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 Competing Photocurrent Mechanisms in Quasi-Metallic 
Carbon Nanotube  pn  Devices 
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bandgap. [ 17 ]  These previous calculations, however, are based 

on local density approximation (LDA) methods, which are 

known to underestimate bandgap values substantially. These 

bandgap values, ranging from 0 to 180 meV, are smaller than 

those of any known bulk material and fall in the terahertz 

and far infrared regime. Such carbon nanotube materials are 

potential candidates for realizing Terahertz and far infrared 

optoelectronic devices. [ 21–24 ]  

 In the work presented here, we systematically investi-

gate the mechanisms underlying photocurrent generation 

in quasi-metallic nanotubes over a wide range of bandgaps 

(30–180 meV). Here,  pn -junctions are formed by electro-

static doping using two gate electrodes positioned beneath 

individual suspended nanotubes. We measure the photo-

current as a function of the electrostatic doping. We corre-

late homogenous  pn -doping dependence ( V  g1  = – V  g2 ) of the 

photocurrent with the current–voltage ( I–V  g ) characteristics 

( V  g1  =  V  g2 ) of each device. These  I–V  g  characteristics, in turn, 

are used to determine the bandgap of the nanotubes by fi t-

ting our data to a Landauer transport model. The mechanism 

underlying photocurrent generation is then established by 

correlating the photocurrent transport with the calculated 

thermoelectric power, the measured conductance, and the 

extracted bandgap for all devices. 

  Figure    1  a shows a schematic diagram along with a SEM 

image of the device under investigation. The lithography and 

fabrication steps as well as the experimental setup are dis-

cussed in the Experimental Section.  Figure    2  a,b shows pho-

tocurrent maps of two different 4-µm long suspended CNT 

devices plotted as a function of all possible gate-doping con-

ditions. We observe two distinct trends in this data. In the 

fi rst trend, shown in Figure  2 a, the photocurrent magnitude 

reaches a maximum at low  pn/np  concentrations (e.g.,  V  g1  = 2 

and  V  g2  = –1) and then decreases with increasing electrostatic 

doping (e.g.,  V  g1  = 6 and  V  g2  = –6). In this Figure, we notice 

the sixfold pattern, which is characteristic of the photother-

moelectric effect. [ 8 ]  In Figure  2 b, however, a different trend 

is observed, where the photocurrent reaches a maximum 

value and then saturates with increasing electrostatic  pn/np  

doping, which we attribute to photovoltaic charge separation, 

where a built-in electric fi eld separates the electron-hole pair 

causing photocurrent to fl ow in the nanotube. 

    Figure    3   shows the photocurrent versus  pn- doping profi les 

for four different nanotube devices under equal and oppo-

site gate potentials (i.e.,  V  g1  = – V  g2 ). The conductance curves 

of these devices are also plotted in the insets of these fi gures. 

Here, two distinct trends can be seen in Figure  3 a–d. For DOI: 10.1002/smll.201403413
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  In recent years, the optoelectronic properties of graphene and 

carbon nanotube devices have been investigated by several 

research groups. [ 1–7 ]  Graphene fi eld-effect-transistors with a 

double gate structure exhibit a photocurrent originating from 

a photothermoelectric effect in which the optical excitation 

creates a temperature gradient. [ 8 ]  The thermoelectric diffu-

sion of carriers from the hot region to the cold region results 

in the measured photovoltage/photocurrent. Extensive 

studies on semiconducting carbon nanotube devices have 

been carried out, reporting multiple electron-hole pair gen-

eration, [ 9 ]  ideal diode behavior, [ 10 ]  photovoltaic effect, [ 11 ]  and 

photothermoelectric effect. [ 12,13 ]  Barkelid and Zwiller investi-

gated the photothermoelectric effect in quasi-metallic carbon 

nanotube split gates, [ 14 ]  where their photocurrent is a strong 

function of the nanotube’s thermoelectric power. Moreover, 

quasi-metallic carbon nanotube  pn  devices have shown rec-

tifying behavior and Zener breakdown under reverse bias. [ 15 ]  

This rectifying behavior occurs due to anomalously large 

bandgaps, which exceed theoretically predicted bandgaps 

by 200%–400%. [ 16–19 ]  These large quasi-metallic bandgaps 

are only observed in ultraclean nanotubes suspended off the 

substrate. [ 16,20 ]  Otherwise, inhomogeneities induced by the 

underlying substrate smear the band edges, making the band-

gaps appear smaller. The bandgap in nominally “metallic” 

nanotubes (i.e., ( n–m )mod3 = 0) arises from the curvature of 

the nanotube, which mixes the  π  and  σ  orbitals and opens a 
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Devices 1 and 3, the photocurrent profi le shows a nonmono-

tonic function with equal and opposite  pn  doping, while the 

 I–V  g  curves of these devices exhibit a slight dip in the con-

ductance at the charge neutrality point, indicating that these 

quasi-metallic nanotubes have relatively small bandgaps. This 

nonmonotonic profi le is consistent at different laser powers, as 

illustrated in Figure S3 (Supporting Information). For Devices 

2 and 4, the photocurrent shows a monotonic profi le that sat-

urates at a constant value with increasing  pn  doping. These 

devices exhibit a large dip in the conductance-gate voltage 

curves at the charge neutrality point, where the conductance 

is modulated by at least 73%. We attribute the former profi les 

(Figures  3 a,c) to photothermoelectric effect and the latter pro-

fi les (Figures  3 b,d) to photovoltaic effect, as explained below. 

These two different types of behaviors indicate that quasi-

metallic nanotubes can exhibit photothermoelectric and pho-

tovoltaic effects, depending on the magnitude of the bandgap. 

  The measured photocurrent of Devices 1 and 3 can 

be modeled by calculating the thermoelectric power (i.e., 

Seebeck coeffi cient) of the nanotube. The photothermo-

electric photocurrent is proportional to the thermoelectric 

power, and can be calculated based on the  I–V  g  character-

istics measured for these devices according to the following 

expression [ 25 ] 
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 where  S  is the thermoelectric power, Δ T  is the temperature 

difference between the center and ends of the nanotube, and 

 R  is the resistance of the device. The thermoelectric power is 

given by the Mott formula according to [ 13 ] 
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 where  k  B  is the Boltzmann constant,  T  is the temperature, 

and  G  is the nanotube conductance. The term, d
d g

G
V

 is taken 

from the measured conductance versus gate-voltage curve 

(shown in the insets of Figure  3 ). The relation between the 

gate voltage and the Fermi energy is established from fi ts of 

our conductance-gate voltage data using a Landauer trans-

port model [ 16,26–28 ]  given by
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   Here,  λ  eff  is the effective mean free path for electrons in 

the system given by Mathiessen’s rule. [ 16,26,29 ]  The integral is 

taken over the density of states ( D ), which is given by
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 where the derivative is taken over a hyperbolic dispersion 

relation with a small bandgap. Figure S5 (Supporting Infor-

mation) shows the landauer model fi ts to the measured 

conductance curves for all samples measured in this study. 

Accordingly, in  Figure    4  a, the thermoelectric power calcu-

lated in this fashion is plotted for Device 3 in Figure  3 c. The 

excellent agreement between the measured photocurrent 

profi le (Figure  3 a) and the calculated thermoelectric power 

(Figure  4 a) indicates that the photocurrent generation is pho-

tothermoelectric in origin. 

   The photocurrent in Devices 2 and 4, shown in Figure  3 b,d, 

reaches a maximum and stays constant over a wide range of 

 pn/np  doping. The extracted thermoelectric power for Device 

4 is plotted in Figure  4 b. As illustrated, this model fails to 

small 2015, 
DOI: 10.1002/smll.201403413

 Figure 1.    Split gate quasi-metallic nanotube geometry. a) Schematic 
diagram and b,c) SEM images of the fi nal  pn -device structure.
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produce the observed photocurrent profi le in Figure  3 d. 

A more appropriate model that fi ts the photocurrent pro-

fi le for this class of devices is the photovoltaic effect, where 

the built-in potential of the  pn -junctions is strong enough 

to break the exciton binding energy (Figure S4, Supporting 

Information). For quasi-metallic nanotubes, recent experi-

ments show that the exciton binding energy from the optical 

absorption spectra is on the order of 50 meV. [ 30 ]  In photo-

voltaic devices, the maximum built-in voltage (and hence 

built-in electric fi eld) attained inside the junction is set by 

the bandgap of the material. In our case, these quasi-metallic 

nanotubes exhibit anomalously large bandgaps, larger than 

50 meV. The expected built-in voltage is in the same order 

as the bandgap of these nanotubes, which is comparable 

with the exciton binding energy. Accordingly, we deduce that 

quasi-metallic nanotubes with bandgap magnitudes larger 

than the exciton binding energy are capable of showing the 

photovoltaic effect. 

 In  Figure    5  , we compare the electron transport measure-

ments for devices that exhibit identical device length, but 

showed different photocurrent profi les. As expected, due to 

the existence of the anomalously large bandgap in devices 
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 Figure 2.    Photocurrent measurements on quasi-metallic nanotube devices. Generated photocurrent maps measured for all different combinations 
of gate voltage 1 and 2 of a) Device 1, and b) Device 2.

 Figure 3.    Measured photocurrent of homogenous  pn  doping. Measured photocurrent plotted as a function of electrostatic  pn  doping ( V  g1  = – V  g2 ) 
of four different devices. The measured photocurrent shows a nonmonotonic profi le for a) Device 1 and c) Device 3. For b) Device 2 and d) Device 
4, however, the measured photocurrent saturates with increasing electrostatic doping. The insets show the measured conductance versus gate 
voltage of each device, taken with  V  g1  = V  g2 .
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with photovoltaic effect, the conductance modulation of 

Device 2 and 4 is large, reaching 90% and 73%, respectively, 

compared with Device 1 and Device 3, which only varies by 

30% and 50%, respectively.  Table    1   shows a summary of the 

results obtained on a total of fi ve different devices, which 

lists the bandgap, change in conductance (Δ G / G  max ), the 

photocurrent profi le observed, and the associated photocur-

rent mechanism. We fi nd that devices with bandgaps below 

50 meV exhibit photocurrent due to the photothermoelectric 

effects (i.e., nonmonotonic photocurrent gate dependence). 

Whereas, devices with bandgaps above 80 meV (anomalously 

large) exhibit photocurrent saturation with increasing  pn -

doping concentrations indicative of photovoltaic behavior. 

This sets a lower limit for the bandgap above, which the pho-

tovoltaic effect becomes the dominant mechanism for photo-

current generation in  pn -doped carbon nanotubes. 

  In conclusion, quasi-metallic nanotube  pn  devices show 

two different trends in their photocurrent behavior. For 

devices with a small dip in the conductance ( E  gap  ≤ 50 meV), 

the photocurrent is a nonmonotonic function of electrostatic 

 pn  doping (i.e.,  V  g1  = – V  g2 ), and the measured photocur-

rent profi le agrees with the photothermoelectric model. For 

devices that exhibit bandgaps larger than  E  gap  ≥ 80 meV, the 

photocurrent saturates to a constant value over a wide range 

of  pn/np -doping conditions. The fundamental photocurrent 

effect for these devices is photovoltaic in origin, where the 

built-in voltage magnitude is suffi ciently large to break the 

exciton binding energy. These optoelectronic measurements 

shed light on the unique photophysics associated with anom-

alously large bandgaps in quasi-metallic carbon nanotubes.  

  Experimental Section 

  Fabrication : Devices are fabricated by fi rst etching a 500-nm 
deep, 4-µm wide trench in pregrown silicon nitride (100-nm thick) 
on silicon oxide (1-µm thick) on silicon, as illustrated in Figure  1 a. 
Pt electrodes are deposited on top of the silicon nitride, which 
act as the source and drain electrodes, and two 1-µm wide gate 
electrodes are deposited in the trench with 1 µm separation. Iron 
catalyst is deposited on top of the source and drain electrodes for 
nanotube growth, which occurs at 875 °C for 10 min, using ethanol 
as the carbon feedstock. [ 16,31–33 ]  As the nanotube growth is the 
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 Figure 4.    Thermoelectric power. The calculated thermoelectric power of 
a) Device 3 in Figure  2 c and b) Device 4 in Figure  2 d. For Device 3, the 
thermoelectric power profi le is in excellent agreement with the measured 
photocurrent profi le. While for Device 4, the measured photocurrent 
profi le does not follow the calculated thermoelectric power profi le,

 Figure 5.    Conductance comparison and bandgap modulation. The normalized conductance of a) Device 1 (dotted red curve) and Device 2 (blue 
solid curve). Both of these devices are ≈4-µm long. b) Device 3 (dotted red curve) and Device 4 (blue solid curve). Both of these devices are 
≈1.5-µm long.
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last step in the sample fabrication process, this method ensures 
that the nanotube is not contaminated by any chemical residues 
from the lithographic processes. 

  Characterization : Devices are considered by measuring the 
 I–V  bias  characteristics under high bias for each device. Devices that 
show a maximum current  I  max  ≈ 10/ L,  where  L  is the trench width 
in micrometer and  I  max  is in microampere, correspond to individual 
carbon nanotubes and are selected for further study. [ 26,31,33,34 ]  
Raman spectra of these individual quasi-metallic nanotubes 
along with photocurrent spectra are measured as shown in the 
(Figures S1,S2, Supporting Information). 

  Photocurrent Experimental Setup : For all Devices, an optical cry-
ostat stage is mounted under a microscope for electrical biasing. A 
633-nm laser is focused through an objective lens on the middle 
portion of the nanotube, where the  pn -junction is located. Before 
laser illumination, The Device is gated in a  pn/np  confi guration. 
We used 2.9 kW cm –2  laser power. Photocurrent is measured at the 
source electrode with the drain electrode being grounded. A lock-in 
technique is used to measure low photocurrent values.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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  Table 1.    The extracted bandgap, conductivity modulation, and the 
photocurrent mechanism observed in fi ve different devices. In the 
last column, photovoltaic effect and photothermoelectric effect are 
abbreviated as (PV) and (PTE), respectively. 

Device Bandgap 
[meV]

[Δ G / G  max ] Photocurrent 
profi le observed

Photocurrent 
mechanism

Device 1 30 30% Nonmonotonic PTE

Device 2 170 90% Monotonic PV

Device 3 48 50% Nonmonotonic PTE

Device 4 81 73% Monotonic PV

Device 5 180 97% Monotonic PV




