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emiconducting carbon nanotubes

(S-SWCNTs) are a promising material

for electronic and optoelectronic appli-
cations." In electronics, S-SWCNTs are ex-
plored as a potential channel material for
field-effect transistors.” Within an optoelec-
tronic device, S-SWCNTs could take up var-
ious functionalities and perform as light-
absorbing and -emitting layers,> ® as the
electrically conducting channel,’® and as
(transparent) electrodes.!’ Several studies
have been carried out with devices made
of individual S-SWCNTs,*'2-14 revealing
that the total drive currents and photocur-
rents achieved are much lower than in
conventional devices made of bulk semi-
conductors. Itis hence necessary to increase
the number of S-SWCNTs in a device in
order to scale the electrical current level
and the light-sensitive device area.'>'® The
electronic performance of a S-SWCNT array
is largely determined by the physics of
S-SWCNT—metal contacts,''® as is the
case with devices made of an individual
S-SWCNT.'?° The electrostatic potential
configuration at S-SWCNT—metal contacts
determines the charge carrier transmission
efficiency® and is mainly responsible for the
photovoltaic response observed.> However,
previous optical studies on S-SWCNT devices
have been restricted to the device channel >*'
In order to be able to study S-SWCNT—metal
contacts and the internal potential profile of
S-SWCNT devices with high spatial resolution,
it is beneficial to use a transparent device that
enables its full optical inspection.

In this article, we investigate optically trans-
parent S-SWCNT array devices in which
S-SWCNTs act as the light-absorbing layer and
simultaneously promote the carrier separation
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We have used laser-excited photocurrent microscopy to map the internal electrostatic
potential profile of semiconducting single-walled carbon nanotube (S-SWCNT) array devices
with a spatial resolution of 250 nm. The measurements of S-SWCNTs on optically transparent
samples provide new insights into the physical principles of device operation and reveal
performance-limiting local heterogeneities in the electrostatic potential profile not observable
with other imaging techniques. The experiments deliver photocurrent images from the
underside of the S-SWCNT—metal contacts and thus enable the direct measurement of the
charge carrier transfer lengths at the palladium—S-SWCNT and aluminum—S-SWCNT
interfaces. We use the experimental results to formulate design rules for optimized layouts
of S-SWCNT-based photovoltaic devices. Furthermore, we demonstrate the external control of
the electrostatic potential profile in S-SWCNT array devices equipped with local metal gates.

KEYWORDS: nanoelectronics - nano-optics - self-assembly

and transport to metallic electrodes. Upon

illumination a photon is absorbed into a

higher excited state of a S-SWCNT followed

by a formation of a bound electron—hole

pair (exciton) and a separation of the ex-

citon into free carriers at opposite metallic ~ *Address correspondence to
. . msteine@us.ibm.com.

contacts by an internal electric field; see ref

1 and references therein. The efficiency of  geceived for review May 31, 2012

the conversion is largely determined by  and accepted July 6, 2012.

the strength of the internal electric field . .
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but also depends on the nature of the  19.1021/nn302416e
S-SWCNT involved, the dielectric environ-
ment of the S-SWCNT, and specifics of the  ©2012 American Chemical Society
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Figure 1. (a) Schematic of a S-SWCNT device built on an optically transparent multilayer substrate for studying photocurrent
generation from the underside with an inverted scanning optical microscope. (b) Device schematic of a S-SWCNT array
photodiode based on split top gates and colorized scanning electron microscope image of such a device (yellow: Pd
electrodes, green: Ti split gates, and red: S-SWCNT array). (c) Colorized scanning electron microscope images of a S-SWCNT
array device with alternating contacts as schematically indicated in (a) (yellow: Pd electrodes, blue: Al electrodes, and red:
S-SWCNT array). The density in the array is about 50S-SWCNT/um.

S-SWCNT—metal contacts. The external quantum effi-
ciency of the process is on the order of 1072 electrons
per incident photon.' The dependence of the photo-
current on the internal field distribution is the basis for
mapping the internal electrostatic potential profile of
S-SWCNT array devices.

We have implemented and investigated two different
device concepts: (1) Metal—S-SWCNT—metal junctions
in which a built-in electric field across the S-SWCNT array
is achieved by using two different contact metals. The
work function difference of the metals creates a built-in
electric field across the S-SWCNT array with an electro-
static potential gradient that separates electron—
hole pairs (excitons) into free carriers at opposite
contacts.?>?* (2) S-SWCNT array p—i—n junction devices
with split top gates made of metal. In this case, we use
electrostatic field doping through the local gates in
order to create a potential drop across the S-SWCNT
array, as has been demonstrated previously for single
S-SWCNTs'22*2> and S-SWCNT arrays.®

The S-SWCNTs used in this study are highly sepa-
rated (>99% semiconductor purity) by density gradient
ultracentrifugation®’*® and self-assembled from solu-
tion by an evaporation-driven process'® to form
aligned arrays on a thin glass substrate. They have an
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average diameter of 1.5 nm, which corresponds to a
band gap of AE = 0.7 eV.? The optically transparent
substrate allows us to perform high-resolution, immer-
sion-assisted photocurrent microscopy in functioning
devices. In general, photovoltaic devices are compared
by means of their external quantum efficiency, their
open-circuit voltage, and their short-circuit current
density that characterize the device performance
when globally illuminated.3® For S-SWCNT array de-
vices with their high degree of heterogeneity, how-
ever, it is necessary to investigate the internal
electrostatics with spatial resolution in order to test
the fundamentals of device operation and to reveal the
causes of performance limitations. High-resolution
photocurrent microscopy allows us to map the internal
potential profile of S-SWCNT array devices, revealing
local potential heterogeneities that affect the perfor-
mance of the S-SWCNT array device as a whole. More-
over, they allow us to monitor how electrostatic doping
controls the local potential profile and photocurrent
generation in a S-SWCNT array device.

RESULTS

Figure 1a shows the experimental setup and sample
design. We use an inverted optical microscope in
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combination with a multiaxis scanning stage for raster
scanning the sample with respect to a tightly focused
laser beam with nanometer precision. By using immer-
sion oil in combination with a microscope objective
having a high numerical aperture (NA = 1.25), we
achieve a small optical excitation volume. The sample
mount is equipped with electrical probes that are used
for connecting devices with the electronic measure-
ment system. For photocurrent measurements, we
convert the short-circuit photocurrent between
the source and drain (ground) electrodes into a voltage
signal by using a current preamplifier and a source
meter that are synchronized with a controlling com-
puter and the optical scanning system. Control of bias
conditions and electronic transport measurements are
accomplished by the same system. The optical excita-
tion/detection path from the underside of the sample
requires an optically transparent, dielectric substrate
with the functionality of a multiterminal electronic
device. As a device platform, we use commercially
available glass substrates coated with ITO that allow
application of e-beam lithography and standard micro/
nanofabrication techniques (see Methods section).”’

S-SWCNTs are assembled from solution by the
evaporation-driven method reported in ref 16, forming
dense and highly aligned arrays on the optically trans-
parent substrate. Figure 1b schematically shows a
S-SWCNT array device having split top gates made of
metal. By applying appropriate voltages to each of the
two split gate electrodes it is possible to generate p-and
n-doped spatial domains underneath the electrodes
and, ultimately, to create an electrostatic potential drop
within the S-SWCNT array. An alternative approach for
making a S-SWCNT array junction device is depicted in
Figure 1c.In this case, the operation principle is based on
the energy band alignment at the S-SWCNT—metal
contacts. The work function difference A¢ of the contact
metals causes a built-in electric field near the interfaces
of the device without the need for applying an external
bias.>? In the present case, we use aluminum and
palladium as contact metals to induce the built-in
electric field across the S-SWCNT array. The Fermi level
of aluminum aligns closer to the conduction band of
S-SWCNTs, while that of palladium aligns with the
valence band of S-SWCNTs.'?3? The metal work function
difference is Ag = dpg — Pa =~ 1 eV,>? and the Schottky
barriers at the S-SWCNT—metal contacts are relatively
small, around AE = 20 meV for S-SWCNTs with a
diameter of 1.5 nm.?**2 We hence expect a built-in
electric field along the device channel (S-SWCNT array)
that is proportional to the work function difference A¢
of the contact metals and inversely proportional to the
channel length Lc. This potential can be further aug-
mented by a thermovoltage contribution resulting from
laser-induced heating.*®

Figure 2a,b show optical microscopy images of such
a device having alternating contacts made of Al and

ENGEL ET AL

Pd, respectively, positioned along an aligned S-SWCNT
array as shown in Figure 1c. The images were taken by
raster scanning a 15 x 15 um? device area with a step
size of 50 nm with respect to a tightly focused laser
beam having a wavelength of 4 ser = 632.8 nm. The
polarization of the laser is adjusted parallel to the long
axis of the S-SWCNTs in the array (i.e., perpendicular to
the orientation of the metal contacts). By using the oil
immersion, the elastic scattering images and the
photocurrent images of the same device area reveal
higher contrast and improved optical resolution is
obtained. The somewhat larger spatial extension of
photocurrent features in the x-direction is a result of
the horizontal alignment of the S-SWCNTs in the array,
perpendicular to the contacts (see Figure 1c). The
optical resolution of the short-circuit photocurrent
images is determined on the basis of the vertical cross
sections along two positions for each experimental
condition (indicated by arrows in Figure 2a,b).

We quantify the spatial resolution of the photocurrent
measurements by fitting features taken from the photo-
current cross sections with a Gaussian function and
extract the full-width-at-half-maximum (fwhm) feature
size. We obtain a spatial resolution of A;,, = 250 4= 40 nm
as compared to A,y = 500 4 60 nm for the same feature if
measured without oil immersion. On the basis of the
density of 50 S-SWCNTs/micrometer derived from the
electron microscopy images, we conclude that on aver-
age about 15 S-SWCNTs are simultaneously illuminated
by the focused laser, and we estimate a responsivity of
0.01 nA/uW per S-SWCNT in the array. Hence, the features
observed in the photocurrent images cannot be attrib-
uted to individual S-SWCNTs. However, the heteroge-
neous electrostatic potential profile seen in Figure 2b is
not expected on the basis of the structure of the S-SWCNT
array imaged by higher resolution SEM in Figure 1c. The
internal, local potential heterogeneities affect the overall
device performance and cannot be observed with optical
techniques based on global illumination schemes. We
note that the responsivity value given above provides a
useful measure for the comparison of different nanotube
device concepts or for the comparison with devices
made of other low-dimensional materials. The compar-
ability with conventional photodetectors is however
limited because the detection volumes provided by a
3D semiconductor are much larger than those provided
by a quasi 2D array of carbon nanotubes. Embedding a
carbon nanotube array in an optical microcavity®>* could
be a means to improve the responsivity. While carbon
nanotube array devices are not yet competitive within
the performance metrics of standard semiconductor
devices, they offer unique opportunities for cost-efficient
production of novel technologies such as flexible, all-
organic optoelectronics.3®

In order to correlate the spatially resolved photo-
current with the internal potential profile of the device,
we accumulate the photocurrent data shown in
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Figure 2. (a, b) Laser scanning microscope images (1 .ser = 632.8 nm) of the device depicted in Figure 1c that were taken by
recording the elastically scattered laser light (left) and the short-circuit photocurrent (right). The measurements shown in (a)
were performed without immersion oil; the ones in (b) were performed with immersion oil. The circuitry for measuring the
photocurrent across multiple contact pairs is also indicated. (c, d) Comparison of the photocurrent amplitudes taken from
vertical cross sections indicated by arrows in (a) and (b). (e) Left-hand panel: schematic energy band profile of the device and
illustration of the charge carrier separation. Also indicated are the positions of the contact electrodes (yellow: Pd, blue: Al).
Right-hand panel: plot of the photocurrent amplitude accumulated in the direction parallel to one contact pair based on the
data shown in (b). The accumulated photocurrent is overlaid with the energy band profile that is obtained by numerically
integrating the measured, accumulated photocurrent for two different offset energy values to allow for comparison with the
schematic band profile. The location of the accumulated photocurrent maximum in the channel regime coincides with the

position of the maximum gradient of the electrostatic potential profile.

Figure 2b along the vertical (y-) direction. In the right-
hand panel of Figure 2e, we plot the accumulated
photocurrent amplitude measured between a contact
pair made of two different metals, i.e, Pd and Al. The
electrode position assignment in the photocurrent
images is based on the elastic scattering images with a
precision that is limited by the image pixel width (50 nm
in the present case). As a first important observation, the
maximum of the photocurrent amplitude is located in the
channel regime between the two contacts. Charge carrier
separation occurs within the entire channel, not only at
the contacts, which is the case for efficient photodetec-
tion in devices with identical metal electrodes.*>'® A
band diagram that visualizes the physical principle of the
photocurrent generation in a device made of two differ-
ent work function metals is shown in the left-hand panel
of Figure 2e. While the diode principle has been re-
ported previously,” we provide the first experimental
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demonstration that photocurrent generation is indeed
maximized near the channel center, not at the device
contacts, for devices with contacts made of different
metals. The measured short-circuit photocurrent is pro-
portional to the local potential gradient, lpc(x) o< — d/dx
¢(x), where x denotes the position along the device
channel and ¢(x) is the potential energy of the electronic
band.***” In order to determine the electrostatic poten-
tial profile based on the experimental data, we numeri-
cally integrate the measured photocurrent in the x-
direction (i.e, along the channel), and the result is shown
in the right-hand panel of Figure 2e. The location of the
photocurrent maximum coincides with the position of
the maximum gradient of the electrostatic potential, in
agreement with the schematic band diagram in the left-
hand panel of Figure 2e.

We also observe a nonvanishing, positive photocur-
rent signal underneath the Pd contact and a negative
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Figure 3. (a) 3D visualization of a Pd—S-SWCNT—AI array junction device. (b) Measured current—voltage characteristics of
three devices having different channel lengths L. (c) Microscope images showing elastic light scattering intensities (left) and
short-circuit photocurrent amplitudes (right) measured on the same device. (d) Photocurrent amplitudes measured at the
underside of the Pd—S-SWCNT contact (red) and the Al-S-SWCNT contact (blue) obtained from vertical cross sections of
the image in (c) at the positions indicated by the blue and red arrows. (e) Schematics of charge carrier transfer and interface
potential ¢ at the S-SWCNT—metal contact. (f) Semilog plot of the accumulated and normalized photocurrent amplitude
measured at the underside of the Pd contact (red symbols) and Al contact (blue symbols). Exponential fits (lines) deliver the
values of the characteristic charge carrier transfer length Ly at the respective S-SWCNT—metal interface.

one underneath the Al contact, as a result of the
different interface potentials occurring at S-SWCNT-
Pd and S-SWCNT-AI contacts, respectively. This experi-
mental observation was not possible before because in
previous studies®> S-SWCNT—metal contacts were
illuminated from the top. The photocurrent can be
observed along the entire contact electrode width W if
W < 1 um, indicating an incomplete carrier transmis-
sion at S-SWCNT—metal contacts with small widths.
We note that for shorter W deviations from the ideal
behavior displayed in Figure 2e can occur that lead to a
shift of the spatial location of the photocurrent max-
imum or even a polarity inversion of the photocurrent
amplitude.

On the basis of these observations we can deduce
design rules for photovoltaic devices. In order to max-
imize the net photocurrent generated in a device that
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is fully exposed to light (globally illuminated), one
should choose to maximize either positive or negative
photocurrent contributions. In the present case, in
order to maximize the net positive photocurrent across
the multicontact device, one should reduce the chan-
nel length between adjacent contacts below the aver-
age S-SWCNT length, i.e., L, < Ls.swent- The measured
width of the photocurrent maxima between the con-
tacts is about 500 nm (fwhm), defining a lower limit of
Len. As a result, the efficiency of photocurrent genera-
tion should increase, while the impact of undesired
S-SWCNT—S-SWCNT percolation effects decreases.
Furthermore, the measurement suggests contact
widths of about Wpq < 1 um < W, in order to pin the
location of maximum photocurrent generation in the
channel center and to avoid incomplete carrier injec-
tion at the contacts. In the following, we investigate the
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Figure 4. (a) 3D visualization of a S-SWCNT array device with symmetric contact metals and split top gates. (b) Top left shows
the measured signal of elastically scattered light by a split gate device illuminated from the underside. The sequence of short-
circuit photocurrent images was acquired for the different combinations of top gate voltages (Vig4;, Vig2) as indicated; the
image size is set to 7.5 x 13.5/4m2. (c) Normalized accumulated photocurrent based on the data shown in (b) for (Vigs, Vig2) set
to(—5V,+5V),(0V,0V), and (+5V, —5 V), respectively. Also indicated are the positions of the contacts and local gates. (d)
Electrostatic potential profile obtained by numerical integration of the experimental, accumulated photocurrent amplitudes

shown in (c).

specifics of charge carrier transfer at the different
S-SWCNT—metal contacts.

Figure 3 shows a study of a Pd—S-SWCNT—AI device.
Figure 3a schematically indicates the device layout and
measurement scheme, while the measured current—
voltage characteristics of three devices having different
channel lengths are shown in Figure 3b. The transport
measurements demonstrate that the degree of asymme-
try of the electrical current is inversely proportional to the
channel length L, while a decrease of channel length L,
increases the local built-in fields. By comparing the elastic
laser scattering image of the device with the correspond-
ing photocurrent image in Figure 3¢, we can assign the
position of the metal contacts. An important result is that
the photocurrent amplitude does not vanish abruptly at
the contact edges but clearly extends within the contacts,
albeit having different polarities. In Figure 3d we compare
cross sections taken from the photocurrent images
measured underneath the Pd contact (along the red
vertical line) and the Al contact (along the blue vertical
line). Pronounced photocurrent features are visible in the
cross sections that originate from single S-SWCNTs or
small S-SWCNT bundles, as can be seen by following the
photocurrent traces underneath the metal contacts in
Figure 3c. In the following, we quantify the charge carrier
transfer lengths based on the measured photocurrent
amplitudes.

ENGEL ET AL.

The decay of the photocurrent signal within the
contact regime is expected to be exponential for a
semiconductor/metal interface, and the characteristic
decay length Ly of the contact potential ¢(x) = ¢o
exp(—x/Ly) is referred to as the effective charge carrier
transfer length.'®*® The transfer length L; characterizes
the length scale of carrier transit between the S-SWCNTs
and the metal contacts and determines the S-SWCNT—
metal contact resistance Rc.'” The measured photocur-
rent signal is proportional to the potential gradient, and
we can write lpc(x) o< — d/dx ¢(x) = —o exp(—x/Ly), which
allows us to extract Lt values by fitting exponential model
functions to the measured photocurrent amplitude. In
Figure 3f we plot the fits of the normalized, accumulated
photocurrent amplitude measured underneath the Pd
(red) and Al (blue) contact. We obtain values of L5 =
240 + 20 nm for the Pd contact and L4' = 470 + 50 nm for
the Al contact. The Ly values constitute a lower bound for
complete carrier transmission at the contacts. They are
averaged over roughly 400 S-SWCNTs with an average
diameter of d = 1.5 nm and are hence suited to represent
the respective metal—S-SWCNT interface. We note that the
Ly value of the S-SSWCNT—Pd contact is in agreement with
results from electrical transport measurements on single
S-SWCNTs* and the Lr value of the Pd—graphene
interface® while Ly values of S-SWCNT—AI contacts have
not been previously reported.

ACRT A RN
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Finally, we demonstrate the external control of the
internal electrostatic potential profile of S-SWCNT array
devices by means of local metal gates. A schematic of
sample layout and bias scheme is shown in Figure 4a. In
order to initially create a symmetric potential profile across
the device, Pd was chosen as contact metal for both source
and drain electrodes. Two split top gate electrodes define
pp- or n-doped spatial domains in the covered device areas
through application of suitable voltage pairs (Vigi, Vig2)-
Figure 4b shows a series of short-circuit photocurrent
images that were acquired for five different (Vig, Vig2)
combinations. Comparison with the elastically scattered
optical signal allows for correlating the measured photo-
current signal with the positions of channel contacts and
gate electrodes. Despite the Schottky barriers at the
S-SWCNT—metal contacts, we do not expect any built-in
fields in the device at zero gate bias. Indeed, for V;g; =
Vig2 =0V a small photocurrent response is observed only
at the position of the contact edges.

In contrast, by applying either Vg = —V,go = -5V or
Vigr = —Vig2 = 5V, the maximum (minimum) photo-
current is observed in the intrinsic area of the S-SWCNT
array framed by the p- and n-doped spatial domains, at
the device center. Despite local heterogeneity that
became obvious in the photocurrent images, the
experimental data demonstrate that it is possible to
control the spatial dependence of photocurrent gen-
eration in a S-SWCNT array by means of external
electrostatic fields. In Figure 4c, we plot the normalized,
accumulated photocurrent amplitudes for three repre-
sentative gate voltage combinations (Vig1, Vig,), over-
laid with the elastic scattering signal that indicates the
position of contacts and gate electrodes. On the basis
of the numerical integration of the accumulated
photocurrent, we are able to reveal the electrostatic
potential profile of the device (see Figure 4d). The
initially flat and symmetric potential profile can be

METHODS

We fabricate transparent S-SWCNT array devices based on
commercially available microscope coverslips having a size of 20 x
20 mm? that are coated with ITO (SPI Supplies). The ITO has a sheet
resistivity of 6—8 Ohm/sq. The purpose of the ITO layer is 2-fold.
First, it can be utilized as a global back gate electrode, and second, it
serves as a charge-dissipating layer, mitigating charging effects
during e-beam lithography. In a first step we deposit 50 nm of Al,O3
by atomic layer deposition on top of the ITO layer. In the next step,
we assemble S-SWCNT arrays on top of the Al,O3 via a self-assembly
method reported in ref 16. In brief, the substrates are vertically
immersed into highly purified (>99%) semiconducting S-SWCNT
synthesized by the arc discharge method wrapped in SDS with a
concentration of 0.1 mg/mL%"® The S-SWCNT dispersion forms a
pinning line on the sample surface that moves across the sample as
the solvent evaporates, leaving behind areas with highly aligned
S-SWCNT arrays. We then pattern a sparse grid of alignment markers
by e-beam lithography onto the sample surface, followed by
evaporation of 5 nm Ti and 50 nm Au and a lift-off process step.
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tuned such that a potential drop occurs in the region
between the split gates with a slope that is determined
by the local gate fields applied. As a result, the electro-
static potential in S-SWCNT arrays is well-defined by the
applied gate fields. In Figure 4d we find that the inter-
section of the electrostatic potential profiles (red and blue
line) is slightly shifted with respect to zero, the reference
value at the contacts. The observation suggests that
contributions of Schottky barriers at the contacts could
offset the internal potential profile of the device.

CONCLUSION

We have studied the electrostatic potential and
photocurrent generation in optically transparent
S-SWCNT array devices by using laser-excited photo-
current microscopy with a spatial resolution of 250 nm,
and we have imaged for the first time the underside of
S-SWCNT—metal contacts in functioning optoelectro-
nic devices. We have provided the first experimental
evidence that the work function difference of Pd and Al
as contact metals generates local built-in fields across a
S-SWCNT array with maximum photocurrent generation
efficiency near the channel center, not at the contacts, of
the device. Moreover, we have directly measured a
charge carrier transfer length of L7 = 240 & 20 nm at
the S-SWCNT—Pd contact and of L4 = 470 &+ 50 nm at the
S-SWCNT—AI contact. On the basis of our experimental
results, we have devised a strategy for improving the
photovoltaic performance of multielectrode S-SWCNT
array devices with contacts made of alternating metals.
Furthermore, we have demonstrated external control of
the location and the polarity of photocurrent in a
S-SWCNT array by means of electrostatic field doping
through local metal gates. Our results provide novel
insights into S-SWCNT device physics and are important
for the design and optimization of optoelectronic devices
based on S-SWCNT arrays.

We manufacture S-SWCNT array devices with two different
layouts:

(1) Pd—S-SWCNT—AI junctions in which a built-in electric
field across the S-SWCNT array is achieved by using two
different contact metals.

(2) Pd—S-SWCNT—Pd devices with split top gates made of
metal on top of a thin insulator.

In (1), we perform two e-beam lithography steps for defining
the first and second contact metal followed by evaporation of
1 nm Ti/30 nm Pd/30 nm Au and 1 nm Ti/30 nm Al/30 nm Au,
respectively. In (2), only one e-beam lithography step is neces-
sary for patterning the contacts. In the next step, we coat all
device sites with a local dielectric layer of 30 nm Al,O5 by atomic
layer deposition through a PMMA mask defined by e-beam
lithography. The Al,Os layer serves two purposes. First, it is used
as an etching mask to remove unwanted S-SWCNT material in
an O,-based plasma etching process step. Second, it serves as a
gate dielectric for the split gate operation. The top gates made of
30 nm Ti are produced with varying spacing (0.25,0.5,and 1 um)
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in a final e-beam lithography step. The spacing between the top
gates determines the size of the intrinsic region in the p—i—n
S-SWCNT array diode. The channel width is 10 um for all S-SWCNT
array devices investigated in this study.
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