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Voltage-switchable photocurrents in single-walled
carbon nanotube-silicon junctions for analog
and digital optoelectronics

Young Lae Kim', Hyun Young Jung', Sora Park? Bo Li', Fangze Liu3, Ji Hao', Young-Kyun Kwon?*,

Yung Joon Jung'?* and Swastik Kar3*

Recent progress in silicon photonics® has dramatically
advanced the possible realization of heterogeneous logic cir-
cuits®'°, A variety of Boolean optoelectronic circuits have been
proposed™5, In this context, experimental investigation of
logic operations with both optical and electrical inputs in chip-
integrable devices is highly desirable. Here, we present a new
kind of photodiode-based logic device using scalable heterojunc-
tions of carbon nanotubes and silicon, the output currents of
which can be manipulated completely by both optical and electri-
cal inputs. This provides a novel platform for heterogeneous
optoelectronic logic elements with voltage-switchable photocur-
rent responsivity of >1 AW, photovoltage responsivity of >1 x
10° V W, electrical on/off ratios of >1 X 10° and optical on/off
ratios of >1 x 10*. To demonstrate their scalability, we fabricated
a large array of photoactive elements on a centimetre-scale
wafer. We also present bidirectional phototransistors and novel
clock-triggerable logic elements such as a mixed optoelectronic
AND gate, a 2-bit optoelectronic ADDER/OR gate and a 4-bit
optoelectronic digital-to-analog converter.

In recent times there has been remarkable progress in the develop-
ment of silicon-based photonic circuit components such as on-chip
sources, manipulators, detectors, storage, filtering and multiplexing
technologies that are compatible with a microelectronics plat-
form!3. The successful integration of low-loss photonics-based
data transfer technology with the performance of ultrafast logic
and memory elements of conventional integrated circuits could
provide new generations of microprocessors with significantly
improved performances®!®. An important component of this het-
erogeneous integration would be the possible development of
monolithic logic elements that can operate with both electrical
and optical inputs. Historically, logic operations in electronic cir-
cuits are achieved using field-effect transistors'”!®, whereas the
same in optical circuits can be achieved by methods such as
second harmonic generation in nonlinear optical materials'® and
optomechanical resonance techniques?®. To accomplish hetero-
geneous logic operations, a variety of hybrid logic elements
using combinations of phototransistors, light-emitting diodes,
waveguides and electro-optic switches have been suggested, taking
advantage of the high-speed cascading Boolean algorithm of these
optoelectronic circuits!!-1°.

We show that heterojunctions of single-walled carbon nanotubes
(SWNTs) and silicon can demonstrate a radically unconventional,
sharply nonlinear, reverse-bias-dependent photocurrent, and this
novel phenomenon provides a new way in which to obtain multi-
functional analog and mixed digital optoelectronic operations

with high switching ratios. Large switching of photocurrents can
be obtained with small changes in voltage, enabling optoelectronic
gates/devices with logic outputs depending on the logic state of
both optical and electronic inputs. We demonstrate a number of
novel optoelectronic switches/devices and the lithographic assembly
of a large array of devices over a centimetre-scale wafer.

Figure 1a,b presents a schematic and a digital photograph of typical
SWNT-Si test structures. Belts of SWNTs (height, ~50 nm), with
lateral sizes ranging from millimetres (Fig. 1b) to submicrometre
(Fig. 1c), were assembled in a variety of configurations on lightly
p-doped silicon surfaces using a template-assisted fluidic assembly
method?!"2. Similar heterojunctions have recently generated some
interest in relation to solar cells*»?> and photodetectors?.

Under an applied voltage V, the current I in a conventional junc-
tion is expected to follow a diode rectification equation, I(V) =
I(e?V/mksT — 1), where g, 1, ky and I, are the electronic charge, ide-
ality factor, Boltzmann constant and reverse saturation current,
respectively?”’. When illuminated, the current follows the photo-
diode equation, I(V)=TI(e?"/"™sT — 1) — L, where I is the
photocurrent, which usually depends on factors such as the inci-
dent photon flux and quantum efficiency, but has little or no
dependence on the reverse bias. Figure 1d presents the dark and
illuminated I-V curves for our SWNT-Si junctions, as well as the
photocurrent response in a metal-silicon junction of similar
dimensions. Although the dark I-V in the SWNT-Si junctions
follows conventional rectification behaviour, the photocurrent
clearly deviates from conventional behaviour, with a near-zero
short-circuit current (independent of the incident power, see
Supplementary Section 5) that sharply rises (by several orders
of magnitude) within a few volts of reverse bias V.. As seen in
the same figure, this is strikingly different from the illuminated
I-V of a conventional metal-Si Schottky junction of comparable
dimensions, illuminated with the same light source. A proposed
semi-quantitative model (see Supplementary Section 4) of the
band structure of these heterojunctions reveals that the sharply
nonlinear photocurrent behaviour is possibly related to the
reverse-bias-tunable total number of available states in the SWNT
belts, n(e = eV,), for the photoexcited carriers to inject into from
the silicon. Here, ¢ is the electronic energy measured from the effec-
tive Fermi level of the SWNT belt at thermal equilibrium. The inset
of Fig. 1d compares I;, and n(e) as a function of V, and &, respect-
ively, demonstrating the close correlation between the two. As is
evident from this model, at zero bias (short-circuit condition)
n(e = 0) ~ 0, so the short-circuit current is extremely low, indepen-
dent of the incident power.
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Figure 1 | Device structure and reverse-bias photoresponse. a,b, Schematic (a) and digital photograph (b) of a SWNT-Si heterojunction test structure

(2 cm x 2 cm) with electrical contacts. The active region of each SWNT-Si junction has dimensions of 3 mm x 100 wm. ¢, Pseudo-coloured SEM image of a
submicrometre-width fluidically assembled SWNT belt. d, Dark and illuminated -V (117 wW broadband visible illumination; see Supplementary Section 5 for
spectrum) curves of a typical SWNT-Si heterojunction. The dark and illuminated I-V curves of an Au-Ti-Si junction of similar dimensions and illumination
condition is also shown for comparison of their shapes. Inset: comparison of the photocurrent data with a model describing the number of accessible states
for photoexcited carriers n (see main text and Supplementary Section 4). e, Broadband responsivity and on/off ratios of the SWNT-Si junction as a function

of the reverse bias. f, Change in open-circuit voltage under 1 wW illumination.

Figure le shows the variation of photocurrent responsivity R =
Ly/P (P is incident power), electrical on/off ratio I,(V)/I,(V=0)
and optical on/off ratio I,(V)/I;,, (V) of the SWNT-Si junction.
The maximum responsivity R, obtained in our devices at low
reverse bias (—3 V) exceeds I A W', making them highly attractive
both as photodetectors and as on-chip switching devices. Moreover,
the response is completely tunable in the range 0 <R < R_,, using
very low voltages (—3 V to 0 V), which is extremely useful for sen-
sitivity-adjustable imaging in variable light conditions, therefore
making them quite attractive for imaging technologies. Also, the
low dark current and incident power-independent low short-
circuit currents coupled with this high responsivity at V= -3V
result in high electrical on/off ratios exceeding 2.5 x 10° and
optical on/off ratios exceeding 1 x 10*. Such high current-switching
ratios are difficult to obtain in mixed-chirality SWNT arrays using
purely electric field effects (gate voltage)®.

Figure 1f shows the dark and P=1uW I-V curves in the
SWNT-Si device. Under 1 W incidence, the open-circuit voltage
shifts by AV, =113 mV, which corresponds to a significantly
large voltage responsivity of Ry > 1 x 10° V W™ " and is orders of
magnitude higher than past reports?**°, making it extremely appeal-
ing for the design of low-power/portable weak-signal detection,
imaging and on-chip analytical photochemistry applications.

Figure 2 summarizes the potential application of this tunable
photoresponse in imaging technologies. The structural scalability
and functional reproducibility of the fluidic assembly method is
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demonstrated by fabricating a large array of junctions on a 12 x
12 mm? area SiO,/Si chip, designed to mimic the front end of a
focal plane array. Figure 2a—c presents digital photographs of one
such sensor array at different magnification levels, highlighting the
large-scale integration achievable using our technique. The dense,
uniform coverage of the circular silicon window without any stray
suspended SWNT's or bubbles (as seen in Fig. 2d) is typical for all
areas across the chip, and no structurally defective ‘sensor’ could
be found under random scanning electron microscope (SEM)
inspection of hundreds of sensors over the entire chip. Such a
high degree of structural reproducibility is critical for large-area
integration of sensors. Figure 2e shows a typical scanning photocur-
rent map of four pixels in a specially prepared chip where the front
electrodes were lithographically shorted to a common external
contact pad. The photocurrent maps show a uniform photoresponse
from all the pixels (see Supplementary Section 6 for more detailed
photocurrent map studies).

We next discuss examples of this junction being used as mono-
lithic hybrid optical/electronic logic elements, for various analog
and digital applications. Figure 3a shows inter-digitated SWNT
belts connected to source and drain electrodes, equivalent to two
back-to-back photodiodes forming a bidirectional phototransistor,
as seen from the dark and illuminated I-V curves in Fig. 3b. In dark-
ness, the device remains switched off for applied voltages of either
polarity, while under illumination, an on state can be obtained for
both positive and negative voltages. In this configuration, the
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Figure 2 | Scalability and reproducibility. a, Digital photograph of a 0.25 megapixel array of SWNT-Si sensors (array area, 12 mm x 12 mm). b,c, The array of
a, but with increasing levels of magnification. d, SEM image of the ‘core’ of the sensor, showing a circular window of silicon in a SiO,/Si substrate overlaid
with SWNTs. Inset: SEM image of the SWNT packing on silicon. e, Scanning photocurrent map (A =532 nm) of a 2 x 2 pixel area of the sensor array, where
the pixels are electrically attached to an external lead and the back surface of silicon is used as the second contact.
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Figure 3 | Phototransistor and a hybrid logic gate. a, A bidirectional phototransistor using interdigitated SWNT fingers attached to source-drain leads. The
active region of this device has an area of 3 mm x 200 wm. b, Typical -V curve obtained in such a device under dark and illuminated conditions showing
photo-induced on and off states. ¢, An AND gate with optical and electrical inputs and an electrical output. The active region of the junction has an area of
3 mm x 100 wm. Inset: a typical set of operating conditions determining the ‘low’ and ‘high’ logic states for both input and output conditions, as determined
by the dark and photocurrents shown in d. e, Output of the AND gate for different input logic states as a function of time.
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Figure 4 | Voltage-switchable 2-bit adder and a 4-bit digital-to-analog converter. a, Two identically fabricated SWNT-Si structures serving as independent
optical inputs for an optoelectronic ADDER element. The active region of each input has an area of 3 mm x 100 wm. Two 650 nm lasers were used to
independently address these two inputs. I 7 is an analog electrical output signal that is proportional to the sum of the two digital inputs. Depending on the
required operational condition, this element also doubles as an OR gate (see text). b, I versus time for different input configurations under an applied
reverse bias. The red and black dots indicate the on and off states, respectively, of the two optical inputs. The output current shows a striking response
reproducibility for independent illumination of the two structures, as does the current doubling when both inputs are illuminated simultaneously. This
response reproducibility is crucial in designing scalable optoelectronic architectures such as the 4-bit optoelectronic digital-to-analog converter shown
schematically in €. Each successive input has twice the number of (identical) SWNT belts (see text), corresponding to successive bit-significance, as shown.
The active region of the 2° input is 2 mm x 50 wm. d, Analog current output corresponding to digital optical inputs ranging from binary 0000, (0,,) to
1111, (15,0). In both ab and ¢,d, |5 can be completely turned off by turning off the reverse bias.

device is an optoelectronic equivalent of a symmetric field-effect
transistor, but with the gate voltage replaced by photons. The
applied voltage and incident light form two independent methods
for controlling the channel current, both of which must be
present to obtain an on state. This feature allows one to construct
a mixed-input optoelectronic AND gate, as described in Fig. 3c.
Here, the light spot incident on the SWNT-Si junction (input 1
measured in wW) and the applied bias (V) are the two logic
inputs, while the measured current output I,y; is the logic
output. The optical and electrical on and off states for a typical
device can be obtained from the dark and illuminated I-V curves
as shown in Fig. 3d; for convenience, these are tabulated in
Fig. 3c. Figure 3e shows a typical time trace of the output state
Iyt for different logic states of inputs 1 and 2, confirming its
operation as a mixed optoelectronic AND gate.

Owing to the highly reproducible responsivity in different junc-
tions fabricated in the same batch, our ‘optical input-electronic
output’ devices are capable of operating with multiple optical
inputs. Figure 4a shows a 2-bit, digital optical input, voltage-switch-
able analog output ADDER circuit, where the device adds two
digital optical input signals and provides an output that is an
analog equivalent of the digital sum. The calculation is performed
only when a reverse bias is applied, which can be used as a clock
trigger for the calculation. Under appropriate logic conditions,
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this also serves as an OR gate, and these operations can be seen in
the output time trace for different input states in Fig. 4b. The
high-fidelity adding operation can be extended to design more
complex input bits by lithographically designing junctions with
highly controlled surface areas. Figure 4c presents a voltage-switch-
able 4-bit optoelectronic digital-to-analog converter. To achieve this
conversion, four separate SWNT-Si junctions with their junction
areas proportional to 2, 2', 2> and 2 were designed (by fabricating
one, two, four and eight parallel identical SWNT belts, respectively)
to mimic the significant bits of a 4-bit optical input, each of which
could be independently illuminated (or kept dark), resulting in
binary inputs 0000-1111. The corresponding output, when trig-
gered by a reverse bias, is the analog equivalent of these inputs, as
seen in Fig. 4d, where—as a proof-of-principle—the analog repro-
duction of the binary inputs is quite remarkable.

Hence, SWNT-Si junctions form a versatile platform for opto-
electronic applications ranging from photodetection, photometry
and imaging. The voltage-switchable photocurrents with high
switching ratios allow one to conceive mixed optoelectronic logic
elements and voltage-triggered digital optoelectronic operations
and digital-to-analog conversions. To our knowledge, this is the
first demonstration of a monolithic device performing binary
logic operations using a combination of optical and electrical
inputs. The on-chip architectures are scalable and completely
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compatible with conventional microelectronics technologies,
including the possible inclusion of waveguides and other photonic
components. Further developments in this field could pave the

way for new approaches to integrating photonics into
electronic circuits.
Methods

SWNTs of mixed chiralities were purchased commercially (Brewer Science
CNTRENE) and assembled using a template-assisted fluidic assembly method as
required on silicon and SiO, surfaces. Titanium/gold contacts were attached using
standard lithographic techniques. The 0.25 megapixel detector array prototype was
fabricated using a combination of lithographic and fluidic assembly steps.
Photocurrent measurements were performed using a Keithley 2400 source meter,
and the photocurrent maps were measured using an a.c. technique. A range of
calibrated broadband and monochromatic light sources were used to test the devices.
See Supplementary Information for detailed descriptions of these and other
related topics.
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