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ABSTRACT We have performed scanning photocurrent micro-

Laser Scan Axis

scopy measurements of field-effect transistors (FETs) made from

individual ultraclean suspended carbon nanotubes (CNTs). We
investigate the spatial-dependence, polarization-dependence, and
gate-dependence of photocurrent and photovoltage in this system.
While previous studies of surface-bound CNT FET devices have

-

identified the photovoltaic effect as the primary mechanism of
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photocurrent generation, our measurements show that photothermoelectric phenomena play a critical role in the optoelectronic properties of suspended

CNT FETs. We have quantified the photothermoelectric mechanisms and identified regimes where they overwhelm the photovoltaic mechanism.
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anoscale optoelectronic devices ex-
hibit fascinating physical phenom-
ena and are of increasing interest
for applications as photodetectors and energy-
harvesting devices.' > Recent observa-
tions include multiple electron—hole gen-
eration in carbon nanotube (CNT) p—n
junctions® and ultrasensitive bolometric de-
tection in suspended graphene membranes.*
Nanoscale confinement of the excited car-
riers in these systems strongly influences
the electron transport and energy relaxa-
tion pathways responsible for these novel
phenomena. For example, the photocurrent
extracted from a graphene p—n junction is
not dominated by the photovoltaic effect
(as expected for traditional semiconductor
devices), but rather by a photothermoelec-
tric (PTE) effect.®
Carbon nanotubes offer a unique combi-
nation of electron transport and energy
relaxation pathways. The band gap of a
CNT is widely tunable via subtle changes
in CNT diameter and chirality.” Strong
electron—electron interactions in CNTs
mean that excitons play an important role
in light absorption and energy relaxation.
These electron—electron interactions also
lead to a strong enhancement in the impact
ionization pathway for energy relaxation.?®
Carbon nanotube optoelectronic devices
have been studied intensively using electrically
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driven light emission,>® spectrally resolved
photoconductivity and photocurrent, %~
and spatially resolved photocurrent and
photoconductivity.'> ™' Previous studies
of surface-bound CNT field-effect transistors
(FETs) identified the photovoltaic effect as
the mechanism for photocurrent genera-
tion at the metal—CNT interface.’® '8 In this
work, we have investigated suspended CNT
FETs. Suspended CNTs become much hotter
than substrate-bound CNTs for a given
amount of heat input.zo’21 Therefore, the
suspended geometry should promote PTE
effects.>*® Our measurements of suspended
CNTs show that light-induced thermal gra-
dients lead to significant currents, which
overwhelm photovoltaic currents in some
regimes of electrostatic doping. Our mea-
surements give new insight into the tunable
and spatially inhomogeneous Seebeck
coefficient of electrostatically gated CNTs
and demonstrate a new mechanism for
optimizing CNT-based photodetectors and
energy-harvesting devices.

RESULTS AND DISCUSSION

Figure 1a shows the geometry of our
suspended CNT FET.?* The CNT was grown
on top of the Pt electrodes as the last step of
the fabrication process. Raman spectra ob-
tained from the suspended CNTs are free
from defect peaks, as shown in the inset of
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Figure 1. Suspended CNT FET device characteristics. (a) Diagram of suspended nanotube device. (b) Conductance measure-

ment of device 1 taken with a 25 mV source—drain bias voltage.

Inset graph shows Raman spectra from the suspended CNT.

Inset diagrams show band bending for the on and off states. (c) Short-circuit scanning photocurrent image of device 1 taken
with G(Vg = 0) ~ 1 uS. Laser power at the sample is 100 4uW (1 = 633 nm). Dotted lines represent the electrode edges as
measured from corresponding reflectance image (not shown). Dashed line shows CNT axis (x-axis). Scale bar is 2 um.

Figure 1b (in contrast to Raman spectra obtained from
surface-bound CNT sections). The absence of a defect
peak indicates that the suspended CNT is free from
electrostatic disorder.? Figure 1b shows a typical low-
bias conductance measurement of a completed sus-
pended CNT FET (device 1) where a single CNT con-
nects the electrodes.

The high on/off ratio of the FET (Figure 1b) indicates
a band gap greater than about 0.5 eV. For a more
accurate estimate of CNT band gap, an additional 10
semiconducting CNT devices were fabricated and
tested by spectrally resolved photoconductivity mea-
surements.'®?® Determination of E;; and E,, reso-
nances yielded diameters ranging from 1.9 to 2.4 nm.
Itis somewhat surprising that no CNTs were found with
smaller diameters. However, all devices were prese-
lected to have good electrical contact, and it is known
that metal/CNT contact improves dramatically with
increasing CNT diameter.?” We conclude that the CNTs
in this study have diameters ranging from 1.9 to 2.4 nm
and band gaps ranging from 0.73 to 0.58 eV.%®

A photocurrent image of device 1 is shown in Figure 1c.
To make this image, we raster scanned a 100 uW
diffraction-limited laser spot, wavelength 633 nm,
across the device while recording the short-circuit current
Isc as a function of laser position. Electrode edges
(dotted lines in Figure 1c) are located by measuring
the reflected laser light intensity. From the reflection
image, we determine the laser intensity profile follows a
Gaussian point spread function with fwhm ~ 550 nm.
The photocurrent image shows strong responses where
the CNT contacts the metal. A halo of photocurrent
extends more than 2 um away from each CNT—metal
contact point. Similar observations of long-range signals
have been reported previously.'®'73

To gain more insight into the photocurrent genera-
tion mechanisms, we performed line scans of laser
position, Xjaser, along the CNT axis (x-axis) at different
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Figure 2. Gate-dependent line scans of device 1. (a) Line
scans of I;c measured in the on state (V; = —1.5 V) and off
state (V, = 0) taken along the x-axis shown in Figure 1c.
Vertical dashed lines in (a) indicate the position of the
electrode edges. (b) Map of the gate voltage dependence
of I along the x-axis. Laser power at the sample is 120 W
(A = 633 nm). The center of the trench is defined as x = 0.
The inset diagram shows the /s measurement configuration.

values of V. The line traces in Figure 2a show /sc(Xjaser)
at Vg =0V (in the off state) and Vg = —1.5 V (in the on
state). The position x|5ser = 0 corresponds to when the
laser is centered on the middle of the trench. The color
map of lsc(Xjaser, V) shows the evolution of /sc(Xjaser) as a
function of V. Understanding the features in /s(Xjaser Vo)
is the central topic of this paper.

When the laser spot is centered several micrometers
from the electrode edge, the suspended CNT is not
illuminated. In this case, current cannot be generated
by a photovoltaic mechanism; therefore, we explore
the possibility of a PTE effect. Figure 3 shows the open-
circuit voltage Vo (V) with the laser spot centered at
x ~ 1.8 um (illuminating the metal electrode, but not
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the CNT). A peak response of V. = 250 uV is observed
at Vy= 0.3V (the threshold of the on state). The polarity
of V,, corresponds to a buildup of negative charge on
the laser-illuminated electrode or, equivalently, a buildup
of positive charge on the dark electrode. The open-
circuit voltage falls to a plateau at more negative Vg
and drops to near zero at positive V.

From previous thermoelectric measurements of
single-walled CNT devices,?® we expect

Voo = S(V)AT m

where AT is the temperature difference across the CNT
device, S(V,) > 0 is the effective Seebeck coefficient
for a p-type CNT device (spatially averaged along the
length of the CNT), and the Seebeck coefficient of the
metal electrodes is negligible (Spy(300 K) ~ —5 1V/K).3°
Small et al. used on-chip heaters and thermometers to
determine S(Vg) of nonsuspended semiconducting
CNT devices (Figure 3, open circles). Small et al. ob-
served a peak value of 5(V,) &~ 250 uV/K when Vg was
set to the on-state threshold.

When Xjaser = 1.8 um, we estimate AT = 1 K; that is,
the hot end of the CNT is 1 K hotter than the cold end.
We find this AT value via two independent approaches.
In the first approach, we assume that the previously

300
—— Device 1

o 8(V,)(1K)
—~ 2004 0° _Small et al.

-8 -4 0 4 8
Vg (V)

Figure 3. Open-circuit voltage V,(V,) generated by device
1 at Xjaser = 1.8 um. Open circles represent the Seebeck
coefficient measurement of a semiconducting CNT from
Small et al. replotted here for a temperature difference
AT =1 K. Small's data have been offset in V/, to match the
threshold voltage of device 1.

measured peak Seebeck coefficient, 250 uV/K, is ap-
proximately equal for surface-bound and suspended
CNTs. In the second approach, we measure the
temperature of a CNT on top of a Pt electrode when
the CNT and Ptareilluminated by a 100 uW laser. This
thermometry measurement is performed by micro
Raman spectroscopy and utilizes the temperature-
dependent G-band shift. We find a temperature
rise of 2 K directly underneath the laser spot and
estimate the resulting AT = 1 K (see Supporting
Information).

Figure 3 shows a comparison between our measure-
ment of S(V,)(1 K) and the previous measurement by
Small et al. The data are in good agreement if one
assumes a factor 2 difference in gate-coupling effi-
ciency. In addition to differences in gate-coupling effi-
ciency, a sharper peak in V, (V) could also be caused
by the absence of substrate-induced electrostatic dis-
order in suspended CNTs.*'

Returning now to Figure 2, we can understand the
gradual increase in on-state /. as the laser moves
closer to the electrode edge. Scanning the laser toward
the electrode edge will increase the temperature at the
hot end of the CNT, thereby increasing AT. The ob-
served rise in ls(Xjaser) is consistent with a thermally
driven [, that tracks AT. The on-state (V; < —2 V)
photocurrent peaks at Xj,ser & £0.6 um, where the laser
spot reaches the edge of the metal electrode.

As the laser begins to illuminate the CNT, light can be
absorbed by both the CNT and the metal electrode. To
study this mixed regime, it is helpful to identify current
generated by CNT absorption as opposed to current
generated by heating of the metal electrode. The
absorption cross section of the CNT is known to be
polarization dependent;? therefore, we measured /-
(Vs Xiaser) With polarization either parallel (1) (Figure 4a)
or perpendicular (L) to the CNT axis. Figure 4b shows
the difference between the two laser polariza-
tion measurements: Al (Vg, Xiaser) = lsci (Vg Xiaser) —
lsc,L(Vgl Xlaser)~
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Figure 4. Polarization-dependent photocurrent maps. (a) /5

Vg, Xlaser) and (b) AIsc(Vgl Xlaser) = ISC,”(VgI Xlaser) - Is(,L(Vg: Xlaser)

from device 2. Photocurrent values have been normalized by the incident laser power, ~70 uW.
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Figure 5. Mechanism for the on-state PTE response. (a) Cartoon of the laser-illuminated device and corresponding on-state
band diagram. (b) Temperature profile due to photoinduced heating. The laser is considered to be a point source at xj,se,-
(c) Measured Vo (Xjaser) at Vg = —10 V after removing contributions from heating of the metal electrodes (Figure 4b). (d) The result

of eq 3 calculated using V, from (c) and § ~ 120 uV/K.

Figure 4b shows that light absorption by the CNT
also plays an important role in photocurrent genera-
tion. We first examine the off-state photocurrent,
where Isc)i(Vg, Xiaser) & 3.5lsc,1(V, Xiaser). The ratio of
lsc) to I, is consistent with previous photocurrent
polarization ratios for CNTs,'" and we conclude that
Al (Vg, Xiaser) corresponds to approximately 70% of the
current generated by CNT light absorption. In the
off state, the parallel and perpendicular polarization
measurements have the same functional form, with
Gaussian peaks at 0.3 um (fwhm = 550 nm). These
observations show that heating of the metal electrode
does not generate photocurrent in the off state.
We conclude that the photocurrent observed in the
off state is due to the photovoltaic effect, in agree-
ment with previous measurements of surface-bound
CNTs.'6"'8

Next we discuss Al near the transition between off
state and on state, which occurs at V; ~ 0V for this
device. Tuning Vy from the off state to the on state
leads to an abrupt sign flip in Al;c and an increase in the
magnitude of Al;.. The peaks in Als(Xjaser) remain at
+0.3 um. This behavior is consistent with the photo-
voltaic mechanism. First, the sign flip is expected from
areversal of band bending (see diagrams in Figure 1b).
Second, the position of the peaks do not shift, indicat-
ing the mechanism is the same on both sides of the
transition. Third, the change in magnitude is expected
due to the asymmetry between the Schottky barriers
for n-type/p-type transport. A large barrier limits the
extraction of photogenerated electrons in the off state,
while a small barrier limits the extraction of photo-
generated holes in the on state. We conclude that
the Al signal near the on/off transition is due to the
photovoltaic effect.

Deeper in the on state (Vy < —3 V) there is another
sign flip in Al. In Figure 4b this is seen as the gradual
emergence of peaks at Xjaser ~ 0.2 um, which
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overwhelm the peaks at 0.3 um. We have observed
these unexpected features in all five devices measured.
These anomalous photocurrent features contradict all
predictions of the photovoltaic mechanism.

When light is absorbed by the CNT, hot electron—
hole pairs are generated. These electron—hole pairs
can contribute directly to I via the photovoltaic
mechanism, but they also raise the local temperature
of the CNT. In our experiment, the photon energy is
approximately 1.5 eV greater than the band gap. Much
of this excess energy will be redistributed via rapid
relaxation pathways such as optical phonon genera-
tion and collisions with other charge carriers, both of
which occur on the 10 fs time scale.® We argue below
that this photoinduced heating creates temperature
gradients in the CNT, thereby driving PTE currents that
dominate Al at more negative V.

Previous authors have quantified the phonon tem-
perature of suspended CNTs while illuminating the
CNT with a focused laser.?’ The key factors determining
the CNT phonon temperature are the rate that heat is
delivered, the distance from the laser-heated segment
to the metal electrodes, the thermal conductance of
the CNT, and the thermal contact resistance at the
CNT—metal contact. On the basis of the results of Hsu
et al,”’ a 100 uW laser focused on the CNT a few
hundred nanometers from the electrode will heat the
CNT by a few Kelvin. For a more accurate estimate we
conducted G-band shift thermometry measurements
on device 2 (Figure 4) and found a temperature
increase at the center of the CNT of Tax — To =~ 5 K
for an incident power of 100 uW, where T, is the
ambient temperature (see Supporting Information).

Figure 5 shows our proposed mechanism for the
new photocurrent peaks emerging at Vg < —3 V.
The Seebeck coefficient in the CNT will be spatially
inhomogeneous due to band bending (Figure 5a). In
sections of the CNT that are lightly doped, S(x) will be
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large (on the order of 250 uV/K). In sections of CNT that
are heavily doped, S(x) will be small. For an inhomoge-
neous system, the net PTE voltage is found by calculating

dT (X, Xiaser)

i dx (2)

Voc Xiaser) = _/S(X)
where T(xXjaser) the temperature profile along the
CNT for a given laser position. For the purpose of
calculations, we assume a temperature T, at both
electrodes (ideal heat sinks) and a triangular peak in
the temperature profile (see Figure 5b). With such a
temperature profile, eq 2 predicts zero voltage if S(x) is
homogeneous, for example, in the flat band condi-
tion when the CNT is uniformly doped. However, eq 2
predicts a nonzero V. as S(x) becomes inhomoge-
neous. Deep in the on state, S(x) will be large near the
electrodes (lightly doped sections of the CNT) and
small in the center of the CNT (highly doped sections
of the CNT). The polarity of Als. that we observe deep in
the on state is consistent with this expected S(x).

To further test this proposed mechanism, we esti-
mate S(x) directly from measurements of Voc(Xjaser)
(note that V,, is equal to /s multiplied by the on-state
resistance of the device). We utilize a relationship
derived by St. Antoine et al. for a 1d system with
uniform thermal conductivity «, heated by a zero-width
source that delivers heat at position x at a rate g.>* For
this ideal system, it is found that

Kk dV, ~
=—-—%45 3)
g dx

5(x)

The ratio g/k can be determined from the maximum
temperature rise at the center of the CNT. We find g/k ~
20 K/um when the laser power is 100 uW.

Figure 5¢,d show plots of Vic(Xjaser) @and the calcu-
lated S(x) when Vg = —10 V. The parameter S is found
from earlier measurements of §(Vg) (Figure 3). Consis-
tent with the expected band bending, the calculated
S(x) is large near the electrodes and small near the
center of the CNT. The calculated S(x) does not reach
250 uV/K (the peak value in Figure 3). However, spatial
resolution is limited by the width of the laser spot, and
we interpret the calculated S(x) as a locally averaged
value. With improved spatial resolution we would
expect to reveal narrower/taller peaks in S(x).

METHODS

We fabricated devices using standard photolithography
techniques. Metal electrodes (Pt/Ti, 100/1 nm thickness)
sit on a 1 um thermally grown oxide layer atop p* silicon.
The source—drain electrodes situated 1 um apart act as a
shadow mask for the etching of a ~1 um deep trench in the
oxide layer. We then pattern catalyst islands of Fe (Fe/SiO,/Ti,
1/20/1 nm) on the electrodes a few micrometers from the
edge of the trench. CNTs are grown as the last step in
the fabrication, resulting in defect-free suspended carbon
nanotubes.?
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The analysis described above could be improved by
direct measurement of the electron temperature in the
CNT. Raman-shift thermometry, which we use in this
work, measures the phonon temperature in the CNT.
However, gradients in the electron (or hole) tempera-
ture ultimately drive the PTE effect. Photoexcita-
tion does not always heat the electron system and
the phonon system equally. For example, in laser-
illuminated graphene photodiodes the electron tem-
perature is thought to differ from the phonon tempera-
ture.® For our CNT devices, the thermal conductivity
between the free carriers and the lattice is less than the
thermal conductivity from the lattice to the electrodes
(see Supporting Information). Therefore, the measured
phonon temperature is likely a lower bound on the
temperature of the free carriers. Further work is re-
quired to establish the actual temperature of the free
carriers.

In summary, the PTE mechanism explains our
experimental observation of anomalous photocur-
rent features at Vg < —3 V. Moreover, Voc(Xjaser) data
combined with temperature calibration data can
be used to estimate S(x) with diffraction-limited spatial
resolution.

CONCLUSION

We have observed evidence for both the photovol-
taic mechanism and the PTE mechanism driving
photocurrents in suspended CNT FETs. In the off state,
the photovoltaic effect is the dominant mechanism. In
the on state, laser heating of the electrodes leads to
PTE voltages/currents. Utilizing this electrode heating
effect, we have made the first measurement of the
gate-dependent Seebeck coefficient for an ultraclean
suspended CNT. In the on state, laser heating of the
CNT also leads to PTE voltages/currents. These PTE
effects dominate photovoltaic effects when band
bending creates inhomogeneous S(x). To quantify
these PTE effects, we introduced temperature calibra-
tion techniques that extend the utility of scanning
photocurrent microscopy. Our findings demonstrate
the critical role of light-induced heating in suspended
CNT optoelectronic systems. These heating effects will
play a role in optimizing CNT-based photodetectors
and light-harvesting devices.

The design of our home-built scanning photocurrent micro-
scope has been described previously.?® Measurements of
Isc were made using SRS current preamplifier model SR 570.
Measurements of V. were made using a voltage preamplifier
(SRS model SR 560).
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