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We study photocurrent generation in individual suspended carbon nanotube pn junctions using 

spectrally-resolved scanning photocurrent microscopy. Spatial maps of the photocurrent allow us 

to determine the length of the pn junction intrinsic region, as well as the role of the n-type Schottky 

barrier. We show that reverse-bias operation eliminates complications caused by the n-type 

Schottky barrier and increases the length of the intrinsic region. The absorption cross-section of 

the CNT is calculated using an empirically verified model, and the effect of substrate reflection is 

determined using FDTD simulations. We find the room temperature photocurrent quantum yield 

is approximately 30% when exciting the carbon nanotube at the S44 and S55 excitonic transitions. 

The quantum yield value is an order of magnitude larger than previous estimates. 
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Nanomaterials are promising candidates for improving the performance of photodetectors and 

solar energy harvesting devices. Unique features of nanomaterials such as quantum confinement 

and strong electron-electron interactions can be harnessed to enhance the conversion of 

electromagnetic energy into electrical current. For example, the multiple exciton generation 

process in quantum dots has been used to boost the quantum efficiency of solar cell devices,1,2 and 

evidence of carrier multiplication (CM) has been observed in carbon nanotube (CNT) 

photodiodes.3   

Carbon nanotubes are particularly promising because CM has been observed close to the energy 

conservation limit ( ω = 2Eg, where ω is photon energy and Eg is the CNT band gap).3 

Experiments conducted at low-temperature (T = 60 K) on individual CNTs show that reverse-bias 

photocurrent increases dramatically when a CNT photodiode is illuminated with ω > 2Eg rather 

than ω < 2Eg. While compelling, these experiments did not quantify the photocurrent quantum 

yield (QY), defined as the number of photogenerated carriers extracted from the device per 

absorbed photon. Robust methods of determining QY are needed to examine the physics of CM in 

CNTs.  

One previous report has estimated the photocurrent QY of CNT photodiodes. Malapanis et al. 

measured individual CNT photodiodes in photovoltaic mode (no reverse bias) and found a room 

temperature photocurrent QY of 1 - 5%.4 The photodiodes used by Malapanis et al. were built 

from partially suspended CNTs with diameters in the range 1 – 2 nm. The whole device was 

illuminated, including the CNT-to-metal contacts. Photon energy was tuned to the first and second 

exciton transitions (S11 and S22). 

In this work, we study CNT pn junctions in a different regime. We use fully-suspended 

individual CNTs with diameters of 2 - 3 nm. The optical excitation energy is tuned to either S44 or 



S55 and we study QY as a function of reverse bias. Using a focused laser spot we directly measure 

the length of the intrinsic region and isolate photocurrent from the pn junction. We find a 

photocurrent QY of 20 - 40%, an order of magnitude larger than previous work and a step closer 

to the ultimate goal of exceeding 100%. 

 

Figure 1. a) Scanning electron microscope image of the device geometry. b) Device schematic. c) 

Dark and illuminated diode curves from device 1 (red and black respectively). The illumination 

wavelength is 632nm and Vg2 = -Vg1 = 8 V.  d) Scanning photocurrent microscopy image of device 

1, Vg2 = -Vg1 = 8 V and Vsd = 0 V. The dotted line indicates the CNT axis. The black dashed lines 

indicate the source/drain electrode edges. The gray dashed lines indicate the split-gate electrode 

edges. The beam radius a = 550 nm. The scale bar is 1 μm. 

 

Our devices are made from single CNTs suspended above two split gates (Figure 1a,b). The 

distance between source and drain electrodes is 2 μm and the separation between split gates is 250 



nm. The top surface of the Pt source and drain electrodes is 770 nm above the top surface of the 

Pt split gates. A thin layer (~ 30 nm) of SiO2 covers the split gates. The CNTs are grown as the 

last step of device fabrication. A fast-heat growth method is used to create pristine suspended 

CNTs free of chemical residue.5 We estimate the capacitance between each gate electrode and the 

suspended CNT to be approximately 4 aF/μm (see Supporting Information). Fully-suspended 

CNTs grown in this way have been used to study a range of fundamental CNT properties.6  

The suspended CNT diodes rectify current over a wide range of Vsd. The onset of reverse bias 

breakdown occurs when |Vsd| > |Vg1|. Under forward bias, an exponential increase in current, ∝

exp	 / , is observed above a certain threshold voltage. Above this threshold we observe 

ideality factors, n, between 1.2 and 1.3 (see Supporting Information). Unlike a typical diode, the 

exponential current increase does not begin at Vsd = 0. The threshold for exponential current 

increase can be greater than 1 V (larger than Eg/e) in some gating configurations. This gate-tunable 

threshold shift was previously studied by Liu et al., who explained the behavior by analyzing the 

role of the n-type Schottky barrier.7 We have verified that our diodes exhibit the same gate-tunable 

I-Vsd behavior as reported in Ref. 7 (see Supporting Information). 

Figure 1c shows the dark and illuminated diode curves of a device measured in air with Vg2 = -

Vg1 = 8 V. The carrier concentration in the n-type and p-type regions is approximately 200 μm-1 

(see Supporting Information). Illumination is performed with a defocused laser such that the CNT 

and metal electrodes are uniformly illuminated. The illuminated curve is strikingly different from 

a traditional photodiode. At negative bias, the photocurrent increases linearly with Vsd. At positive 

bias, between 0.1 – 0.6 V, the photocurrent also increases linearly with Vsd. The open circuit 

voltage, Voc ~ 50 mV, is much lower than the band gap of a semiconducting CNT.  



To understand the cause of these unusual characteristics, we performed scanning photocurrent 

microscopy (SPCM) using our home-built SPCM system.8 A focused laser spot is raster scanned 

over the surface while the reflected light and photocurrent are measured simultaneously. The laser 

spot has a Gaussian intensity profile, exp(-r2/a2) where r is the distance from the center of the beam 

and a is the beam radius. Figure 1d shows the scanning photocurrent microscopy (SPCM) image 

at Vsd = 0 with a = 550 nm. The negative photocurrent in the center of the CNT coincides with the 

expected position of the pn junction. The positive photocurrent near the right contact is close to 

the junction between the n-doped CNT and the metal electrode. The pattern in the photocurrent 

image (positive and negative spots elongated in the y-direction) is consistent with the 

superimposition of two Gaussian point spread functions of opposite sign centered 0.9 μm apart. 

The zero-bias SPCM data suggests that there is a pn junction in the center of the suspended CNT 

and a Schottky diode where the n-type CNT meets the metal electrode. We tested this idea by 

repeating SPCM measurements at different values of Vsd. Figure 2 shows photocurrent profiles 

measured along the CNT axis. At x = 0 the laser is centered on the middle of the suspended CNT. 

At x = ±1.1 μm the laser is centered on the ends of the suspended CNT. When Vsd > 0, the 

photocurrent peak at x = 0.9 μm is enhanced. When Vsd < 0, the photocurrent peak at x = 0 is 

enhanced. When Vsd = 0, the two peaks are roughly equal.  



 

 

Figure 2. Photocurrent cross-sections (gray dots) measured along the CNT axis of device 1. The 

Gaussian beam radius is a = 550 nm. The laser is scanned with a step size of 60 nm. Solid black 

lines show fit curves constructed from Gaussian functions (a = 550 nm) centered at x = 0 and x = 

0.9 m. The bias voltages are a) Vsd = +0.25 V, b) Vsd = 0 V, and c) Vsd = -0.25 V. 

 

The band bending diagrams accompanying Figure 2 illustrates our interpretation of the 

photocurrent peaks at x = 0 and 0.9 m. When Vsd = +0.25 V, the peak centered at x = 0.9 m 

dominates I(x). The n-type Schottky barrier is in reverse bias, which increases the length of the 

intrinsic region near the contact, LSch. Assuming LSch < a, we expect a peak photocurrent  

′ , 



where  is the photocurrent QY,  is the photon flux at the center of the laser spot, σc is the 

absorption cross section per carbon atom and ′ is the number of carbon atoms per unit length. 

The sign of the current is determined by the direction of the local electric field. When Vsd = -0.25 

V, the peak centered at x = 0 dominates. The pn junction is in reverse bias which increases the 

length of the intrinsic region in the center of the CNT, L. Assuming L < a, we expect a peak 

photocurrent 

′  

In summary,  and  have opposite sign due to the opposing local electric fields. 	  grows 

when Vsd > 0 because LSch increases.  grows when Vsd < 0 because L increases. Near Vsd = 0, 

 and  become equal and opposite.  

The model depicted in Fig. 2 helps explain the illuminated diode curve shown in Fig 1c. The 

illuminated diode curve is measured using a defocused laser (uniform  across the whole device), 

therefore the net photocurrent is . Adding these opposing photocurrents 

results in three distinct segments of the illuminated I-Vsd curve. At negative Vsd, the net 

photocurrent is dominated by . At positive Vsd, the net photocurrent is dominated by . When 

Vsd is close to zero, the two photocurrents cancel each other. These three Vsd regimes appear as 

three different slopes in Fig 1c. 

In the context of photocurrent QY measurements, the key insight is that  dominates when Vsd 

< 0. The disappearance of  indicates a flat band condition where the n-type CNT meets the 

electrode. We conclude that a small negative Vsd is ideal for studying the photocurrent generation 

process in the suspended CNT pn junction. Reverse bias is used for this purpose throughout the 

rest of this paper. 



Our goal is to determine the photocurrent QY from the pn junction. As a working model, we 

assume the photocurrent QY has a constant value, , within the intrinsic region of the pn junction. 

We assume that QY is zero everywhere else because Auger processes lead to extremely short 

minority carrier lifetimes in doped CNTs.9,10 If photocurrent is excited by a Gaussian laser spot 

with photon flux exp / , we expect peak photocurrent 
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We determine Ipeak and a from SPCM imaging. Determination of the other variables, ′, , and 

L is discussed below.  

Systematic determination of σ  has recently has been accomplished,11,12 allowing us to 

calculate ′ based on the chiral index of the CNT. We determine the chiral index by measuring 

the photocurrent spectra (Figure 3a). The light source for this measurement is a supercontinuum 

laser (Fianium SC450 with 40 MHz repetition rate) filtered by a double-monochromator in 

subtractive mode. The light is defocused (a ~ 10 m) and polarized parallel to the CNT axis. The 

peaks in the photocurrent spectrum are compared to the CNT atlas,13 as detailed in our previously 

published method.14 After identifying the chiral index that matches the observed exciton 

resonances, σ  is calculated using empirically verified expressions for oscillator strength and 

linewidth of the exciton and continuum transitions.11 The predicted absorption spectrum for Device 

1 (parallel polarization) is plotted in Figure 3b. The energy-averaged σ 	(horizontal dashed line) 

is approximately equal to the absorption cross-section of graphene, as expected from the f-sum 

rule.  



 

 

 

Figure 3. a) Photocurrent spectrum measured from device 1 (solid line). Calculated photocurrent 

spectra based on absorption cross section and intensity enhancement factor (dashed line). b) 

Calculated (solid line) and energy-averaged (dashed line) absorption cross section. c) Calculated 

intensity enhancement factor for focused beam (solid line) and plane wave (dashed line).  

 

The photon flux, , includes contributions from both incident and reflected light, and is 

complicated by interference effects. To determine , we performed FDTD simulations with 

LumericalTM software. Our simulations calculate the wavelength-dependent intensity-



enhancement factor 
| |

| |
, where E and E0 are optical electric fields determined at the CNT position 

when the device structure is respectively present or absent. We have performed simulations for 

both a defocused and focused laser (Figure 3c). The defocused beam is relevant for understanding 

the photocurrent spectrum (Figure 3a), while the focused beam is used to interpret the SPCM 

measurements. The calculated intensity enhancement factor accurately predicts the suppression of 

photocurrent at photon energies near 1.8 eV and 2.6 eV (Figure 3a) if we assume the CNT is 675nm 

above the reflecting surface of the split-gate electrodes.  Comparing 
| |

| |
∙  (dashed line in 

Figure 3a) to the measured photocurrent spectrum reveals excellent agreement in the energy range 

1.5 – 3 eV, giving us confidence in our understanding of the intensity enhancement factor. The 

discrepancy at low photon energy is suggestive of reduced . The energy dependence of  is 

discussed further below. 

To determine the length of the intrinsic region, L, we maximize the spatial resolution of our 

SPCM by reducing the beam radius (100X objective, NA = 0.8). The measurements are performed 

in a vacuum environment to minimize gate hysteresis effects. Interestingly, the vacuum 

environment has an additional effect of reducing the photocurrent generated at the n-type Schottky 

barrier when the device is operated at Vsd = 0. The reduced effect of the Schottky barrier is likely 

due to a change in Fermi-level pinning.15 Figure 4a shows an image obtained with Vsd = -0.5 V 

and a = 0.37 μm. The photocurrent spot is symmetric and corresponds to the point spread function 

of the laser. The faint halo around the main photocurrent spot is caused by the Airy disk pattern 

generated by overfilling the back plane of the objective. When the reverse bias is increased, the 

photocurrent spot elongates along the CNT axis, suggesting an increase in L. We quantify L by 

comparing the photocurrent profile, I(x), to the expected profile from an intrinsic region of length 

L, 



	
√
2
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Equation 2 reduces to eq 1 when x = 0. Figure 4c shows the measured photocurrent profiles, 

together with the fit curves. 

 

Figure 4. a-b) High resolution photocurrent images of device 3 (100X objective with NA 0.8), a 

= 0.37 μm, Vg2 = -Vg1 = 10 V, Plaser = 1.56 μW, and  = 2.54 eV a) Vsd = -0.5 V, b) Vsd = -4 V.  

Scale bars are 1μm. c) Photocurrent cross-sections at Vsd = 0, -0.5, -1, -2, -3, and -4 V (red dots). 

Fitted curves using eq 2. Inset: Curve fitting parameters.  

We obtain good fits to the SPCM cross sections by assuming  is independent of Vsd and 

adjusting L for each curve. The resulting values of  and L are shown in the inset of Figure 4c. 

There are other approaches to fitting the data, for example, leaving both  and L as free parameters 

when L > 0.37 μm. These alternative fitting procedures lead to qualitatively similar results.  



The constant  hypothesis results in a near perfect linear relationship between L and Vsd (see 

inset Fig. 4c). This linear relationship between L and Vsd is consistent with the illuminated diode 

curve (Fig. 1c) and can be explained using a simple electrostatic model. The integral of the electric 

field across the pn junction depends on Vsd and Eg, 

/ , 

where  is the component of electric field pointing along the CNT axis, and  is the fraction 

of Vsd that drops across the pn junction. The magnitude of  grows when Vsd becomes 

more negative. The integral is approximately equal to the product , where  is the 

maximum value of .  depends strongly on Vg1, Vg2 and the charge density profile along 

the CNT, but has relatively weak dependence on Vsd (there is no appreciable change in the charge 

density profile when |Vsd| << |Vg1,g2|). Therefore, we expect the linear relationship between in 

 and Vsd to be driven by L, while  stays constant. Based on the experimentally 

determined relationship between L and Vsd (inset of Fig. 4) we estimate 	 	-4 V/m for the 

gate voltages used here. A similar electric field strength was recently calculated by solving 

Poisson’s equation iteratively to find a self-consistent charge density profile in a suspended CNT 

device with Vg2 = - Vg1 = 9 V. 16 

After establishing robust methods to determine , , and L, we measured  in three devices 

(Table 1). The supercontinuum light source was polarized parallel to the CNT axis and tuned to an 

exciton resonance (either S44 or S55). The intensity was reduced below 1 kW/cm2 to ensure that 

measurements are performed in the linear regime. At higher laser powers we have observed sub-

linear power dependence, as reported by other authors.17 A reverse bias Vsd = -4V was used to 

make L and Ipeak more experimentally accessible.  

 



 

Device (n, m) D 
(nm) 

 

(eV) 

 = Sxx c  

(nm) 

Power 
(μW) 

|E|
|E |

 
a 

(μm) 
L 

(m) 

Ipeak 
(pA) 

 

1 (20, 19) 2.65 0.53 2.34 eV = S55  0.402 4.21 1.42 0.48 1.25 415 0.39 
2 (22, 9) 2.17 0.63 2.13 eV = S44  0.436 3.29 1.65 0.55 1.64 241 0.21 
3 (18, 17) 2.37 0.59 1.92 eV = S44 0.495 3.19 0.61 0.58 1.07 134 0.27 
3 (18, 17) 2.37 0.59 2.54 eV = S55 0.367 2.51 0.78 0.42 1.07 138 0.42 

 

Table 1. Determination of photocurrent QY, , when  = S44 or S55. Ipeak was measured with a 

50X objective (NA = 0.5) and Vsd = -4 V, Vg2 = -Vg1 = 10 V.  is calculated using eq 1. CNT band 

gap is estimated using Eg = S11 + Xb, where 340	meV ∙ nm/  is the exciton binding energy in 

the first sub band.18 

 

We find that  is approximately 0.3 for the conditions we have studied. This result has 

implications for understanding the energy relaxation pathways in CNTs. The relaxation process is 

expected to occur on the femptosecond timescale,19 three orders of magnitude faster than the 

escape time from the pn junction.17 The photoexcited S44 (or S55) excitons will decay into low 

energy excitons (S11) and free carriers in the first sub-band (e1 + h1). Theoretical work predicts that 

S11 production is strongly favored over e1 + h1 production.20 While transient absorption 

spectroscopy experiments at room temperature show that multiple S11 excitons can be created from 

a single photon,21 only a fraction of S11 excitons will be dissociated by  and contribute 

photocurrent.22 An additional mechanism for CM in CNTs is impact ionization by free carriers that 

are accelerated by .3 However, impact ionization is not expected to persist at room temperature 

due to phonon friction.23 In summary, we speculate that our experiment generates a large 



population of S11 excitons, but a smaller population of e1 + h1 which results in a photocurrent QY 

less than 1. 

Table 1 shows a trend toward higher  at higher photon energy. For S44 excitation, the average  

is 0.24. For S55 excitation the average  is 0.41. An increase in  with  is consistent with CM 

mechanisms, i.e. excess photon energy  – Eg is directed into increased carrier generation.  

The increase in  at higher excitation energies may partially explain our higher QY values 

compared to earlier measurements by Malapanis et al. (these previous measurements used S11 and 

S22 excitation).4 Additional differences that may contribute to our higher QY values include larger 

diameter CNTs (exciton binding energy ~ 1/D) and our experimental method that directly measures 

L and mitigates the effect of . 

In conclusion, we have developed a robust method to determine photocurrent QY from 

individual CNT pn junctions. We observe photocurrent QY values in the range 20 - 40% in 

suspended CNT pn junctions measured at room temperature with built-in electric field  4 V/m. 

It is likely that multiple S11 excitons are also generated during the photoexcitation process, but are 

not registered in our photocurrent measurement. Enhancement of photocurrent QY from impact 

ionization processes is likely suppressed at room temperature. Our results set a new benchmark 

for the performance of CNT pn junctions in photodetector and energy harvesting applications. 

Promising directions for future work include increasing electric field strength, decreasing 

temperature, and modifying the dielectric environment to reduce exciton binding.24 With 

optimized conditions, CNTs show promise for achieving photocurrent QY greater than unity.  
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