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ABSTRACT

We use the suspended single-walled carbon nanotube (SWNT) thin film technology to assemble the first prototype of an integrated optoelectronic
SWNT device, a SWNT optocoupler in which a SWNT emitter and a SWNT detector couple two electrical circuits by the transmission of a
signal through the optical channel. Our experiments show that the integrated SWNT emitter/SWNT detector is an ideal couple in which the
broadband wavelength character of the emission matches the broadband detection capabilities.

In recent years, single-walled carbon nanotube (SWNT)
optoelectronics has emerged as one of the most interesting
areas of carbon nanotube science and applications.!-'° The
ability to detect incident light was demonstrated for indi-
vidual SWNTs,* SWNT bundles,’”-!! and SWNT films,!2-14
although the photoresponse was found to be weak because
of the formation of strongly bound excitons.*!>!® A signifi-
cant improvement of the photoresponse was achieved by
dissociation of the excitons in the large internal electric field
that could be realized in a field-effect transistor (FET)
configuration.® Recently, we demonstrated that the photore-
sponse can be dramatically enhanced by suspending SWNT
films in vacuum between electrical contacts to take advantage
of the strong bolometric effect.®

Another promising class of optoelectronic applications
relates to the ability of carbon nanotubes to emit light on
the passage of an electric current in the form of a discrete
spectrum resulting from electroluminescence due to interband
transitions,> or as continuum blackbody radiation spectra
originated from Joule heating,'”"'° or due to a combination
of both components.?® The integration of individual SWNT
devices into functioning electronic or optoelectronic logic
circuits is an important step in the further development of
SWNT—based electronics. In the present manuscript, we use
the suspended SWNT thin film technology to demonstrate
the first prototype of an integrated optoelectronic SWNT
device, a SWNT optocoupler in which a SWNT emitter and
a SWNT detector couple two electrical circuits by the
transmission of a signal through the optical channel.
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A schematic of the SWNT optocoupler is shown in Figure
la; the optical microscope image of the device prototype is
presented in Figure 1b. For device preparation, we utilized
free-standing SWNT films of electric arc produced and
purified SWNTSs prepared by vacuum filtration according to
the procedure described in the literature.%2!?> The detector
was made by suspending a narrow ribbon of SWNT film
across the opening of a sapphire ring; a second sapphire ring
was used to support a SWNT thin film emitter in a similar
way. The two sapphire rings were attached by thermally
conducting adhesive paste back to back so the SWNT emitter
and detector were facing each other at a separation of 2.0
mm. The dimensions (length x width x thickness) of the
SWNT detector and emitter were 1 mm x 0.24 mm x 100
nm and 2.2 mm x 0.64 mm x 150 nm, respectively. The
sapphire rings were mechanically and thermally attached to
the coldfinger of a continuous flow optical cryostat with the
sample space maintained in vacuum.

Figure 1c shows the temperature dependence of the resist-
ance of the SWNT detector and emitter films, both of which
show semiconducting behavior with a strong increase in the
resistance with decreasing temperature. It is known that the
resistance of SWNT network and its temperature dependence
are dominated by the role of intertube junctions,?26 with
Schottky barriers defining the semiconducting behavior
despite of the presence of metallic SWNTSs.?” This strong
temperature dependence is especially important in achieving
a highly sensitive IR detector; in the present work, the SWNT
detector film was chosen to be thinner than the emitter film
in order to provide a stronger temperature dependence of
resistance: R(30 K)/R(300 K) ~ 4 (detector), 1.5 (emitter).
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Figure 1. (a) Schematic of the SWNT optocoupler: SWNT thin
film emitter and detector are mounted face-to-face on two sapphire
rings so the radiation from SWNT emitter can be sensed by the
detector. (b) Optical microscope image of the SWNT optocoupler.
Both SWNT emitter and detector films are ultrathin and semitrans-
parent, so the narrow strip of SWNT detector (on the back) can be
seen through the SWNT emitter film (in front). Inset: SEM image
of the SWNT film. (c¢) Semiconducting temperature dependence
of resistance R(7) of SWNT film emitter (red triangles) and SWNT
film detector (blue circles). Inset: SWNT film detector response to
square-wave pulses of 0.3 uW radiation of IR LED.

At first, the sensitivity of the SWNT detector was tested
by utilizing an external IR LED (peak emission wavelength
940 nm) situated outside the cryostat with incident IR power
at the detector of 0.3 uW. In this configuration, using lock-
in amplifier, we registered a response of 470 ¢V correspond-
ing to a responsivity >1500 V/W and signal-to-noise ratio
>1000 at an operating temperature of 28 K, which is similar
to our previously reported results.® As we demonstrated, this
strong photoresponse is associated with the efficient transfer
of the power of the IR radiation to heat in the SWNT lattice
as a result of strong electron—phonon coupling in the 1D-
SWNT system; this serves to raise the temperature of the
SWNT film, and the photoresponse is observed via the strong
temperature dependence of the resistance of the ultrathin
SWNT films.

In order to realize a functioning SWNT optocoupler
device, square-wave voltage pulses (Figure 2a) were applied
to the SWNT emitter circuit which includes a 1 k€2 load
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resistor connected in series with the SWNT film, and we
observed a strong response in the SWNT detector (Figure
2b), similar in amplitude to its response to the radiation from
an external IR LED. From the temporal variation of the
voltage across the SWNT emitter film during the pulse
(Figure 2c), we found that its resistance (Rgy) decreases from
455 Q to 370 Q (Figure 2d) which according to Rgu(T)
(Figure 1c) corresponds to an average temperature of the
SWNT film of 105 K, compared with the base temperature
of 28 K (Figure 2e). Increasing the amplitude of the driving
square-wave pulses from Vgey = 1.16 V (voltage drop on
SWNT emitter film, Vg = 310 mV) to 3.8 V (Vey = 950
mV) causes a stronger decrease of the emitter resistance from
455 to 330 Q (Figure 2d) corresponding to an average
temperature increase from 28 to 180 K (Figure 2e), which
is accompanied by a factor of 10 increase in the detector
response.

The radiation from the IR emitter under voltage pulses
Veen = 1.16 V modulates the SWNT detector resistance
between ~6.5 kQ and ~4.1 kQ which corresponds to
temperature modulation between the base temperature
28 K and the average temperature 55 K (Figure 2f)
according to Rpg(T) (Figure 1c). In addition to the emitter
radiation, a second pathway for power transmittance from
the SWNT emitter to the SWNT detector is available through
the thermal conductance of the supporting sapphire rings
(Figure 1). In order to evaluate the contribution of this
heat conduction channel, we placed a GaAlAs thermometer
next to the SWNT detector on the supporting sapphire ring
in addition to the thermometer attached to the coldfinger of
the cryostat. We found that the temperature modulation of
the supporting substrate of the SWNT detector does not
exceed 0.05 K (Figure 2g), ~500 times smaller than the
modulation of SWNT detector temperature thus confirming
the dominant role of the emitter radiation in the power
transmittance.

To a first approximation, the Joule heat generated by the
passage of a current through the suspended SWNT film
generates a parabolic temperature profile 7(x) as a distributed
power source in a one-dimensional (1D) heat flow geom-
etry.?>?® In such a case, the maximum temperature increase
in the center of the emitter is 1.5 times higher than the
average temperature increase. Because of the T* dependence
of the power of the blackbody radiation, it is predominantly
emitted from the central region of the suspended SWNT film
where the temperature is close to the maximum.?*? Figure
3a presents blackbody radiation spectra calculated using
Planck’s law for spectral radiance I(A,T) = (2hc?/A%)/(e/<'*T
— 1) for two maximum temperatures (144 and 256 K), which
correspond to average temperatures of 105 and 180 K,
respectively (Figure 3de); the resulted spectral emission
maxima are located at wavelengths of 4 ~ 11.3 and 20 um,
respectively. The intensity of the spectral curve correspond-
ing to 256 K is about an order of magnitude stronger than
for 144 K matching the difference of the amplitude of the
SWNT detector response and supporting the conclusion that
the blackbody radiation is the primary source of the
emitter—detector communication.
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Figure 2. Operation of SWNT optocoupler: (a) Square-wave voltage pulses from a function generator Vggy are used to drive the SWNT
emitter circuit. (b) Oscillogram of SWNT detector response Vper to the radiation of SWNT emitter under the driving pulses. (¢) Oscillogram
of the voltage drop on the SWNT emitter, Vey = Voeny — Vioap, Where Vipap is a voltage drop across 1 kQ load resistance. (d) Change
of the emitter resistance Rgy during square-wave driving pulses of amplitude 1.16 V (blue triangles) and 3.8 V (red circles). (e) Average
temperature of SWNT emitter 7z under driving pulse of amplitude 1.16 V (blue triangles) and 3.8 V (red circles). (f) Response of the
SWNT detector resistance Rpgr (red) to the driving pulses through the emitter circuit. (g) Temperature of supporting sapphire substrate Tsyp

(blue) in response to the driving pulses as in (f).

Figure 3b shows the spectral absorbance of a 100 nm thick
SWNT film in the range 3—50 um. The absorbance is
broadband and extends from the UV to the FIR? and even
to the Terahertz”-!' and Megahertz*® regions. The SWNT film
is a far more efficient absorber of IR radiation than the
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narrow band or extrinsic semiconductors currently utilized
for photodetection in this spectral range.® It is worth noting
that the increase of the absorbance toward longer wave-
lengths (Figure 3b) partially compensates for the decrease
in intensity of the blackbody radiation at lower maximum
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Figure 3. Spectral characteristics of SWNT emitter and detector:
(a) Spectra of blackbody radiation of SWNT film at temperatures
of 256 and 144 K calculated using Planck’s law. (b) Spectral
dependence of the absorbance of a 100 nm thick SWNT film used
in the bolometric detector.

temperature of the emitter. Thus, the SWNT emitter/SWNT
detector is an ideal couple in which the broadband wave-
length character of the emission matches the broadband
detection capabilities.

It has been shown that the application of high amplitude
excitation pulses to a suspended individual quasi-metallic
SWNT can lead to a rise in temperature of 1200 K which
shifts the emission spectra toward the visible spectral range
with involvement of interband transitions.?’ The SWNT thin
film optocoupler does not require such high excitation power
and the temperature modulations can be held at the 10—100
K level thus prolonging the device lifetime. For example,
emission of the SWNT film heated to 144 K (Figure 3a, low
intensity spectrum) provides signal-to-noise ratio > 1000 in
transmitting the signal within the SWNT emitter—detector
optocoupler.

Figure 4a shows that IR power registered by the SWNT
detector Ppgr increases superlinearly as a function of the
Joule power P, supplied to the SWNT emitter; such an
increase of the efficiency Ppgr/P;. can be understood by
considering the fact that, in vacuum, the Joule heat which is
generated is dissipated mainly through two channels of heat
transport: the thermal conductivity (k) along the SWNT film
to the substrate through the electrical contact Qr¢c ~ «(T)*AT
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Figure 4. (a) Power detected by the SWNT bolometer as a function
of Joule power driving the SWNT emitter. (b) Power conversion
efficiency of the SWNT optocoupler increases with increasing Joule
power because the blackbody radiation channel of the power transfer
dominates the solid state thermal conductivity channel with
increasing temperature modulation. (c) Long-term stability of
SWNT optocoupler under 1.16 V square-wave driving pulses
(emitter temperature modulation between 28 and 105 K) over
70 000 cycles. Inset shows oscillogram of the SWNT detector
response during this test.

and the blackbody radiation Qg ~ 0s—pT* (0s—p is
Stephan—Boltzmann constant) with the contribution of the
last term increasing strongly with the temperature of the
SWNT emitter film. Taking into account the emitter—detector
geometry with a SWNT film separation of 2 mm, we estimate
that only 3% of emitted radiation reaches the detector. The
efficiency of the power transmittance can be readily improved
by a factor of 10 simply by closing the distance between
the emitter and the detector which could be accomplished
by using a perforated thin film of mylar with the SWNT
emitter and detector on opposite sides. This would allow a
significant reduction in the driving power and the amplitude
of the modulation of the SWNT emitter temperature thus
extending the long-term stability and lifetime of the SWNT-
based optocoupler. Even in its current state, the assembled
SWNT emitter—detector optocoupler shows high long-term
reliability. In Figure 4c, we show the performance of the
device over 70 000 cycles at a frequency 1 Hz; under square-
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wave pulses Vgen = 1.16 V (Figure 3a), we observed very
little decrease of the detector response and the signal of the
detector which was initially 450 'V, decreased by less than
2% to 442 uV at the completion of the test.

Applications based on SWNT thin film technology are now
recognized as a near term alternative®3'=33 to the development
of nanoelectronics based on individual SWNTs. !0 Successful
applications of SWNT thin films have been demonstrated in
the areas of gas sensors and biosensors,*% field effect
transistors, transparent conducting electrodes for large area
organic flexible optoelectronics,®?>33 thin film coatings for
electromagnetic shielding,’® and in fuel cells.’® Further
development of the SWNT thin film optocoupler will
incorporate thin film photolithography which would allow
the manufacture of multichannel arrays of SWNT-based
optocouplers with pixel size of 30—20 um, which is
comparable to current focal plane array technology. Such
size decrease would permit a significant reduction of the
power per individual optocoupler and a significantly faster
response time which is an important characteristic of the
optocoupler performance. In this report, we have already
reduced the detector size by a factor of 3 in comparison with
our first publication® without decreasing the responsivity of
the detector. The performance of the SWNT optocoupler can
be optimized for room temperature applications by using
chemically functionalized? or pure semiconducting SWNTSs
with high temperature coefficient of resistance.
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