 mV) under low intensity IR
light (15 mW/cm?) based on the shift of the I-V curves,
shown on a semilog scale. Thus, the device can function in
the photovoltaic regime without any external bias. The pho-
tocurrent spectrum [Fig. 2(a) blue curve] of the same device
without LF reveals an intense band (onset at 1.1 eV) corre-

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Schematic illustration of MWNT-nSi heterojunc-
tion device and a SEM image of the MWNT-nSi interface. (b) Current-
voltage (1-V) plot of MWNT-nSi devices showing the photovoltaic response
under low intensity IR light (15 mW/cm?). Inset: dark current-voltage char-
acteristics on a linear scale; x-axis is V and y-axis is mA/cm?.

sponding to Si absorption and a low intensity band in mid-IR
(centered at 0.15 eV), which can be assigned to interband
transitions in semiconducting MWNTs. Introducing the LF
[Fig. 2(a) red curve] completely suppresses the Si band, but
the mid-IR band feature remains unchanged. Finally, to en-
sure that this spectral feature is associated with the
MWNT-nSi interface, a control sample (SWNT-nSi diode)
was measured and the mid-IR band was not observed in the
photocurrent spectrum [Fig. 2(a) black curve]. It is assumed
that there is no band gap in mid-IR range for semiconducting
SWNTs of smaller diameter (~0.9 nm). The origin of the
mid-IR photocurrent band can be associated with electron
transition through the band gap of semiconducting MWNTs
with diameters in the range of 15-30 nm. The band gap of
the MWNTs is in the range of 0.025 to 0.05 eV based on the
formula, Eg=(2 X yX ac_¢)/d,,'® where d, is the diameter of
the nanotubes, y is 2.77 eV, and ac_¢ (0.1421 nm) is the
nearest neighbor C—C distance. The calculated band gap is in
a good agreement with the value of 0.025 eV obtained from
a Tauc plot'’ [Fig. 2(a), inset].

An alternative explanation of the IR photoresponse
could be related to photoelectric emission, similar to a
Schottky barrier type photodiode,18 or due to heating effect
(bolometric response). To explore these possibilities, we em-
ployed the band diagram of MWNT-nSi heterojunction based
on Anderson model [Fig. 2(b)] which was constructed using
the MWNT conduction band (E) of 4.8 eV,”” MWNT band
gap of 0.025 eV, and assuming that Fermi level is located in
the middle of the band gap. In the case of photoelectric emis-
sion, in order for photogenerated electrons to overcome the
band gap and barrier height ~(0.05+0.7) eV the photon en-
ergy should be in the same range, which is inconsistent with
the spectral position of the observed mid-IR band (onset at
0.025 eV, maximum at 0.15 eV).
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FIG. 2. (Color online) (a) Normalized photocurrent spectra (based on the
intensity of IR Globar source) of the MWNT-nSi devices with (red curve)
and without (blue curve) LF and control SWNT-nSi device (black curve).
Inset: Tauc plot data at 300 K, which is used to determine the band gap of
the CNTs. The band gap, E; (0.025 eV) of the MWNTs (15-30 nm diam-
eters) is obtained via extrapolation to the zero crossing of the E-axis. It is
known that E; can be determined by extrapolation of the Tauc plot
{[a(w)E]"?>~ (E-Eg)}, where a (o) is the absorption) to the zero crossing of
the E axis for the absorption band edge of semiconductors. (b) Energy band
diagram of MWNT-nSi heterojunction based on Anderson model. Electron
affinity, y and conduction band offset, AE, for MWNTs and nSi are shown
in the schematic.

The heating effect may be more plausible as an explana-
tion. However, at least three arguments can be presented
against such an interpretation. First, an estimate of the tem-
perature change can be made based on the expression AT
=al/ Gp, where « is the absorption coefficient, J is the IR
power and G, is the thermal conductivity. Taking &~ 0.5 in
the range of 0.1-0.3 eV (determined by IR absorbance of the
same thickness of MWNT sprayed on KBr); J=3.5 mW,
and Gp value ~100 W/mK, which is an average between
the thermal conductivity of Si (~150 W/mK) and MWNT
[~50 W/mK (Ref. 20)], the temperature change is dimin-
ishingly small with a value of AT~ 108 K. Thus, the cor-
responding thermal energy, kgAT~ 10713 eV<E, cannot
provide the energy required for electron transition to the con-
ducting band or to overcome the barrier height of 0.78 eV.
Second, it is very unlikely that IR heating (negligible in our
case) could induce the photovoltaic effect as observed ex-
perimentally [Fig. 1(b)]. Usually heating affects the shape of
an I-V curve, leaving the curve crossing of the (0,0) point
unchanged. Third, the measured characteristic time from the
time trace (with resolution of 10 ms) [Fig. 3(a)] and more
accurately from the amplitude-frequency characteristics [Fig.
3(b)] with LF was 7=16 ms. According to the expression for
bolometric response time, 7=C/G (where C is thermal ca-
pacitance and G is the thermal conductance), the response
time 7, is estimated ~300 ms based on the sample size,
thermal capacitance of MWNT, and Si (~700 J/kg K for
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FIG. 3. (Color online) (a) Time traces of photocurrent from MWNT-nSi
devices (sonication only: black curve, sonication and centrifugation fol-
lowed by sediment extraction: red curve) under IR illumination with LF. The
nanotubes deposited by spraying from the sediment fraction showed ~50%
increase in the photocurrent response with respect to the samples without
centrifugation. (b) Normalized photocurrent (amplitude of peak to peak cur-
rent) as a function of frequency. The characteristic time of MWNT-nSi pho-
todiode is ~16 ms (at ~63 Hz) at peak to peak amplitude of 70.7% (3 dB
reduction of photocurrent response).

both materials) and Si density (2300 kg/m?). The discrep-
ancy between the estimated and experimental values of more
than an order of magnitude strongly supports the notion that
the response time is not a result of diode heating. The char-
acteristic time of 16 ms is significantly shorter than the re-
sponse time of one second reported by Tzolov et al.’ which
could be explained by the direct contact of MWNTs with Si
in the absence of the alumina matrix. Furthermore, as distinct
from the previous study,g our diode has no top Au contact.
This indicates that the MWNT film serves not only as IR
absorber but also as a charge transporter and collector sup-
plying photocarriers to the external electrode (lateral strip of
silver). Thus, the characteristic time is mainly defined by
carrier diffusion in the lateral direction to the silver elec-
trode.

The mechanism of the IR photocurrent is related to the
IR absorption in semiconducting MWNTSs, exciton genera-
tion and their dissociation on photoelectrons and photoholes
at the nanotube-Si interface, followed by charge transport
and collection at the external electrodes. We suggest that the
separated photoholes at the MWNT-nSi interface diffuse
from the depleted region to the external top electrode
through the nanotube network, while photoelectrons accumu-

Appl. Phys. Lett. 96, 033106 (2010)

late at the interfacial area [see band diagram, Fig. 2(b)] po-
larizing the interface and partially tunneling through the bar-
rier to the Si component, followed by charge transport and
collection at the back electrode. The device responsivity was
estimated as ~100 pwA/W without applying external bias.
Note that no optimization schemes were undertaken in this
study.

In conclusion, we demonstrated that heterojunction
structure fabricated by MWNT spray deposition on n-type Si
is capable of detecting mid-IR in the range of §—12 um
without external bias. The primary mechanism of photocur-
rent is photon absorption of semiconducting MWNTs fol-
lowed by charge separation at the interface, their transport
and collection at the external electrodes. The bolometric re-
sponse of the diode can be neglected because of extremely
low temperature change (~107® K) and the short response
time (16 ms), which is inconsistent with a heating process.
The tunable spectral response where the band gap depends
on the nanotube diameter, high carrier mobility, simple wet
deposition, and scalability makes such nanostructures very
attractive for the room temperature IR detection.

This work is supported by the U.S. Government (Army).
We thank Dr. Song Youngsik for the SEM images.
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