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Abstract
Carbon nanotube (CNT) photodiodes have potential to convert light into electrical current with
high efficiency. However, previous experiments have revealed photocurrent quantum yield
(PCQY) well below 100%. In this work, we show that axial electric field increases the PCQY of
CNT photodiodes. In optimal conditions our data suggest PCQY > 100%. We studied, both
experimentally and theoretically, CNT photodiodes at room temperature using optical excitation
corresponding to the S22, S33 and S44 exciton resonances. The axial electric field inside the pn
junction was controlled using split gates that are capacitively coupled to the suspended CNT.
Our results give new insight into the photocurrent generation pathways in CNTs, and the field
dependence and diameter dependence of PCQY.
Keywords: carbon nanotube, exciton dissociation, carrier multiplication, scanning photocurrent
microscopy
Main Text
The performance of optoelectronic devices depends critically on the relaxation pathways
available to energetic charge carriers. In nanomaterials, these relaxation pathways can differ
dramatically from traditional bulk semiconductors. For example, substantial effort has focused
on engineering multiple exciton generation pathways in quantum dots (QDs) to optimize
performance for photovoltaic cells.1–5 Advances in QD device design have led to the
experimental realization of internal quantum efficiency greater than 100% when ℏ𝜔 ≳ 3Eg where
Eg is the band gap of the light-absorbing material.6–8
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Carbon nanotubes offer unique relaxation pathways for energetic charge carriers.9 These
key pathways arise because of the one-dimensional band structure of CNTs and the strong
Coulomb interactions between the charge carriers. The energy scale for Coulomb interactions in
CNTs is remarkably large: e2/4effD is of the order hundreds of meV, where D is the CNT
diameter, e is the electron charge and eff is the effective dielectric constant. The strong
Coulomb interaction enables relaxation mechanisms such as impact ionization which can
potentially boost the quantum efficiency of the photodiode.10,11
In 2009, Gabor et al. found signatures of multiple electron-hole generation in the
photocurrent from CNT photodiodes at temperatures below 60 K.12 Significantly, the signature of
multiple electron-hole generation was apparent at the CNT’s second optical resonance (ℏ𝜔 ~
2Eg). However, the authors did not quantify photocurrent quantum yield (PCQY). Photocurrent
quantum yield is defined here as the number of electrons extracted as the photocurrent divided
by the number of photons absorbed by the intrinsic region of the CNT p-i-n junction.
Later experiments on CNTs found multiple exciton generation at room temperature when
ℏ𝜔 ≈ 3Eg.13 In that work, the optical technique was sensitive to excitons, but not sensitive to
photocurrent.13 Early photocurrent measurements estimated the external quantum efficiency of
CNT photodiodes.14 The first optoelectronic measurement that quantified PCQY in a CNT
photodiode found ~ 3%.15 In that work, the CNT photodiode was excited at the first and second
optical resonances (S11 and S22 resonance). Aspitarte et al. used a different device geometry,
and ℏ𝜔 > 4Eg to show room-temperature PCQY ~ 30% (S44 and S55 optical resonances).16
Using a third device geometry, barrier-free bipolar CNT diodes, Wang et al. estimated roomtemperature PCQY as high as ~ 60% at the S11 optical resonance.17 Lastly, Kumamoto et al.
used a combination of photocurrent and photoluminescence from a suspended CNT under high
bias (no pn junction) to estimate PCQY ~ 60% at an electric field ~ 15 V/m (excitation at the
S22 resonance).18 The experiments by Wang et al.17 and Kumamoto et al.18 suggest large axial
electric field is critical to achieving high PCQY in CNT photodiodes. Indeed, theory predicts a
significant increase in PCQY when axial field becomes strong enough to enable exciton
dissociation and impact ionization.19,20
Here, we quantify PCQY in CNT photodiodes while varying electric fields from 2 V/µm up to
15 V/µm. Our devices are similar to those built by Chang et al. who reached 2 V/m,21,22 and
Aspitarte et al. who reached 4 V/m.16 We determine PCQY using a model that accounts for the
length of the intrinsic region inside the CNT photodiode, optical cavity effects, and the integrated
absorption cross-section of the exciton resonances. At low fields we confirm previous estimates
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of PCQY, and at high fields our data suggest PCQY > 100% at the S22 optical resonance (ℏ𝜔 ~
2Eg).
The design of our CNT photodiode device is shown schematically in Figure 1a. A single
carbon nanotube is suspended between platinum source and drain electrodes. The source and
drain electrodes are separated by a trench that is 0.65 µm deep and 2.6 µm wide. At the bottom
of the trench are two gate electrodes separated by a 500 nm gap and covered in 50 nm of SiO2.
The suspended CNTs are grown over the trench by a fast-heat chemical vapor deposition
process as the final fabrication step. The CNTs are grown at 800 °C using an iron catalyst and a
mixture of methanol/ethanol vapor mixed with Ar and H2 (see Supporting Information for further
details).23 This fabrication method ensures that the CNTs are never exposed to photoresist or
other processing chemicals.9–11

Figure 1. a) Schematic of CNT electrode configuration. b) Dark I-Vsd curve of a
suspended carbon nanotube pn junction with Vg2 = -Vg1 = 5 V. c) Scanning photocurrent
image of a CNT photodiode. d) Power normalized photocurrent spectrum around the
S22, S33, and S44 exciton resonances of a CNT with chiral index (22,14) and diameter =
2.46 nm. The spectrum was obtained with Vsd = -0.5 V and optical power ~ 10 W
spread over an area ~100 m2.
The suspended CNT is operated as a photodiode by applying a negative voltage to the left
gate (Vg1) and a positive voltage to the right gate (Vg2), as shown in Fig. 1a. The left side of the
3

CNT is coupled electrostatically to the left gate, so this half of the CNT becomes p-doped.
Similarly, the right half of the CNT becomes n-doped. An intrinsic region of length Li lies
between the p-doped region and the n-doped region. The axial electric field in this intrinsic
region is controlled by the gate voltages Vg1 = -Vg2. All experiments described here are
performed at room temperature in a vacuum environment unless otherwise stated.
Figure 1b shows the dark I-Vsd characteristics of a CNT diode device. As reported
previously,16,24,25 we observe rectifying behavior in reverse bias and an exponential turn-on in
forward bias with ideality factor in the range 1.05 – 1.32.
Figure 1c shows a photocurrent image of the CNT photodiode. The image is taken by
focusing the laser and raster scanning the surface. The photocurrent is recorded as a function
of laser position. Photocurrent is only generated in the intrinsic region at the center of the CNT.
Optical excitation of the p-doped and n-doped region does not lead to photocurrent because
non-radiative decay processes cause rapid recombination of electron-hole pairs in the doped
regions.26,27
A representative set of photocurrent spectra are shown in Fig. 1d. The photocurrent is
generated using a defocused laser spot with an intensity of approximately 10 W/cm2. The optical
intensity is sufficiently low that photocurrent is linear with respect to laser power (Supporting
Figure S3a). The light source is a supercontinuum laser with 320 MHz pulse rate (NKT
Photonics). White light from the supercontinuum is filtered by a double monochromator to give
monochromatic light with a 5 nm bandwidth.28 A reverse bias is applied to the photodiode (Vsd =
-0.5 V). The photocurrent and optical power are monitored simultaneously to allow accurate
power normalization. The spectral peaks seen in Fig. 1d are associated with excitonic
resonances.29 The peak positions are compared with an atlas of CNT optical properties30 and
are used to identify the chiral index.31
Photocurrent spectra were measured at various split-gate voltages (Fig. 1d). As the splitgate voltage increases, the S22 peak is blue shifted, the S33 peak is red shifted, and the S44 peak
is blue shifted. The magnitudes of the shifts are higher than expected from the Stark effect (see
Supporting Information). Shifts of alternating sign are consistent with axial strain from the
electrostatic force pulling the CNT towards the gates. Comparing the measured peak shifts to
previous studies of strained CNTs,32,33 we estimate that axial strain reaches ~ 0.2%. This
voltage-controlled tuning of optical resonances is an interesting effect, and potentially useful for
CNT-based quantum-light sources.34 However, the effect is not central to the main focus of our
paper.
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We are interested in quantifying PCQY as we increase the split-gate voltages (i.e.
strengthen the axial electric field in the center of the CNT). Therefore, we calculated the
integrated area of each photocurrent peak in Fig. 1d. The S22 photocurrent peak area increases
by a factor of 6.5. In contrast, the S33 and S44 peak areas decrease by a factor of 2.2 and 1.4
respectively. The peak areas depend on a number of factors, one of which is PCQY, as
explained below.
To understand the factors contributing to peak area (Fig. 1d), consider the integral of the ith
photocurrent peak,

∫ 𝐼pc 𝑑(ℏ𝜔) = 𝑒 ∙ 𝜂𝑖𝑖 ∙ Φ ∙ 𝐿i ∙ 𝑁L ∫ 𝜎𝑐 𝑑(ℏ𝜔) ,
𝑆𝑖𝑖

(1)

S𝑖𝑖

where e is the electron charge, 𝜂𝑖𝑖 is the PCQY at the ith exciton resonance, Φ is the photon
flux, 𝐿i is the intrinsic region length, 𝑁L is the number of atoms per length on the nanotube, c is
the absorption cross-section per carbon atom, and ∫ 𝜎𝑐 𝑑(ℏ𝜔) is the oscillator strength per
carbon atom. The product (𝑁L ∙ ∫ 𝜎𝑐 𝑑(ℏ𝜔)) can be found from the chiral index of the CNT.35 The
experimental variables Φ and 𝐿i must be carefully characterized if one wishes to determine 𝜂𝑖𝑖 .
We first describe our method to characterize the intrinsic region length, Li. At low electric
field, Li can be directly imaged.16 At high field, however, Li is smaller than the point spread
function of the laser spot. Therefore, we used self-consistent electrostatic-field (SCF)
calculations to find the relationship between the Vg1, Vg2, Vsd, and Li. Details of the simulations
are given in the Supporting Information. Briefly, in the first step of calculation, we find
electrostatic potential field without any CNT connecting the source and drain electrodes. The
voltages on the four electrodes and the cross-sectional geometry of the device (Fig. 2a) define
the electrostatic boundary conditions. The 2-d electrostatic potential field is calculated using a
relaxation algorithm to solve the Laplace equation. From this zeroth-order solution, we obtain a
first estimate of the electric field at the center of the pn junction (grey dashed line in Fig. 2d). In
the next step of calculation, the CNT is populated with charge and an effective 1-d mean-field
simulation is used to refine the results of the electrostatic potential model. This step is repeated
many times until a self-consistent solution is reached. The final result includes the charge
density along the length of the CNT (Fig. 2b), the band bending diagram (Fig. 2c), and the
electric field at the center of the CNT (open circles in Fig. 2d).
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Figure 2. a) Schematic of the geometry used in the self-consistent electrostatic-field
(SCF) calculations. Electric field lines are sketched in orange. b) Calculated charge
density along the length of a CNT with Eg = 0.45 eV. The gate voltages are equal and
opposite (Vg1 = -Vg2). All three curves are calculated with Vsd = 0. c) Calculated band
bending diagram (the edge of the valance and conduction bands) when Vg1 = -Vg2 = 6 V
and Eg = 0.5 eV. d) The axial-component of electric field at the center of the CNT. The
grey dashed line shows the result of a zeroth-order calculation (assuming no charge on
the CNT). Open circles show the results of the SCF calculations. e) Open circles show
the calculated value of the intrinsic region length, Li. The dashed lines shows values of Li
estimated using Eq. 2. f) Scanning photocurrent images showing elongation of the
intrinsic region when |Vsd| increases or Vg1 = -Vg2 decreases. The scale bar is 0.5 µm.
Dashed lines indicate the CNT axis. g) Experimental measurement of photocurrent for a
(20,16) CNT excited at the S44 resonance (ℏ𝜔 = 1.92 eV). Photocurrent grows linearly
with Vsd when for Vsd < 0. Linear extrapolations of these curves intercept the x-axis at the
Vsd = 0.4 V, corresponding to the expected band gap of this CNT.
Figure 2b shows the charge density along the nanotube for different split gate voltages. The
region of near-zero charge in the center of the CNT corresponds to the intrinsic region. To
measure the length of the intrinsic region, Li, we set an upper limit for the charge density in the
intrinsic region of 0.001e nm-1 (see Supporting Information for further discussion of the charge
density cut-off parameter). The length of the intrinsic region decreases as the split-gate voltages
increase. Figure 2c shows band bending diagrams for different values of Vsd. The slope of the
band edges in Fig. 2c correspond to the axial electric field. The field in the center of the CNT, F,
6

is primarily determined by Vg1 = -Vg2. Note that F is almost unaffected by the typical Vsd voltages
used in our experiment; the main effect of Vsd < 0 is to lengthen Li. In summary, the results of
the self-consistent field calculations are well described by the relationship
𝐿i ≈

|𝑉sd − 𝐸g ⁄𝑒|
𝐹

when 𝑉sd < 0,

(2)

where 𝐸g is the band gap of the CNT. Equation 2 is plotted in Fig. 2e (dashed lines) and
compared to the results of the SCF calculation (open circles). We used scanning photocurrent
microscopy to confirm that Li changes as expected with respect to Vsd and the split-gate
voltages (see Fig. 2f and additional images/analysis in Supporting Information). The good
agreement between Eq. 2 and the measured values of Li give us additional confidence in the
electrostatics modeling.
Recalling that Ipc ∝ Li when 𝜂𝑖𝑖 is held constant (Eq. 1), we note that measurements of Ipc vs.
Vsd can also be used to check our model for Li. We confirmed that Ipc grows linearly with Vsd
when Vsd < 0 (Fig. 2g). We also confirmed that dIpc/dVsd is modified by changing F, and
confirmed that Ipc(Vsd) extrapolates to an x intercept that is consistent with the expected value of
Eg (Fig. 2g).
To complete our analysis of the factors in Eq. 1, consider the photon flux, Φ, given by
Φ=

𝑃0 ∙ 𝛽
ℏ𝜔 ∙ 𝐴spot

(3)

where 𝑃0 is the laser power, 𝛽 is a power enhancement factor (caused by light reflecting from
the substrate) and Aspot is the effective area of the Gaussian point spread function. β is
calculated using finite difference time domain (FDTD) simulations performed on commercially
available software (Lumerical). The simulations account for the wavelength-dependence of the
reflection coefficient, and interference effects (destructive or constructive). The power
enhancement factor, β, varies from 0.2 to 2.7 across the full spectral range the laser. At a given
wavelength, β depends on the exact height of the CNT above the split gates. An uncertainty in
height of ±10 nm leads to uncertainty in β of no more than ±10%. The effective area of the laser
spot, Aspot, is determined from photocurrent imaging. A more detailed discussion of β and Aspot is
provided in the Supporting Information.
In Fig. 3 we illustrate how Eq. 1 is applied to 𝐼pc (ℏ𝜔) measurements to determine the field
dependence of PCQY. The CNT diameter is 2.51 nm and the photon energy is scanned over
the S33 resonance (ℏ𝜔 ≈ 4Eg). First, the photocurrent spectra were measured at various values
of Vg1 = -Vg2 (Figure 3a) with a small reverse bias applied to the device (Vsd = -0.5 V). Next, SCF
7

simulations were used to find Li (Fig. 3b) and the photocurrent data was divided by 𝑒 ∙ Φ ∙ 𝐿i
(Fig. 3c). Last, we integrated the peaks in Fig. 3c and compared with the expected oscillator
strength per unit length, 𝑁L ∫𝑆 𝜎𝑐 𝑑(ℏ𝜔). For this CNT chirality NL = 307.1 atoms/nm and
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∫𝑆 𝜎𝑐 𝑑(ℏ𝜔) = 1.63 × 10−18 eV cm2 (further discussion of oscillator strength is provided in the
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Supporting Information). The PCQY is then given by

𝜂33 = ∫
𝑆33

𝐼pc (ℏ𝜔)
𝑑(ℏ𝜔)⁄(𝑁L ∫ 𝜎𝑐 𝑑(ℏ𝜔)) .
𝑒 ∙ Φ ∙ 𝐿i

(4)

𝑆33

These 𝜂33 values are plotted in Fig. 3d.

Figure 3. a) The photocurrent spectrum at increasing gate voltage centered on the S33
exciton resonance of a (19,18) CNT with a diameter of 2.51 nm. Vsd = -0.5 V. b) The
intrinsic region length at increasing gate voltage. c) The photocurrent spectrum
normalized by the photon flux and intrinsic region length. The optical intensity is ~ 0.7
W/m2 at ℏ𝜔 = S33. For the optical excitation spectrum see Supporting Information
Device J Summary). d) The photocurrent quantum yield, 𝜂33 , as a function of axial
electric field, F.
The PCQY at low field (𝜂33 ≈ 35%) is similar to previously reported PCQY at S44 and S55
exciton resonances.16 As the field increases from 2.4 V/μm to 8.5 V/μm, however, 𝜂33 increases
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by more than a factor of 3 and begins to exceed 100% PCQY. The upward trend in 𝜂33 (𝐹)
suggests that even higher values of 𝜂33 would be possible if our device could sustain larger split
gate voltages. This result suggests that room temperature carrier multiplication can be achieved
when ℏ𝜔 ≈ 4Eg.
For efficient light-harvesting applications, the most intriguing possibility is carrier
multiplication when ℏ𝜔 ≈ 2Eg. Therefore, we now focus on measurement of 𝜂22 (𝐹). We have
studied the S22 resonance of 8 different CNTs. The CNT diameters range from 2.0 to 2.9 nm
(the S22 energies range from 1.05 to 0.72 eV). As the split gate voltage is increased, we track
the spectral position of the S22 peak. The peaks shift upward or downward in energy depending
on the interplay between axial strain and CNT band structure.33 We independently verified the
CNT “family index” by performing chiral index assignment. Six CNTs are from the family (n –
m)mod 3 = 1, and two CNTs are from the family (n – m)mod 3 = 2 (see Fig. 4a). The family
index correctly predicts the direction of the peak shift.

Figure 4. a) S22 peak position as a function of axial electric field for eight different CNTs
with known chirality. b) The photocurrent quantum yield at the S22 exciton resonance for
8 different CNTs as a function of increasing axial electric field. Vsd = -0.5 V. Squares
indicate insufficient data to determine photon flux.
For each CNT, we measured 𝐼pc (ℏ𝜔) and divided the spectra by 𝑒 ∙ Φ ∙ 𝐿i (see Supporting
Information Fig. S12 – S29). The integrated spectral peaks were then compared with the
expected oscillator strength per unit length, 𝑁L ∫𝑆 𝜎𝑐 𝑑(ℏ𝜔). The resulting values of 𝜂22 are
22

plotted in Fig. 4b. The 𝜂22 (𝐹) curves have been sorted by ℏ𝜔22 (the photon energy
corresponding to S22 at low F). When interpreting Fig. 4, the ℏ𝜔22 axis can be used as proxy for
CNT diameter (ℏ𝜔22 ∝ 1/𝐷) or exciton binding energy (ℏ𝜔22 ∝ 𝐸b ). We find the largest values of
𝜂22 when ℏ𝜔22 is small.
9

At low F, 𝜂22 = 0.03 - 0.05, in agreement with previous measurements of 𝜂22 .15 In the
smallest diameter CNTs (large ℏ𝜔22), we find that 𝜂22 increases modestly with F. In the larger
diameter CNTs (smaller ℏ𝜔22), however, we find that 𝜂22 increases as much as 35-fold. One
device exhibits 𝜂22 = 1.7 (see Figure 4b and Supporting Figure S16). All curves get steeper at
high field suggesting that 𝜂22 would increase further if our devices could sustain higher split-gate
voltages.
The calibration process to quantify PCQY has multiple steps and we have attempted to
crosscheck the process as much as possible. First, we note that low-field PCQY agrees with
previous work.15 16 Second, when photocurrent spectra are normalized by , the resonance line
shapes match the expected Lorentzian line shape. Third, our model for Li was verified by
photocurrent imaging and by measuring Ipc vs. Vsd (Fig. 2f & g). Fourth, we crosschecked the
calculated values of F by comparing the average spectral shift (Fig. 4a) to the expected Stark
shift of S22 resonances (see SI). Overall, we estimate that our calibration process yields PCQY
values with ~±30% uncertainty. An additional source of uncertainty, which we cannot mitigate
with our experimental design, is uncertainty in the integrated absorption cross-section
∫𝑆 𝜎𝑐 𝑑(ℏ𝜔). Liu et al. measured ∫𝑆 𝜎𝑐 𝑑(ℏ𝜔) for more than 50 individual suspended CNTs.35
𝑖𝑖

𝑖𝑖

Their measured values were distributed above/below the line of best fit by ~ ±30%. We used
Liu’s line of best fit for our analysis, thus the overall uncertainty in our PCQY determination is ~
±40%. We note there is significantly less uncertainty associated with our measurements of the
relative change in PCQY as a function of F for a particular CNT.
To interpret our measurements of PCQY, we consider the relaxation pathways of S22 and
S33 excitons, and the expected field-dependence of these pathways (Fig. 5). First, consider the
relaxation of the S22 excitons when F is too small to induce exciton dissociation. In this low-field
regime, 𝜂22 increases almost linearly with F (see Fig. 4b). Kumamoto et al. studied this regime
in detail and proposed that free carriers are produced by spontaneous dissociation of S22
excitons (Fig. 5a). These free carriers are then converted to photocurrent if the electric field
sweeps out the free carriers faster than they form bound states.18 We have verified that
Kumamoto’s model is applicable to our system by calculating the decay products for
spontaneous dissociation of S22 excitons in an experimentally relevant CNT (Fig. 5b).
Spontaneous dissociation occurs via either an electronic pathway or a phonon-mediated
pathway, with a branching ratio ~ 1:10 (the phonon pathway is about 10 times more probable).36
The electronic pathway produces only free e-h pairs (e1 + h1).36,37 The phonon-mediated
pathway produces a variety of products: free e-h pairs (e1 + h1, e2 + h1, e1 + h2), bound, and
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partially bound excitons.36,37 We solved the Bethe-Salpeter equation for the phonon decay
mechanism.36,37 Our calculations for the experimentally relevant (20,9) CNT show that most of
the products of the phonon-mediated S22 decay pathway have electron-hole separation greater
than the bound S11 or S12 exciton radiuses i.e. >> 2 nm (Fig. 5b).

Figure 5. a) Proposed pathways for relaxation of the S22 exciton at low field (no fieldinduced exciton dissociation). Pathways that can lead to photocurrent (PC) are shown in
orange. White arrows represent free carriers that are swept out by electric field. b)
Computational modeling of a (20, 9) CNT. The model calculates the size distribution of the
e-h separation of the decay products of the S22 and S33 phonon decay mechanism. The xaxis is the inverse size of the e-h separation using a two-particle wavefunction from the
Bethe-Salpeter Equation solution. Solid lines represent the probability of generating the
decay product with a certain e-h separation, and dashed lines represent the cumulative
probability. The leftmost peaks in probability correspond to free carriers (Le-h = 50 nm = one
quarter of the length of the simulated supercell). The rightmost peak for S22 decay (about
40% of the total decay products) corresponds to fully bound S11 and S12 excitons (Le-h ≈ 2.5
nm). c) Possible relaxation pathways of the S22 exciton at high field, including field-induced
dissociation of S11, S12, S21 and S22 excitons.
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If S22 decay products are not swept out of the intrinsic region, they will likely reach the S11
exciton state. At low field, the S11 exciton can undergo either radiative recombination (rad ~ 10
ns 26,38,39) or non-radiative recombination. To estimate the non-radiative recombination time in
our system, non-rad, we assume that excitons diffuse to the ends of the intrinsic region where end
quenching occurs.27,40 The typical length of the intrinsic region is Li ≈ 100 nm, and the exciton
diffusion constant is approximately 10 cm2/s,41 therefore, non-rad ≈ 10 ps.
When F is sufficiently large, field-induced exciton dissociation may occur. There is previous
experimental evidence that S11 excitons can be dissociated by large electric fields. In that
previous work, electric field was applied perpendicular to the CNT axis.42 In contrast, our
experiment uses axial electric field and carriers are kept inside the CNT. A theoretical
description of our system (at the perturbation level) predicts that the S11 dissociation time is
given by19
𝜏diss =

ℏ𝐹
𝐹0
∙ exp ( )
4𝐸b 𝐹0
𝐹

(5)

where Eb is the exciton binding energy and F0 is a characteristic field which scales with Eb. For
our CNT diameters, Eb ranges from approximately 130 to 160 meV,43 and F0 ranges from
approximately 60 to 80 V/m.19 S11 dissociation becomes significant when diss is short compared
to non-rad. Eq. 5 predicts that diss < non-rad when F exceeds 5 to 10 V/m (the field threshold
depends on Eb). We verified the predictions of Eq. 5 by solving the Bethe-Salpeter equation for
an exciton in the presence of a static axial electric field (see SI). Both theoretical approaches
are consistent with our experimental observation that 𝜂22 grows dramatically for larger diameter
CNTs when F exceeds ~ 8 V/m (Fig. 4b). We conclude that field-assisted dissociation of S11
can explain much of the observed increase in 𝜂22 . However, field-assisted dissociation is not
sufficient to explain 𝜂22 > 1.
Our observation that 𝜂22 may exceed 100% suggests that carrier multiplication can occur at
room-temperature in large-diameter suspended CNTs (≳ 2.6 nm) when F is sufficiently large (≳
10 V/m). Previous authors have hypothesized that such carrier multiplication can be expected
from impact ionization.12,20 However, it is difficult to reconcile momentum conservation with
impact ionization in the second subband of semiconducting CNTs.11 Our measurements,
together with previous evidence,12 suggest that impact ionization models may have to
incorporate phonons (or additional carriers) to describe experiments. The details of S22 decay in
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the presence of strong electric field has been the subject of additional theoretical work,20 and
remains an open question. Some possible pathways are illustrated in Fig. 5c.
Photocurrent quantum yield from the S33 exciton (Fig. 3d) exhibits a different field
dependence than PCQY from S22. At low field, 𝜂33 is significantly higher than 𝜂22 (~ 30%
compared to 5%) which may be explained by the spontaneous decay products of S33. Figure 5b
shows that almost 100% of the products from the phonon-mediated S33 decay pathway are free
carriers. The electronic pathway for spontaneous dissociation of S33 also generates only free
carriers.37 Therefore, we expect 𝜂33 > 𝜂22 at low field, and as F is increased, we expect 𝜂33 to
grow and remain larger than 𝜂22 .
In conclusion, when photons of energy ~ 2Eg are absorbed in the intrinsic region of a CNT
photodiode, our data suggest it is possible to extract a photocurrent that corresponds to more
than one electron per photon. We observed this high-efficiency process by increasing CNT
diameter to ≳ 2.6 nm, and increasing the axial electric field to ≳ 10 V/m (a regime of diameter
and field that have not been studied previously). Higher energy optical excitation (for example
S33 resonant excitation) gives even higher PCQY. The observed diameter dependence of PCQY
is consistent with the diameter dependence of exciton binding energy (large diameter CNTs
have lower exciton binding energy). Interestingly, increasing diameter is also expected to
reduce the rate of impact ionization,11 however, our experiments suggest there are CNT
diameters for which rapid impact ionization can co-exist with exciton dissociation. Possible
directions for future work include the use of dielectric environment to tune the strength of the
Coulomb interaction in the CNT,44 so that high-efficiency photocurrent generation could be
achieved at lower electric field.

Supporting Information.
The Supporting Information is available free of charge on the ACS Publications website.
Detailed description of photon flux calculations, the effect of Stark shift and mechanical strain on
the S22 exciton peak position, calculations of the exciton resonance oscillator strength and line
width as a function of axial electric field, computational methods for self-consistent field
calculations, imaging the intrinsic region length, illuminated IV-curves measured with S22
excitation, details of the CNT growth procedure, and a summary of the data collected on all
CNTs discussed in the study.
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