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ABSTRACT 

Carbon nanotube (CNT) photodiodes are a promising system for high-efficiency photocurrent 

generation due to the strong Coulomb interactions that can drive carrier multiplication. If the 

Coulomb interactions are too strong, however, exciton formation can hamper photocurrent 

generation. Here, we explore, experimentally and theoretically, the effect of the environmental 

dielectric constant (env) on the photocurrent generation process in CNTs. We study individual 

ultra-clean CNTs of known chiral index in vacuum or dry nitrogen gas (env = 1) and oil (env = 

2.15). The efficiency of photocurrent generation improves by more than an order of magnitude in 

oil. Two mechanisms explain this improvement. First, the refractive index of the environment 

optimizes the interference between incident and reflected light. Second, exciton binding energies 

are reduced in oil, changing the relaxation pathways of photoexcited carriers. We varied the axial 

electric field in the pn junction from 4 to 14 V/m. Our measurements at high field indicate that 

autoionization of second-subband excitons can coexist with carrier multiplication. Dielectric 

screening makes this coexistence regime more accessible and allows us to reach photocurrent 

quantum yields greater than 100%. 
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TEXT 

A hallmark of low-dimensional materials, such as carbon nanotubes (CNTs), is the strong 

Coulomb interaction between charge carriers. Experiments with CNT photodiodes have shown 

that strong Coulomb interactions can lead to carrier multiplication and, potentially, high-

efficiency photocurrent generation.1–5 While these results are encouraging, Coulomb interactions 

can also be problematic for photocurrent generation. When the attraction between electrons and 

holes is too strong, photocurrent generation is hampered by exciton formation. Therefore, in 

applications such as solar energy harvesting and optical sensing, a balance must be found 

between the beneficial/detrimental effects of Coulomb interactions. 

 

The Coulomb interaction energy scale in CNTs is EC = e2/40effD where D is the CNT 

diameter, e is the electron charge, 0 is vacuum permittivity, and eff is the effective relative 

dielectric constant for charge-charge interactions. This interaction energy can be tuned by both 

eff and D. Diameter tuning was the focus of a previous experiment on CNT photodiodes.4 The 

importance of dielectric environment, however, has not been experimentally tested for the CNT 

photodiode system.  

 

Previous authors have explored the effect of dielectric environment on exciton resonances in 

CNTs. Early experiments utilized dielectric liquids,6–8 and more recent work included molecular 

coatings, and boron nitride coatings, to tune the dielectric environment around a CNT.9–12 There 

have been parallel efforts to study the role of dielectric environment in other low-dimensional 

optoelectronic materials such as single-layer transition metal dichalcogenides.13–16 None of these 

dielectric engineering experiments have included measurements of photocurrent quantum yield. 

 

In this work, we explore the effect of the dielectric environment on the photocurrent generation 

process in CNTs. We fabricated CNT photodiodes from individual ultra-clean suspended CNTs.  

The photocurrent was characterized in vacuum or dry nitrogen gas (an environment with relative 
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environmental dielectric constant env = 1), and then in dielectric oil (env = 2.15). Upon changing 

to the oil environment, we observed large increases in photocurrent. Our modeling of the system 

shows that the increased photocurrent is due to changes in photocurrent quantum yield, 𝜂, as well 

as changes in the optical cavity formed by the CNT and the underlying reflective surface. Our 

experiments cover a wide range of axial electric field (up to 14 V/m), allowing us to determine 

the electric field threshold for 𝜂 > 100 %.  

 

RESULTS AND DISCUSSION 

 

Figure 1a shows an electron microscope image of a suspended CNT device. To ensure an ultra-

clean CNT, the CNT growth process is the last step in the fabrication process (see Methods). We 

pre-screen devices to find those with a single semiconducting CNT connecting the electrodes. 

The pre-screening experiments include transistor characteristics (the transistor must have a sharp 

on/off threshold), scanning photocurrent microscopy (photocurrent must come from a single 

location), and photocurrent spectroscopy (exciton resonances must be associated with a single 

chiral index). The CNT devices that pass these tests are wire-bonded and placed in an optical 

cryostat (Janis). The chiral indices of the CNT are determined by measuring the exciton 

resonance energies and comparing these energies to atlas data.17 

 

 

 

 



 4

 

Figure 1. a) An SEM image of a suspended CNT device. Scale bar is 1 m. b) Electrical 
schematic of the device. Split gate voltages (VG1, VG2) can be independently tuned. A bias 
voltage (VSD) is applied between the source and drain electrodes and current is measured using 
a preamplifier (Stanford Research). The dielectric environment is either vacuum, dry nitrogen, 
or dielectric oil. c) Scanning photocurrent microscope image of Device 1 in dry nitrogen with 
VG1 = -VG2 = 5 V, and VSD = -0.5 V. The edges of the source and drain electrodes are shown 

with dashed lines. Scale bar is 2 m. d) Scanning photocurrent microscope image of the device 

in dielectric oil with VG1 = -VG2 = 4 V, and VSD = -0.5 V. Scale bar is 2 m. e) Photocurrent 
spectra near the S22 resonance, measured in dry nitrogen and oil environments. The photon 
energy is scanned using a double monochromator that transmits a 5 meV bandwidth. VG1 = -
VG2 = 8 V and VSD = -0.5 V. f) Calculated values for the bandgap of the second subband, EG,2, 
the exciton resonance of the second subband, S22, and the exciton binding energy of the second 
subband, EB,2.18 The calculation assumes a (22,6) CNT.  

 

All measurements were performed at room temperature with the CNT first in vacuum (or dry 

nitrogen gas) and then in dielectric oil. We chose an oil that is designed for vacuum pumps 

(HyVac) because it is an excellent insulator (no measurable conductance). The dielectric 

response of the oil was measured with an Abbe refractometer (see S.I.). The diode characteristics 

were checked in both environments by applying gate voltages VG1 = 5 V and VG2 = -5 V. For all 

devices reported here, we observed rectifying behavior (ISD < 1 pA for reverse bias up to -2 V) 

and an exponentially increasing current in forward bias with ideality factor ~ 1.2 (see Section 1 

of the S.I.). 
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Figure 1 shows photocurrent images and spectra from the same CNT (Device 1) in dry nitrogen 

gas (env = 1) and in oil (env = 2.15). The photocurrent measurements were performed with a 

small bias (VSD = -0.5 V) which increases the length of the intrinsic region and therefore boosts 

the photocurrent signal (see Section 4 of the S.I.).19 The CNT’s chirality was determined with 

broadband photocurrent spectra to be (22, 6), corresponding to diameter D = 2.0 nm and chiral 

angle °. Scanning photocurrent microscopy images were taken with the light-source 

tuned to ℏ𝜔 = S22. The shape of the peak in the photocurrent images (Fig. 1c & d) corresponds to 

the shape of the laser spot.19 Photocurrent originates from the intrinsic region of the diode which 

is smaller than the point spread function of the laser. In the oil environment, the point spread 

function is modified slightly because the thin layer of oil interacts with the laser path. The two 

photocurrent spectra in Figure 1e were taken in different environments, with all other parameters 

were the same (VG1 = -VG2 = 8 V and VSD = -0.5 V). The current is normalized by the laser 

power, P, and the area of the beam spot, Aspot (Aspot = P/Imax, where Imax is intensity at the center 

of the spot). For all spectral measurements Imax < 30 W/cm2, which ensured a linear relationship 

between laser intensity and photocurrent.4 When the CNT was introduced to the oil environment, 

the S22 exciton resonance was redshifted by 21 meV, and the normalized photocurrent peak 

increased by 27-fold. This boost in photocurrent, which was observed upon increasing env, is the 

central focus of this paper. 

 

We first verified that the 21-meV redshift is consistent with the theory. Ando calculated the 

transition energies of the first and second subbands of semiconducting CNTs surrounded by a 

dielectric material.18 In general, the CNT bandgap, the exciton binding energy, and the exciton 

resonance energy are all expected to diminish as env is increased. In Fig. 1f, we plot the 

predicted values for S22 and the band gap of the second subband, EG,2, as a function of env for a 

CNT with chiral index (22, 6).18  For this specific chiral index, Ando’s theory predicts a 17 meV 

redshift in S22 when env is changed from 1 to 2.15, in good agreement with our measured 

photocurrent spectra. Our analysis of the red shift could be refined further if we identified the 

presence/absence of molecular adsorbates on the CNT surface prior to submersion in oil.12 

Nonetheless, the 21-meV redshift (Fig. 1e) is convincing evidence that submersion in oil caused 

a significant increase in env. 
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One of the mechanisms controlling the photocurrent magnitude (Fig. 1e) is optical interference. 

Light is reflected from the gate electrodes and a standing wave pattern is established above the 

gate electrodes. The optical field intensity at the position of CNT pn junction is sensitive to the 

incident wavelength, the refractive index of the environment, and the height of the CNT above 

the gates. We have characterized these optical interference effects using finite difference time 

domain (FDTD) simulations with Lumerical FDTD (see S.I.).20 

 

To verify our FDTD simulations of optical interference, we performed a control experiment 

using suspended graphene on top of the electrode structure (the CNT was replaced with a 

graphene sheet, Fig. 2a). Graphene is optically transparent (97.7% transparency for visible 

wavelengths21) and is used here as an ultra-thin light source at the position of interest. We 

generated incandescence from the suspended graphene by Joule heating in a vacuum 

environment (Fig. 2b).22 In vacuum, there is no path for thermal conduction out of the graphene 

plane and the graphene reaches temperatures above 1000 K with a source-drain bias of ~ 4 V. 

Figure 2c shows the resulting emission spectrum collected through a microscope objective and a 

fiber optic spectrometer (see the S.I. for experimental details). There is a dip in the spectrum at a 

wavelength of ~ 700 nm (Fig. 2c) corresponding to destructive interference between the direct 

and reflected optical paths (the direct path interferes destructively with light that is reflected from 

the gate electrodes). The measured spectrum agrees well with our FDTD simulations. The red 

dashed line in Fig. 2c was calculated by using a blackbody emission temperature of 1400 K (Fig. 

2d), the response function of the spectrometer (Fig. 2e), and the interference contrast calculated 

by FDTD (Fig. 2f). We conclude that the FDTD calculations are a reliable tool for modeling 

optical interference caused by our electrode structure. 
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Figure 2. a) An SEM image of a device with suspended single layer graphene substituted for a 

CNT. Scale bar is 1 m. b) Optical micrograph of the same device while the graphene is 

incandescing. Scale bar is 20 m. c) Black line: Incandescence spectrum of graphene as 
measured by the spectrometer. Spectrum is smoothed with a moving average with 3 nm 
spectral width. The red dashed line shows a simulated emission spectrum based on FDTD 
calculations of interference effects. The red shaded area shows the simulation result when the 
incandescent source is moved up or down by 10 nm. d) Simulated blackbody luminosity 
spectrum with T = 1400 K. e) Responsivity of the spectrometer that was used to measure the 
incandescence spectrum of the graphene sheet. f) FDTD calculation of optical interference 
when the graphene is 650 nm above the gate electrodes.  

 

 

After establishing the intensity of the optical field, we now proceed to analyze the photocurrent 

spectrum as a function of the axial electric field. Figures 3a and b show the photocurrent spectra 

associated with the S22 exciton resonance while varying the gate voltages VG = VG1 = -VG2. The 
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S22 resonance peak shifts towards lower energy as the gate voltages are increased. The S33 

resonance peak (not shown in Fig. 3) shifts toward higher energy as the gate voltages are 

increased (see Section 9 of the S.I.). At the largest gate voltages in oil (VG = 33 V) the shifts in 

S22 and S33 peak position are E22 = -50 meV and E33 = +21 meV. 

 

 

Figure 3. a) Photocurrent spectra normalized for laser intensity in the vicinity of S22 in vacuum 
with VSD = -0.5 V. The peak shifts by 7 meV as VG is increase from 5 to 10 V. b) Photocurrent 
spectra normalized for laser intensity in the vicinity of S22 in dielectric oil with VSD = -0.5 V. 
The peak shifts by -50 meV as VG is increased from 4 to 33 V. c) Black circles show the 
mechanical strain, 𝜎, calculated from the peak shift of the S22 resonance in vacuum. The red 

dashed line shows the strain calculated by the electromechanical model when env = 1. (see 
S.I.). d) Black circles show the mechanical strain, 𝜎, calculated from the energy of the peak 
shift of the S22 resonance in dielectric oil. The red dashed line shows the strain calculated by 

the electromechanical model when env = 2.15. e) FDTD calculation of  when nenv = 1. The 
white line shows the CNT’s height, and the S22 resonance energy, as VG is increased. f) FDTD 

calculation of  when nenv = 1.47. The white line shows the CNT’s height, and the S22 
resonance energy, as VG is increased. 

 

We attribute the peak shift (Fig. 3a and b) to a combination of two mechanisms: (i) the gate 

voltages generate an electric field along the axis of the CNT, thereby changing the exciton 

binding energy, (ii) electrostatic forces between the CNT and the gate electrodes cause 

mechanical strain in the CNT, thereby modifying the CNT band structure. The first mechanism 
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(the Stark effect) has been estimated theoretically for CNTs.23 For an axial electric field of ~ 10 

V/m, all exciton resonances are predicted to red shift by approximately 10 meV. The second 

mechanism (strain-induced changes in band structure) was studied in detail by Huang et al.24 The 

strain is 𝜎 = Δ𝐿/𝐿଴ where 𝐿଴ is the original length of the suspended CNT and Δ𝐿 is the change 

length. For the (22, 6) chiral index, the strain-induced shift in exciton resonance is expected to be 

45 meV per percent strain. The S22 resonance is expected to red shift with strain, while the S33 

resonance is expected to blue shift by an equal magnitude. Based on these peak-shifting 

mechanisms, we understand the change in peak position as follows. At the maximum gate 

voltage in oil, the S22 resonance has a Stark shift of -14 meV and a strain-induced shift of -36 

meV (corresponding to 𝜎 = 0.8%), yielding a total shift of -50 meV. Similarly, the S33 resonance 

has a Stark shift of -14 meV and a strain-induced shift of +36 meV, yielding a total shift of +22 

meV. Figure 3c and d (black circles) shows 𝜎 calculated from the S22 and S33 peak positions at 

various gate voltages (see S.I. for details). 

 

To confirm the strain values (Fig. 3c and d) we constructed an electromechanical model of the 

system. We solved for the bended geometry of the CNT resulting from the competition between 

the electrostatic pulling force and CNT stretching stiffness (see S.I).25 The electromechanical 

model accounts for the charge density on the CNT, the mechanical elasticity of the CNT, and 

env. As the gate voltages are increased, the CNT bends and stretches along its axis in response to 

the electrostatic force from the gates (Fig. S19). Results from the electromechanical model are 

plotted in Fig. 3c and d (red dashed line). There are no free parameters in the electromechanical 

model. The model is in good agreement with the experimental result (black circles).   

 

Figure 3e and f summarize our FDTD calculations of the optical intensity at the location of the 

CNT pn junction. The optical intensity is modulated due to optical interference between the 

incident and reflected light (standing wave pattern). We define the intensity enhancement factor, 

, relative to a fictional device that has no reflective surface under the CNT.  depends on the 

height of CNT above the reflective gates, and the photon wavelength. For the oil environment, 

we see more nodes in  due to the greater refractive index of the environment (nenv = ඥ𝜀ୣ୬୴ = 

1.47 at ℏ𝜔 = 0.95 eV). 
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The FDTD calculations (Fig. 3e and f) highlight the importance of knowing the initial height of 

the CNT, and any changes in height during an experiment. The white lines on Fig. 3e and f show 

the calculated heights from our model of the electrostatic forces pulling the CNT towards the 

gates. In the oil environment, the model predicts that the center point of the CNT drops in height 

by 90 nm as VG is increased from 4 to 33 V. This change in height has a significant effect on , 

causing  to drop from 2.29 to 0.57. 

 

Figures 3e and f explain some of the boost in photocurrent when the device was submerged oil. 

In the vacuum environment, at VG = 8 V, the S22 resonant photon energy corresponds to  = 0.25. 

In the oil environment, at VG = 8 V, the S22 resonant photon energy corresponds to  = 2.05. This 

8-fold increase in  partially explains the observed 27-fold increase in photocurrent (Fig. 1e). 

However, to understand the full effect of dielectric engineering, we now turn to analyzing the 

photocurrent quantum yield in the different dielectric environments.  

 

Using the data in Fig. 3, we can estimate the photocurrent quantum yield in both vacuum and oil 

environments. The photocurrent produced by photons of energy ħω can be calculated as  

𝐼୔େ(ℏ𝜔) = 𝑒𝜂𝛷𝐿𝑁୐𝛼(ℏ𝜔)  (1)  

where e is the elementary electric charge,  = P/(Aspotħω) is the photon flux, ħ is the 

spectral absorption cross-section per carbon atom, NL is the number of carbon atoms per length 

of the CNT (see S.I.), and L is the length of the intrinsic region in the CNT pn junction. The 

length of the intrinsic region is a critical parameter in this calculation. When photons are 

absorbed in strongly doped p-type and n-type segments of CNT (outside the intrinsic region), the 

photoexcited carriers quickly recombine via Auger processes.26,27 Photocurrent is only generated 

by photons that are absorbed in the intrinsic region.  

 

To find the length of the intrinsic region, L, we used a self-consistent electrostatics simulation. 

The same method was used previously by McCulley et al.4 The detailed calculation is presented 

in the S.I. A useful and instructive approximation for L can be obtained as follows. First, a two-

dimensional electrostatics simulation was used to find the electric fields generated by the 

electrode structure. The boundary conditions of the simulation were defined by the electrode 

voltages and a 2D Poisson solver was used to find potential as a function of position. At a 



 11

position 650 nm above the gate electrodes, and half-way between the source-drain electrodes, we 

find a horizontal electric field 𝐹 ୶୲ = 1.73 × VG / L0, where L0 = 2.6 m. To find L, we assume 

that the voltage drop across the pn junction, VSD - EG/e, is equal to the product LFext. This 

approximation is excellent when L > 200 nm (see the dashed line in the inset of Fig. 4a). At 

shorter L, the electric field generated by charge on the CNT becomes increasingly important and 

the self-consistent calculation is necessary. The self-consistent calculation of L is plotted against 

VG in the inset of Fig. 4a (solid line). The self-consistent calculation is also used to find F, the 

axial electric field at the center of the pn junction (F is slightly smaller than Fext).  

 

Figure 4. a) Photocurrent spectra of the S22 resonance normalized for the photon flux and the 
intrinsic region length in dielectric oil. VG is increased from 4 to 33 V (from black curve to 
orange curve). The peak magnitude increases sharply with increased field. Inset: Intrinsic 
region length calculated self consistently (solid line) and from Fext (dashed line). b) The full-
width at half-maximum of the photocurrent peak plotted as a function of axial electric field, F. 
c) Calculated photocurrent quantum yield versus axial electric field in oil and in vacuum for 
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S22. Dashed lines are  calculated with the CNT’s resting height increased or decreased by 10 
nm. 

 

Figure 4a shows photocurrent data from Fig. 3b that has been normalized by the factor eL. The 

photon flux, , was calculated for each gate voltage using the incident light intensity and . After 

normalizing the data in this way the spectral peaks are symmetric (Lorentzian peak shape) and 

the maxima increase steadily with the axial electric field. 

 

The final step to determine photocurrent quantum yield is the integration of the spectral peak∫ 

IPC d(ħω). We expect the photocurrent integral to be proportional to ∫d(ħω), which is 

independent of peak broadening. Integrating both sides of Eq. 1 and solving for we find 

𝜂ଶଶ = ൮ න
𝐼୔େ(ℏ𝜔)

𝑒𝐿𝛷(ℏ𝜔)
ௌమమ

𝑑(ℏ𝜔)൲ ቌ න 𝛼(ℏ𝜔) 𝑑(ℏ𝜔)

ௌమమ

ቍ൙                                                               (2) 

The value of ∫d(ħω) is a function of the CNT chiral index.28  For the chiral index of the CNT 

under study (22, 6), we expect ∫d(ħω) = 2.42 ∙10-18 eV ∙cm2 for the S22 resonance.28 Equation 2 

yields values for each photocurrent spectrum in Fig. 4a, allowing us to track  as a function 

of the axial electric field. These values are summarized in Fig. 4c for both the vacuum and oil 

environments. At moderate field strength, 3 to 6 V/m,  is approximately 4 times larger in oil 

than in vacuum. In the oil environment, we tested the device at larger F and found  > 1 when 

F > 11.5 V/m. We repeated these experiments on two additional CNT devices with D = 2.03 

nm (Device 2) and D = 1.74 nm (Device 3) (see S.I.). These additional experiments were 

performed at the S33 exciton resonance. All three devices show the same key features: (1) was 

larger in oil than in vacuum and (2)  > 1 in the oil environment when F ~ 10 V/m. We also 

confirmed that 33 > 22 for devices in CNTs with a similar diameter (Device 1 and Device 2 

both have D ≈ 2 nm).  

 

When the CNT was submerged in oil, we observed a 4-fold increase in when F = 3 – 6 

V/m. Theory by Ando (Fig. 1f) predicts that the oil environment weakens the S22 exciton 

binding energy from 217 meV to 155 meV (and the binding energies of other exciton species are 

similarly reduced).18 With the reduction in binding energies, we expect a greater fraction of S22 
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excitons to decay into free carriers, rather than S11, S12 or S21 excitons. Thus, our measurements 

are consistent with the prediction that dielectric screening promotes photocurrent generating 

pathways.  

 

In the oil environment, 22 grows with F at fields above 5 V/m. Before developing a detailed 

model for this behavior, we compared the measured 22(F) curve to a simple model based on 

carrier escape time (see S.I.). This carrier-escape-time model assumes that light is converted to 

free carriers which either recombine (not contributing to photocurrent) or escape from the 

intrinsic region (contributing to photocurrent). In this model,  grows with F because the 

intrinsic region shrinks at high field and the accelerating force on the carriers is greater. The 

model predicts a sub-linear relationship between 22 and F, in contrast to the super-linear 22(F) 

curve that we measured (Fig. 4c). We conclude that a more detailed microscopic picture is 

needed to explain the measured 22(F) curve.  

 

Several processes are likely contributing to the shape of the 22(F) curve (Fig. 4c). First, the 

decay of S22 excitons generates a variety of products, some of which are weakly bound electron-

hole pairs.4  When F increases, more of these weakly bound electron-hole pairs are swept out of 

the intrinsic region.2,4 Second, the branching ratios for S22 decay products are affected by F. As F 

increases, we expect a growing fraction of S22 excitons to decay directly into free electron-hole 

pairs (we denote free electron-hole pairs in the first and second subbands as E11 and E22 

respectively). The broadening of the photocurrent peak (Fig. 4a & b) suggests that field-induced 

dissociation of S22 excitons begins contributing to the total decay rate at high field (S22 → E22). 

The full-width at half maximum of the photocurrent peak is initially 20 meV (consistent with the 

phonon-mediated relaxation pathway29) and grows to 26 meV at high field. To verify this 

interpretation of the peak broadening, we solved the Bethe-Salpeter equation at a large field with 

a modified dielectric environment (see S.I.). Third, at high field, the S11 excitons can also be 

dissociated by the field. To estimate the threshold for field-induced dissociation of S11 excitons, 

we use a simplified model for the S11 dissociation time23 

𝜏ୢ୧ୱୱ =
ℏி

ସாా,భிబ
exp ቀ

ிబ

ி
ቁ  (3) 
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where F0 is a characteristic field that depends on EB,1 and the exciton’s reduced mass.23 For a 

CNT with D = 2 nm in oil, EB,1 ≈ 125 meV and F0 ≈ 35 V/m (significantly less than EB,1 and F0 

in vacuum).18,23 Thus, diss < 10 ps when F ~ 3.1 V/m. We expect diss < 10 ps is sufficiently fast 

to outpace competing decay pathways of the S11 exciton, such as end quenching.   

 

At F > 11.5 V/m, our data suggests 22 > 100%, indicating that photocurrent (number of 

electrons per unit time) is greater than the photon absorption rate (number of photons absorbed in 

the intrinsic region per unit time). Complete conversion of S22 into free carriers is not enough to 

explain 22 > 100%. A possible mechanism for 22 > 100% is carrier multiplication via an 

impact ionization process.1,5,30,31 We postulate that free carriers in the second subband (E22) can 

undergo impact ionization at the fields used in our experiment. In bulk semiconductors, the 

impact ionization process would not be significant because the threshold field for impact 

ionization is several tens of volts per micron.32 For CNTs, however, the threshold field is 

estimated to be ~ 7 times smaller than a bulk material with the same band gap given the same 

excitation energy.30,31 We expect impact ionization rates to be significant when F ~ EG/eℓop ~ 10 

V/m where ℓop is the optical phonon scattering length.30 

 

To make our analysis more quantitative, we employ master equations for the light-induced 

populations of excited states in the intrinsic region. To describe the generation and decay of S22, 

E22 and E11 states we have 

𝜕𝑛ௌమమ

𝜕𝑡
= 0 = 𝛷𝐿𝑁୐𝛼(ℏ𝜔) −

𝑛ௌమమ

𝜏୲୭୲,ௌమమ

,                                                                          (4) 

𝜕𝑛ாమమ

𝜕𝑡
= 0 =

𝑛ௌమమ

𝜏ୢ୧ୱୱ,ௌమమ

−
𝑛ாమమ

𝜏 ୲୭୲,ாమమ

,                                                                                   (5) 

𝜕𝑛ாభభ

𝜕𝑡
= 0 =

𝑛ௌమమ

𝜏ௌమమ→ாభభ

+ ⋯ +
𝑛ௌభభ

𝜏ୢ୧ୱୱ,ௌభభ

+
3𝑛ாమమ

𝜏 ୧୧,ாమమ

+
2𝑛ாభమ,మభ

𝜏୧୧,ாభమ

−
𝐼௉஼

𝑒
,                          (6) 

 
where 1/𝜏୲୭୲,ௌమమ

 and 1/𝜏୲୭୲,ாమమ
 are the total decay rates of S22 and E22, respectively. 1/𝜏ୢ୧ୱୱ,ௌమమ

 

and 1/𝜏ୢ୧ୱୱ,ௌభభ
 are the field-induced dissociation rates of S22 and S11, respectively. 1/𝜏୧୧,ாమమ

and 

1/𝜏୧୧,ாభమ
 are the impact ionization rates of E22 and E12,21, respectively. Similar equations govern 

the populations of S11 and S12,21 and E12,21. Equation 6 describes the generation of E11 states by 
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several pathways: the decay of S22 (the first term on the right-hand side); the decay of S12,21, E22, 

and E12,21 (not shown explicitly); field-induced dissociation of S11; and impact ionization. We 

assume that all E11 states leave the system as photocurrent, IPC. In principle, free carriers in all 

the bands could contribute to impact ionization if they are sufficiently accelerated by the electric 

field. However, free carriers in the second subband have larger initial energy and will more 

likely exceed the energy threshold for carrier multiplication.1,4  

 

Solving these master equations requires energy-resolved carrier densities and energy-resolved 

rates, which is beyond the scope of this work. However, the master equations give insight into 

the role of dielectric environment. The S22 dissociation rate is sensitive to F and env (increasing 

env reduces the exciton binding energy and boosts 1/𝜏ୢ୧ୱୱ,ௌమమ
). When 1/𝜏ୢ୧ୱୱ,ௌమమ

 is comparable 

to 1/𝜏୲୭୲,ௌమమ
, we expect a significant occupation of E22 states. These free carriers in the second 

subband drive the impaction ionization terms in Eq. 6. When F is sufficient to dissociate S22, the 

field is also sufficient for impact ionization. 

 

CONCLUSIONS 

We characterized the performance of CNT photodiodes in different dielectric environments. To 

analyze our experiments, we modeled the static electric field, band filling, optical field, and 

electromechanical effects in the system. The optical field was verified with interference 

measurements, and the electromechanical model was verified with strain measurements. We 

found a significant improvement in photocurrent quantum yield in the oil environment compared 

to the vacuum environment. To explain this result, we considered the effect of dielectric 

screening on the energy relaxation pathways of photoexcited carriers. When env = 1, 

photoexcited carriers are more likely to be bound as excitons. When env > 1, however, 

photoexcited electrons and holes are more likely to escape as free carriers and contribute to the 

photocurrent. We extended our experiments to a large axial electric field and found the threshold 

for  > 100%. We attribute  > 100% to an impact ionization pathway and our calculations show 

that dielectric screening promotes this pathway. We conclude that dielectric engineering offers a 

route to optimizing the performance of photodiodes made from CNTs. These ideas can be 

extended to photodiodes made from other low-dimensional materials, including transition metal 

dichalcogenides. 
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METHODS 

CNTs were grown in a fast chemical vapor deposition (CVD) process on a pre-patterned 

electrode structure.4,19,33 The electrode structure was fabricated on a Si/SiO2 substrate (300 nm 

SiO2). First, a pair of gate electrodes (60 nm Pt) were deposited via e-beam evaporation. The 

gates were buried in 600 nm SiO2, then, source and drain electrodes (60 nm Pt) were patterned 

above the gate electrodes. A trench was created between the source and drain electrodes by 

reactive ion etching (the electrodes act as an etch mask). The etch was stopped with 50 nm of 

SiO2 covering the gates. The catalyst for CNT growth is a stack of Cr/SiO2/Fe (2 nm/30 nm/1.5 

nm) which was patterned on top of the source and drain electrodes. CVD growth is done in a 1-

inch tube furnace at 800°C. The gas flow is a mixture of H2 and Ar (0.45 SLM) which is split 

between two bubblers (methanol bubbler with 0.15 SLM gas flow, and ethanol bubbler with 0.3 

SLM gas flow). The device sits in the hot zone of the furnace for 5 minutes. After growth, the 

CNT was exposed to ambient air for approximately 3 hours while the devices were electrically 

probed and wire bonded. Initial photocurrent measurements were made in either vacuum (Janis 

optical cryostat) or under a stream of dry nitrogen gas. In these two environments (denoted as 

env = 1) photocurrent measurements were equivalent.  

 

For all photocurrent measurements, the CNT device is illuminated with a supercontinuum laser 

(NKT SuperK) with 320 MHz pulse rate filtered by a double monochromator (Princeton 

Instruments) to a ~ 5 nm linewidth with accessible wavelengths ranging from 400 – 1800 nm. To 

acquire photocurrent images, the laser was focused to the plane of the CNT and rastered over the 

sample via a pair of computer-controlled galvo mirrors (Nutfield). As the laser is scanned over 

the sample, the photocurrent is measured with a current preamplifier (SRS, model SR570). The 

resulting image is the convolution of the point spread function of the laser with the intrinsic 

region of the CNT pn junction (Fig. 1c,d).19 The spot size of the focused laser is determined by 

fitting Gaussian profiles to the parallel and perpendicular axes of the photocurrent spot. 

 

To submerge the CNT in oil, a grounded metal wire (a clean paperclip attached to a grounding 

cord) was dipped in oil. Oil was then transferred from the oil-coated paper clip to the device 

chip. The oil wetted the SiO2 surface, forming a thin layer across the entire device. 
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Approximately 90% of suspended CNT devices survive this process. If the paper clip is not 

grounded, only 10% of suspended CNT devices survive the process. 

 

The chirality of the CNT is identified with spectrally resolved SPCM.17,19,28,34,35 Photocurrent 

spectra were obtained by aligning the laser on the CNT pn junction, defocusing the spot, and 

measuring photocurrent while tuning the monochromator setting. The incident laser power is 

simultaneously recorded (Thorlabs PM100USB with S120C for 400-1000 nm or SC122 for 1000 

– 1800 nm) by splitting the beam ahead of the objective. The ratio of power transmitted through 

the objective to power transmitted to the power meter is characterized before the experiment. 

The defocused spot size, Aspot is determined by comparing the magnitude of photocurrent 

produced by the CNT when the laser is defocused to the photocurrent magnitude in the imaging 

configuration (where the spot area is known). The chiral indices of the CNT are determined by 

measuring the exciton resonance energies and comparing these energies to atlas data.17 The 

chirality of the CNT used in this study was determined to be (22,6), with D = 2.0 nm and a 

bandgap EG ≈ 0.5 eV. 

 

The graphene is suspended on devices via a semi-dry transfer process.36 We obtain pristine 

CVD-grown, single-layer, graphene on copper sheets (Graphena). The graphene is coated in a 

negative photoresist (AZ1512) which is patterned on the foil into a grid of 40 m bars with 16 

m pitch using standard photolithographic techniques. Once the photoresist is developed, the 

exposed graphene is etched in an Ar plasma for 10 seconds. Etching the graphene into bars 

before transferring limits electrical shorting on the chip. The patterned graphene foil is coated in 

3 m thick 950K poly(methyl methacrylate) (PMMA). A piece of thermal-release tape, with a 

hole cut in the middle, is used as a frame to support the PMMA. The tape/PMMA/graphene/Cu 

stack is floated on copper etchant (Transene) overnight to dissolve the copper. The stack is then 

rinsed in subsequent water baths, and air dried overnight. The stack is placed on the chip and left 

on a hotplate at ~180°C overnight to relax wrinkles in the graphene. The frame of thermal 

release tape is removed (using a scalpel to cut the PMMA where it meets the frame). The 

residual PMMA is burned off in a gas-flow furnace at 400°C in a H2/Ar environment. This 

leaves the patterned graphene all over the chip, with some sheets bridging gaps between 

electrodes on either side of the trenches on our device (see Figure 2a, b). More details of the 
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device fabrication are given in S.I. Spectra from the incandescent graphene sheet were captured 

with a fiber optic spectrometer (Ocean Insight, model USB4000). 

 

SUPPORTING INFORMATION 

Electrical and scanning photocurrent characterization of the CNT photodiode in different 

environments; refractive index determination for the oil environment; details of self-consistent 

field calculations and FDTD calculations; chiral identification of CNTs; graphene device 

fabrication and characterization, and spectral calibration; strain and Stark effect analysis; 

calculations of the S22 linewidth under electric field in dielectrics; calculation of the height 

change of the CNT under gate voltage; comparison of measured photocurrent quantum yield to a 

carrier-escape-time model; supporting quantum yield data for Devices 1, 2, and 3. 
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1. CNT Electrical Characterization in Oil / Vacuum 

CNT devices were electrically characterized in a transistor configuration (VG = VG1 = VG2), and a 

diode configuration (VG1 = -VG2). In the I(VG) curve of the transistor, we see a sharp turn on near 

VG = 0 V and p-type conduction. When the device is submerged in oil, the transistor I(VG) curve 

is almost identical. In the diode configuration, the diode rectifies in reverse bias, and turns on 

sharply near VSD = 1 V. The diode ideality is ~ 1.2 in air and is retained in the oil environment. 

 

 

Figure S1. a) Current vs. gate voltage (VG1 = VG2) of Device 1 in air, and in oil. The source-
drain voltage is 25 mV. b) I(VSD) measurements for the device in vacuum (VG1 = -VG2 = 5V) 
and in oil (VG1 = -VG2 = 4V). The diode turn-on in vacuum occurs at a larger VSD than in oil 
because of the different gate voltage settings.1 
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2. Vacuum Pump Oil Refractive Index and DC Dielectric Constant Determination 

The refractive index of the HyVac vacuum pump oil (noil = 1.4793 ± 0.0001) was measured at a 

wavelength  = 600 nm using a digital Abbe refractometer (Leica Mark II). To estimate the 

refractive index at longer wavelengths, we use the Cauchy equation2  

𝑛(𝜆) = 𝑛଴ +
௖భ

ఒమ
+

௖మ

ఒర
. 

Following Ref. 2 , we approximate the Cauchy constants as n0 = 1.466, c1 = 0.005 m2, and c2 = 

-0.0001 m4. For FDTD calculations we use n = 1.470 when studying the S22 resonance of 

Device 1 ( = 1305 nm) and n = 1.476 when studying the S33 resonance of Devices 2 and 3 ( = 

710 nm and  = 640 nm, respectively). For electrostatics and electromechanical modeling, we 

use the DC dielectric constant which we calculate as env = 𝑛଴
2 = 2.15.  

 

3. Self-Consistent Field Calculations 

The self-consistent field (SCF) calculations were used to find the intrinsic region length of the 

CNT pn junction and the electric field strength inside the intrinsic region. The calculation 

method was previously described by McCulley et al.3 Figure S2 shows the charge density on the 

CNT, the intrinsic region, and self-consistent energy bands for several voltage settings. 
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Figure S2. Results of self-consistent field calculations for the CNT pn junction in vacuum. a) 

Linear charge density, e, along the length of the CNT at zero bias. VG1 = -VG2 = VG. The 
length of the intrinsic region in the pn junction, L, is determined by the length of the region 

where e < 6.25 × 10-6 electrons per nanometer. Inset: e(x) zoomed in near the origin. 
Increasing gate voltage shrinks the intrinsic region. b) Conduction and valance band energy 
along the length of the CNT at VG = VG1 = -VG2 = 4 V. Increasing the bias magnitude increases 
L but leaves the slope of the bands mostly unchanged. c) L against VG. d) Maximum value of 
electric field, F, in the pn junction against VG. The bias has a negligible effect on the 
magnitude of F.  

 

The field strength, F, and length of the intrinsic region, L, are not changed by the dielectric 

constant of the environment. We explain this result as follows. Firstly, the external field 

produced by the electrodes is not changed by the dielectric environment (the voltage boundary 

conditions for the Poisson equation are unchanged). Secondly, the charge density, e, is 

increased when the CNT pn junction is submerged in oil (the capacitance between the gate 

electrodes and the CNT is increased by a factor env). However, the internal field produced by e 

is screened by the dielectric environment, also by a factor env. Figure S3 shows the SCF 

calculation of L when env = 1 and env = 3. The L(VG) curves are nearly identical. 
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Figure S3. Self-consistent intrinsic region length calculated for the CNT when env = 1 (blue) 

and in dielectric material (black) with env = 3. VG = VG1 = -VG2 and VSD = -1 V. 

 

4. Scanning Photocurrent Microscopy 

The device is illuminated with a supercontinuum laser filtered by a double monochromator to a ~ 

5 nm linewidth. The laser was focused to the plane of the CNT and rastered over the sample via a 

pair of computer-controlled galvo mirrors. The photocurrent, IPC, is recorded as a function of 

laser position using a current preamplifier (SR570). Figure S4 shows scanning photocurrent 

microscope (SPCM) images of Device 1 in oil in different electrical configurations. With zero 

gate voltage and zero bias, the Schottky barriers at the contacts produce photocurrent (Figure 

S4a). A pn junction is induced in the device, SPCM shows one active region at the center of the 

device (Figure S4b). In this voltage configuration, the zero-intensity current is close to zero (see 

Figure S1b), so the current in the image is coming only from photoexcited carriers. When the 

reverse bias is increased (Figure S4c), the magnitude of the photocurrent increases because the 

intrinsic region is lengthened (see Figure S2b). All spectral photocurrent data is taken under a 

reverse bias. 
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Figure S4. SPCM images of the Device 1 in oil with ℏ = 2.25 eV. a) Two spots are visible 
due to excitation at the Schottky barriers. b) A pn junction is generated in the center of the 
CNT with the split gates. c) The photocurrent magnitude at the pn junction is increased by 

applying a bias. All scale bars are 2 m. 

 

Our SCF calculations indicate that the intrinsic region length (L) depends on the gate electrode 

voltage (VG = VG1 = -VG2) and the source drain bias (VSD). Figure S5 shows SPCM images of the 

CNT in oil taken at the VG = 4 V using a laser spot with a point spread width ≈ 600 nm. 

Increasing |VSD| past 1 V lengthens the photocurrent spot along the axis of the CNT. The 

magnitude of the photocurrent signal increases over the range of VSD applied. We attribute this to 

an increase in L due to the increased bias, consistent with our SCF modeling. 

 

 

Figure S5. SPCM images of the CNT pn junction in oil using ℏ𝜔 = 2.67 eV and with VG = 4 
V and a) VSD = -0.5 V, b) VSD = -1.0 V, and c) VSD = -1.5 V. The photocurrent spot lengthens 

along the CNT axis due to increasing intrinsic region. Scale bars are 1.5 m. 

 

We also confirmed the linear relationship between L and VSD by measuring photocurrent, IPC, 

while varying VSD at higher fields. Figure S6 shows a photocurrent measurement of Device 1 

with VG = 15 V and with laser illuminated with ℏ = 0.932 eV in oil. When the reverse bias is 

increased, the photocurrent magnitude increases linearly in the range -0.5 V < VSD < 0. We fit 

IPC(VSD) with the form I = (VSD – V0), where = -7 pA/V and V0 = 0.3 V are fitting parameters. 
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The linearity of IPC(VSD) in the reverse bias regime corroborates the relationship L = (EG/e – VSD) 

/ F introduced in the main text.  

 

 

Figure S6.  Bias dependent photocurrent from Device 1 in oil when it is illuminated with a 

defocused laser spot with ℏ = 0.932 eV. The split gates are set to VG = VG1 = -VG2 = 15 V. 
The red dashed line is a linear fit in the range -0.5 V < VSD < 0. 

 

5. FDTD Simulations 

For a course-grained model of optical interference we considered a plane wave, 𝐸ௌ =

𝐸ത exp[𝑖(2𝜋𝑧/𝜆 − 𝜔𝑡)], incident on a reflective surface. If the substrate has a reflection 

coefficient, r = r0ei, then  

𝛾 = 1 + 𝑟଴
ଶ + 2𝑟଴cos[4𝜋ℎ/𝜆 − 𝜙]. 

The actual interference pattern will deviate from this plane wave approximation due to several 

factors (i) the substrate is not homogenous, (ii) the incident light is focused by a microscope 

objective (not a plane wave), (iii) the reflection coefficient is a function of wavelength. An SEM 

image of the cross section of the CNT device’s substrate is shown in Figure S7a. The image 

shows that the substrate floor comprises split platinum gates buried in SiO2, which are separated 

by 350 nm. The distance, h, between a point level with the top of source and drain, and halfway 

between them, and the top of the gate electrodes is 650 nm.  
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Figure S7. FDTD modeling of the substrate. a) Profile SEM image of the substrate diced 

through the source and drain electrodes. The metal gates buried in SiO2 are visible. B)  
modeled with FDTD software using the substrate geometry with source = 930 nm. White 

dashes outline the electrodes and the gates. Scale bars are 1 m. c) Intensity enhancement at 
the center of the CNT pn junction when the CNT is level with the top of the electrodes. Red 

dashed line is the plane-wave approximation, with r0 = 0.41 and  = 4.01 (r0 and  were 
chosen to approximate the FDTD simulation).  

 

To model the optical field more precisely, we used finite-difference time-domain software 

(Lumerical FDTD).4 In the simulation, spatial regions are assigned spectrally-defined refractive 

indices that correspond to the materials in the device (Pt, SiO2, Si) are defined in a 2d plane.5 To 

model the light source, a multi-wavelength beam with numerical aperture, NA = 0.8, is directed 

downward at the substrate so that the minimum beam waist is located at the top of the electrodes. 

|E|2 is calculated everywhere in space by numerically solving Maxwell’s equations in the time 

domain. The wavelength dependence of the squared electric field is recovered with a Fourier 

transform. is calculated by normalizing |E|2 with |E0|2, which is calculated by running the same 

simulation with a fictional device with zero reflection. A spatial map of  from the FDTD 

simulations is shown in Figure S7b. The device electrodes are outlined by white dashed lines. 

Figure S7c shows the spectral variation in  at the center of the CNT (in the center of the trench, 

level with the source and drain electrodes).  
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6. CNT Resting Height and Chiral Identification 

Figure 3e and f of the main text show the intensity enhancement factor () is sensitive to the 

distance between the CNT and the gates. Therefore, it is important to determine the CNT’s 

vertical height above the gates, h. When a CNT bridges the gap between the source and drain 

electrode, the CNT is not always level with the top of the source and drain electrode. Figure S8 

shows a scanning electron microscopy image of a CNT in one of our devices that goes part way 

down the trench wall before it crosses the trench and contacts the other electrode.  

 

 

Figure S8. A scanning electron microscope image of a representative CNT suspended over 
the trench of a split-gate device. The CNT has grown down the trench wall 50-100 nm before 

bridging the trench. Scale bar is 0.5 m. 

 

To identify the as-grown distance between the CNT and the gates, h0, we use a combination of 

spectrally-resolved photocurrent measurements, theoretical calculations of  and the empirical 

absorption cross section of the CNT, . We identify the chirality of the CNT, which is necessary 

to accurately describe , with spectral photocurrent measurements as well. Photocurrent 

measurements are made as described in the main text, with the gate voltages set to ~ 5 V. The 

wavelength of the laser is swept from 400 nm to 1000 nm. For CNTs with diameter D ~ 2 nm, 

several exciton resonances are accessible in this range of wavelengths. Figure S9d shows the 

photocurrent spectrum (IPC) for Device 1 as measured in air normalized for the laser power (P) 

and the photon energy (ℏω). The location of the photocurrent peaks at ℏω = 1.70 eV, 2.34 eV, 

and 2.67 eV, correspond to the S33, S44, and S55 transitions of the CNT. These exciton energies 

are consistent with a CNT with chirality (22,6).6  
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Figure S9. Finding the CNT chirality and as-grown height. a) The empirical absorption cross 

section per length of a CNT with chirality (22, 6).6,7 b)  calculated in FDTD simulations for a 

vacuum environment using h0 = 583 nm. c)  calculated in FDTD simulations for the oil 
environment using h0 = 583 nm. d) Photocurrent spectrum measured in air normalized for 

P/ℏω (black) plotted along with vacL (red dashes) where vac is calculated using h0 = 583 nm. 
e) Photocurrent spectrum measured in the oil environment normalized for P/ℏω (black) 

plotted along with oilL (red dashes) where oil is calculated using h0 = 583 nm. 

 

The absorption cross section, for this CNT is calculated in the scheme presented by Wang et 

al.6,7 In this scheme,  has dimensions of area per atom. We are interested in the differential 

oscillator strength per length of the CNT, L, which we calculate as  

L = NL. 

NL is the number of atoms per length of the CNT, given by NL = 4D/√3a2, where a = 0.246 nm 

is the graphene unit vector length. For a nanotube with chirality (22,06), NL = 239.7 atoms/nm. 

The spectral photocurrent magnitude is proportional to PL / ℏω. We compare the photocurrent 
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normalized for laser power and photon energy (IPC/(P/ℏω)) to L, as shown in Figure S9d,e. h is 

varied until L closely matches IPC/(P/ℏω) in both environments. For Device 1, we find a good 

match between the two curves when L is calculated using h0 = 583 nm, as shown in Figure S9d 

and e. 

 

7. Graphene Device Fabrication 

The graphene is suspended on our devices via a semi-dry transfer process first developed by Suk 

et al.8 We obtain pristine CVD-grown, single-layer, graphene on copper sheets (Graphena). The 

graphene is coated in a negative photoresist (AZ1512) which is patterned on the foil into a grid 

of 40 m bars with 16 m pitch using standard photolithographic techniques. Once the 

photoresist is developed, the exposed graphene is etched via mechanical bombardment in an Ar 

plasma for 10 seconds. The resist is removed in a Remover PG (Microchem) bath. Etching the 

graphene into bars before transferring it allows us to place the entire foil of graphene to the 

device with limited electrical shorting. The patterned graphene foil is then coated in 3 m deep 

950K poly(methyl methacrylate) (PMMA). A sheet of thermal tape, hole-punched through the 

center to leave the PMMA/graphene stack that will rest on the device undisturbed, is layered on 

the PMMA for structural reinforcement. The tape/PMMA/graphene/Cu stack is floated on a Cu 

etchant (Transene) bath overnight to dissolve the foil. The stamp is then removed, rinsed in 

subsequent water baths, and air dried overnight.  

 

The graphene stamp is then placed on the chip and left on a hotplate at ~180°C overnight, 

allowing wrinkles in the PMMA to relax and the graphene to rest levelly over the trenches on the 

chip. Finally, the PMMA is cut from the tape and the residual PMMA is burned off in a gas-flow 

furnace at 400°C in a H2/Ar environment. This leaves the patterned graphene all over the chip, 

with some sheets bridging gaps between electrodes on either side of the trenches on our device 

(see Figure 2 in the main text).  
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Figure S10. Fabrication steps to build a suspended graphene device: a) Graphene is deposited 
onto a copper foil with CVD techniques and patterned into a desirable shape using 
photolithographic techniques and dry mechanical etching. b) PMMA polymer is spin cast onto 
the sample. c) The copper foil is dissolved in an appropriate etchant. The stamp is washed in 
water and dried. d) The stamp is placed on the final device substrate. e) The polymer is 
removed in a H2/Ar atmosphere using a CVD furnace. f) The final device is the same as the 
CNT devices, but the graphene monolayer is in the CNT’s place. 

 

After fabrication is complete, the device is wire bonded, loaded into an optical cryostat (Janis), 

and brought to vacuum (< 10 Torr). The device is biased with a source drain voltage, VSD, and 

the current, I, is measured with a preamplifier (Stanford Research). A typical I(VSD) of a 

suspended graphene device is shown in Figure S11. Incandescence was easily observable when 

VSD was approximately 4 V. 

 

 

Figure S11. Typical I(VSD) characterization of a suspended graphene device. The channel 

length is 2.6 m and channel width ~15 m. Incandescence for this device was visible when 
VSD = 4.1 V.  
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8. Determining the Spectrometer Efficiency Curve 

The spectrum from the incandescent graphene sheet is measured with a visible-light fiber optic 

spectrometer (Ocean Insight). Figure S12c shows the spectrometer’s spectral efficiency curve 

(()) determined by referencing an incandescent lightbulb spectrum, SLB, at T ≈ 2200 K. The 

spectral irradiance (I) of the lightbulb is modeled with a blackbody with T = 2200 K.  

I is calculated using Planck’s law  

𝐼(𝜆, 𝑇) = 2𝜋
௛௖మ

ఒఱ

ଵ

ୣ୶୮൬
೓೎

ೖా೅ഊ
൰ିଵ

 , 

where h is Planck’s constant, c is the speed of light, and kB is Boltzmann’s constant. The 

efficiency is calculated as  

𝜌(𝜆) =
ூమమబబే / ௌైా 

୫ୟ୶ (ூమమబబే / ௌైా)
 . 

 

 

Figure S12. Determination of the spectrometer’s efficiency (). a) Measured spectrum from 
an incandescent lightbulb at 2200 K. b) Modeled black body irradiance at 2200 K. c) Spectral 
efficiency of the spectrometer for normalizing the incandescence spectrum collected from the 
graphene sheet. 

 

To correctly identify the temperature of the graphene sheet in the main text (T = 1400 K), the 

temperature of the reference must be known precisely. We corroborate the efficiency curve from 

the lightbulb reference by also referencing the spectrometer to a Xe lamp (Newport 67005) 

filtered with an air mass filter (Newport 81088A), i.e., a solar simulator. Figure S13 shows the 

measured spectrum, SS, the modeled blackbody emissivity spectrum, and the resultant efficiency 

curve compared to the curve in Figure S12c.  
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Figure S13. Determination of the spectrometer’s efficiency from a solar simulator reference. 
a) Measured spectrum, SS. b) Modeled black body irradiance at 5800 K. c) Spectral efficiency 
of the spectrometer calculated using the 2200 K lightbulb (black) and the solar simulator 
(blue). 

 

The spectrum produced by the solar simulator is not smooth, and has missing wavelengths in the 

near IR, making it difficult calculate a smooth efficiency curve for the spectrometer. However, 

solar simulator measurement corroborates the efficiency curve that we calculated from the 

incandescent lightbulb.  

 

9. S33 Photocurrent Spectra and Peak Shift of Device 1 

The energies of the S22 and S33 exciton resonances change by equal and opposite amounts when a 

CNT is strained.9 This allows us to disentangle strain-induced shifts from the Stark shift. The 

spectral photocurrent near S33 is plotted in Figure S14a for a range of gate voltages. The peak 

blueshifts with increased gate voltage, contrary to the redshift we found at S22.  

 

 

Figure S14. a) The S33 resonance measured with the split gate voltage going from 4 V to 30 V 
with the CNT in oil with VSD = -0.5 V. b) The shift of the S22 and S33 resonances due to the 
applied gate voltage. c) The peak shift due to non-strain effects. The red line is a linear fit of 
the shift, with slope -0.42 meV/V. 
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Figure S14b shows the peak shift for S22 and S33 (E22 and E33, respectively) as a function of 

gate voltage. If there was no Stark shift, we would expect E22 + E33 = 0. We estimate the Stark 

shift as (E22 + E33)/2 (Figure S14c). This inferred Stark shift reaches approximately -10 meV, 

consistent with theory.10  

 

10. Autoionization of S22 Excitons in Dielectrics  

In the main text, we observe increases in 22 when the field is increased past 5 V/m when the 

CNT is in dielectric oil. We also observe 22 > 1 when F > 11.5 V/m. We attribute these 

behaviors to modifications in the decay channels for S22 from dielectric screening. To understand 

how the branching ratios of the S22 decay are modified, we calculate the FWHM of the S22 

absorption resonance with the Bethe-Salpeter equation. Figure S15 shows the calculated FWHM 

of the S22 resonance at low field (purple) and high field (orange) as a function of the effective 

dielectric constant of the CNT and its environment, εeff.  

 

Figure S15. Calculated full-width at half maximum (FWHM) of the S22 resonance as a 
function of effective dielectric constant. At high field (orange), the fraction of autoionized 
excitons increases with dielectric constant leading to larger FWHM. At low field (purple), 
FWHM decreases with increased dielectric constant because reducing the exciton binding 
energy increases mixing between the S22 and free carrier states in the first subband. 

 

When F = 0, the FWHM decreases with eff (purple line). The electronic decay rate is reduced by 

εeff because Coulomb interactions are reduced, and because the density of the free carrier 
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continuum in the first subband at the S22 energy is reduced. In contrast, when F = 14 V/m, the 

reduced exciton binding energy increases the autoionization rate of S22 -> e2 + h2. The increased 

decay rate of S22 causes lifetime broadening of the exciton resonance peak (orange line in Figure 

S15).  

 

 

11. Electromechanical Model of the Suspended CNT Under Gate Voltage 

The voltage on the two gates creates an electric field that acts on charges in the CNT. These 

electrostatic forces cause the CNT to bend and stretch. Change in the height of the CNT affects 

the illumination intensity in our optoelectronics experiments. We first calculate the electrostatic 

potential and electric field in the absence of the CNT using a numerical Poisson solver (Figure 

S16a, c, and e). 

 

 

Figure S16. Electrostatic potential, V, horizontal electric field, Fx, and vertical electric field, 
Fy, when there is no CNT in the device (a, c, e) and when the CNT’s charge density is 
included (b, d, f). All scale bars are 0.75 𝜇m. The black outlines indicate the location of the 
contacts and gates. The CNT bridges the trench at the top of the source and drain electrodes.  
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A linear charge density on the CNT, 𝜆(𝑥), is then calculated using an iterative self-consistent 

process (see Section 3 of the SI). The final electrostatic potential satisfies the following 

condition: the potential along the left side of the CNT is equal to VS, and the potential along the 

right side of the CNT is equal VD. The self-consistent charge density is shown in Figure S17a. 

The vertical component of the self-consistent electric field is shown in Figure S17b.  

 

 

Figure S17. a) Charge density along the CNT axis. The discontinuity at the center 
corresponds to the intrinsic region in the center of the semiconducting CNT. b) The vertical 
component of the electric field along the CNT axis, Fy(x).  

 

The CNT experiences a force pulling it towards the gates. The force per unit length (in the 

vertical direction) is equal to the product of Fy(x) and 𝜆(𝑥). This force causes the CNT to bend 

and stretch. The height of CNT changes from Δ𝑦(𝑥)= 0 to Δ𝑦(𝑥) < 0. Our goal is to calculate the 

new equilibrium position of the CNT.  

 

To find the equilibrium position of the CNT, we applied the elastic catenary model.11 For this 

purpose, we replace the CNT with a spring that can stretch in response to the tension due to the 

horizontal and normal electrostatic forces.  
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Figure S18. Forces acting on the CNT. 

 

Figure S18 shows a segment of CNT hanging from the supporting electrode and all forces that 

are exerted on this segment. These forces must be in balance in equilibrium. The non-stretched 

length of the CNT is L0 that is placed at a height t from the gates. We consider the position of the 

non-stretched CNT to be s and the stretched CNT to be p. Then we get,  

𝑇
𝑑𝑥

𝑑𝑝
= 𝐻 − 𝐹௖௟(𝑝) 

𝑇
𝑑𝑦

𝑑𝑝
= 𝑉 − 𝐹௖௡(𝑝) 

where T is the tension, H is the horizontal component of the tension, V is the vertical reaction of 

the supporting electrode, and Fcl and Fcn are the horizontal and normal electrostatic forces. 

Applying Hook's law, we obtain, 

𝑇 = 𝑌𝐴 ൬
𝑑𝑝

𝑑𝑠
− 1൰ 

Where Y is Young's modulus of graphite Y = 1060 GPa12 and A =  D h is the cross-sectional 

area, where h = 3.4 Å is the graphene thickness. For Device 1, we find YA = 2.28 N. Based on 

Figure S18, the following geometrical constraint must be satisfied, 

൬
𝑑𝑥

𝑑𝑝
൰

ଶ

+ ൬
𝑑𝑦

𝑑𝑝
൰

ଶ

= 1 

Therefore, we can write the tension as,  

𝑇 = ට൫𝐻 − 𝐹௖௟(𝑝)൯
ଶ

+ ൫𝑉 − 𝐹௖௡(𝑝)൯
ଶ
 

Now, the position of CNT is found, 
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𝑥(𝑠) = න ൫𝐻 − 𝐹௖௟(𝑠ᇱ)൯

⎣
⎢
⎢
⎡

1

𝑌𝐴
+

1

ට൫𝐻 − 𝐹௖௟(𝑠ᇱ)൯
ଶ

+ ൫𝑉 − 𝐹௖௡(𝑠ᇱ)൯
ଶ

⎦
⎥
⎥
⎤

𝑑𝑠ᇱ
௦

଴

 

𝑦(𝑠) = 𝑡 + න ൫𝑉 − 𝐹௖௡(𝑠ᇱ)൯

⎣
⎢
⎢
⎡

1

𝑌𝐴
+

1

ට൫𝐻 − 𝐹௖௟(𝑠ᇱ)൯
ଶ

+ ൫𝑉 − 𝐹௖௡(𝑠ᇱ)൯
ଶ

⎦
⎥
⎥
⎤

𝑑𝑠ᇱ
௦

଴

 

Where 𝑉 = 0.5𝐹௖௟(𝐿଴) and H must be found applying the following boundary conditions, 

𝐵. 𝐶. ൜
𝑥 = 0,   𝑦 = 𝑡,     𝑠 = 0     
𝑥 = 𝐿଴,    𝑦 = 𝑡,     𝑠 = 𝐿଴

 

Figure S19a shows the predicted profile of a suspended CNT under various split gate voltages 

(VG1 = - VG2). The magnitude of Fcn has local maxima near the peaks of |𝜆(𝑥)|, giving the profile 

a trapezoidal-like shape. In the oil environment, the capacitance between the CNT and the gates 

is larger than in vacuum. This increases the net force on the CNT. Figure S19b shows the 

predicted height of the CNT midpoint in the vacuum environment (blue) and oil environment 

(black).  

 

 

Figure S19. a) The predicted height profile of a suspended CNT in vacuum at various split-
gate voltages (±5 V, ±10 V, ±15 V, ±20 V, ±25 V, ±30 V, ±35 V). The CNT diameter is 2 
nm. b) The predicted height of the CNT mid-point a vacuum environment (blue) and oil 
environment (black).   

 

The electromechancial model described above is most accurate for small displacements of the 

CNT. We assumed no vertical displacement of the CNT when we calculated the charge density, 

𝜆(𝑥). For a more refined model, the CNT height profile should be feed back into the calculation 

of 𝜆(𝑥) to find a self-consistent solution (an iterative process). The full self-consistent solution 
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would deviate from our simple model at large gate voltages. The goal of our simple model is to 

demonstrate that mechanical strain is a reasonable explanation for the shift in exciton resonance. 

Indeed, the simple model agrees very well with experiment when VG < 10 V (Fig. 3c and 3d in 

the main text).  

 

12. Photocurrent Peak Fitting 

In the main text, we calculate the photocurrent quantum yield, , as 

𝜂 =
∫ ூౌి ௗ(ℏఠ) 

௘ః௅ேై ∫ ఈ ௗ(ℏఠ)
.  

To find the numerator, ∫ 𝐼୔େ 𝑑(ℏ𝜔), the photocurrent peaks are fit with a Lorentzian function, G, 

given by 

𝐺 =
௦

(ℏఠି௧)మା௨మ
+ 𝐺଴, 

where 𝐺଴ is the vertical offset, u is the half-width at half-maximum of the peak, t is the peak 

center, and s/u2 = max(G - G0). We take ∫ 𝐼୔େ 𝑑(ℏ𝜔) = ∫(𝐺 − 𝐺଴) 𝑑(ℏ𝜔) = 𝜋𝑠/𝑢. Lorentzian 

fits for all photocurrent spectra are plotted in the next section. 

 

 

13. Comparing Photocurrent Quantum Yield to an Alternative Model  

Before developing a detailed model to explain the field dependence of photocurrent quantum 

yield, we compared our measurements to a simple model that ignores the effect of exciton 

binding energy and impact ionization. As shown below, this simple model fails to describe the 

shape of the measured (F) function. 

The escape time esc for a free carrier in the intrinsic region of the CNT diode can be estimated as 

𝜏ୣୱୡ = 𝐿/𝑣, 

where 𝐿 = (𝐸ୋ/𝑒 − 𝑉ୗୈ)/𝐹 is the length of the intrinsic region, and v is the velocity of the free 

carrier. The velocity, v, depends on the axial electric field, F. The velocity saturation model 

predicts13 

𝑣 = ൬
1

𝜇𝐹
+

1

𝑣ୱୟ୲
൰

ିଵ

, 
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where  ≈ 104 cm2/V∙s is the carrier mobility in the undoped CNT,14 and vsat ≈ 5 × 107 cm/s is 

the saturation velocity.13 The predicted velocity is shown in Fig S20a. For the fields used in our 

experiment (F > 3 V/m), the velocity reaches the saturation value.  

 

 

Figure S20. a) Charge carrier velocity, v, is fully saturated when F > 3 V/m. b) Predicted 

photocurrent quantum yield using the “escape-before-recombination” model (see text) with 0 
= 0.5 ps (red), 0.4 ps (black), and 0.3 ps (blue), and EG/e – VSD = 1 V. c) Experimentally 
determined photocurrent quantum yield for Device 1, illuminated with ℏ𝜔 = S22, in the oil 
environment (the same data is shown in Fig. 4 of the main text).  

 

To predict  from this model, we calculated the fraction of carriers that would escape before 

recombining, assuming a constant recombination rate 1/𝜏଴, 

𝜂 =
1/𝜏ୣୱୡ 

1/𝜏଴  + 1/𝜏ୣୱୡ
. 

In Fig. S20b, we plot this function using various values of 𝜏଴. There is no value of 𝜏଴ that 

reproduces the shape of the measured 22(F) curve (Fig. S20c).   
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14. Supplemental Photocurrent Data and Quantum Yield at S33 for Devices 2 and 3. 

Device 1 

 

Figure S21. a) Photocurrent spectra normalized for laser intensity in the vicinity of S22 in air 
as VG is increase from 5 to 10 V with VSD = -0.5 V. b) Laser power used to normalize 

photocurrent spectra. c) FDTD simulated  in vacuum against photon energy and the height of 
the CNT’s intrinsic region above the gates. White line: The CNT’s height against the energy 

of the S22 resonance. The CNT’s intrinsic region moves to increased  as gate voltage is 
increased. d) Photocurrent spectra of the S22 resonance normalized for the photon flux and the 
intrinsic region length in vacuum. Spectra are offset for clarity. VG is increased from 5 to 10 V 
(from black curve to orange curve). Each spectrum is fit with a Lorentzian (dashed lines) that 
is integrated to determine the oscillator strength. The horizontal lines display the FWHM of 
the Lorentzian fit. 
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Figure S22. a) Photocurrent spectra normalized for laser intensity in the vicinity of S22 in 
dielectric oil as VG is increase from 4 to 33 V with VSD = -0.5 V. b) Laser power used to 

normalize photocurrent spectra. c) FDTD simulated  in oil against photon energy and the 
height of the CNT’s intrinsic region above the gates. White line: The CNT’s height against 

the energy of the S22 resonance. The CNT’s intrinsic region moves to decreased  as gate 
voltage is increased. d) Photocurrent spectra of the S22 resonance normalized for the photon 
flux and the intrinsic region length in oil. Spectra are offset for clarity. VG is increased from 4 
to 33 V (from black curve to orange curve). Each spectrum is fit with a Lorentzian (dashed 
lines) that is integrated to determine the oscillator strength. The horizontal lines display the 
FWHM of the Lorentzian fit. 
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Device 2 

 

Figure S23. Finding the CNT chirality and as-grown height for Device 2. a) The empirical 

absorption cross section per length of a CNT with chirality (21,08). b)  calculated in FDTD 

simulations for the vacuum environment using h0 = 599 nm. c)  calculated in FDTD 
simulations for the oil environment using h0 = 599 nm. d) Photocurrent spectrum measured in 

the vacuum environment normalized for P/ℏω (black) plotted along with vacL (red dashes). 
e) Photocurrent spectrum measured in the oil environment normalized for P/ℏω (black) 

plotted along with oilL (red dashes). 
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Figure S24. a) Photocurrent spectra normalized for laser intensity in the vicinity of S33 in 
vacuum as VG is increase from 4 to 15 V with VSD = -0.5 V. b) Laser power used to normalize 

photocurrent spectra. c) FDTD simulated  in vacuum against photon energy and the height of 
the CNT’s intrinsic region above the gates. White line: The CNT’s height against the energy 

of the S33 resonance. The CNT’s intrinsic region moves to increased  as gate voltage is 
increased. d) Photocurrent spectra of the S33 resonance normalized for the photon flux and the 
intrinsic region length in vacuum. Spectra are offset for clarity. VG is increased from 4 to 15 V 
(from black curve to orange curve). Each spectrum is fit with a Lorentzian (dashed lines) that 
is integrated to determine the oscillator strength. The horizontal lines display the FWHM of 
the Lorentzian fit. 
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Figure S25. a) Photocurrent spectra normalized for laser intensity in the vicinity of S33 in 
dielectric oil as VG is increase from 2 to 4 V with VSD = -0.5 V. b) Laser power used to 

normalize photocurrent spectra. c) FDTD simulated  in oil against photon energy and the 
height of the CNT’s intrinsic region above the gates. White line: The CNT’s height against 

the energy of the S33 resonance. The CNT’s intrinsic region moves to increased  as gate 
voltage is increased. d) Photocurrent spectra of the S33 resonance normalized for the photon 
flux and the intrinsic region length in oil. Spectra are offset for clarity. VG is increased from 2 
to 4 V (from black curve to orange curve). Each spectrum is fit with a Lorentzian (dashed 
lines) that is integrated to determine the oscillator strength. The horizontal lines display the 
FWHM of the Lorentzian fit. 
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Figure S26. Calculated photocurrent quantum yield against field in oil and in vacuum for S33 

of Device 2. Dashed lines are  calculated with the CNT’s resting height increased or 
decreased by 10 nm. 
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Device 3 

 

Figure S27. Finding the CNT chirality and as-grown height for Device 2. a) The empirical 

absorption cross section per length of a CNT with chirality (20,04). b)  calculated in FDTD 

simulations for the vacuum environment using h0 = 667 nm. c)  calculated in FDTD 
simulations for the oil environment using h0 = 667 nm. d) Photocurrent spectrum measured in 

the vacuum environment normalized for P/ℏω (black) plotted along with vacL (red dashes). 
e) Photocurrent spectrum measured in the oil environment normalized for P/ℏω (black) 

plotted along with oilL (red dashes). 
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Figure S28. a) Photocurrent spectra normalized for laser intensity in the vicinity of S33 in 
vacuum as VG is increase from 4 to 15 V with VSD = -0.5 V. b) Laser power used to normalize 

photocurrent spectra. c) FDTD simulated  in vacuum against photon energy and the height of 
the CNT’s intrinsic region above the gates. White line: The CNT’s height against the energy 

of the S33 resonance. The CNT’s intrinsic region moves to increased  as gate voltage is 
increased. d) Photocurrent spectra of the S33 resonance normalized for the photon flux and the 
intrinsic region length in vacuum. Spectra are offset for clarity. VG is increased from 4 to 15 V 
(from black curve to orange curve). Each spectrum is fit with a Lorentzian (dashed lines) that 
is integrated to determine the oscillator strength. The horizontal lines display the FWHM of 
the Lorentzian fit. 
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Figure S29. a) Photocurrent spectra normalized for laser intensity in the vicinity of S33 in 
dielectric oil as VG is increase from 3 to 30 V with VSD = -0.25 V. b) Laser power used to 

normalize photocurrent spectra. c) FDTD simulated  in oil against photon energy and the 
height of the CNT’s intrinsic region above the gates. White line: The CNT’s height against 

the energy of the S33 resonance. The CNT’s intrinsic region moves to increased  as gate 
voltage is increased. d) Photocurrent spectra of the S33 resonance normalized for the photon 
flux and the intrinsic region length in oil. Spectra are offset for clarity. VG is increased from 3 
to 30 V (from black curve to orange curve). Each spectrum is fit with a Lorentzian (dashed 
lines) that is integrated to determine the oscillator strength. The horizontal lines display the 
FWHM of the Lorentzian fit. 
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Figure S30. Calculated photocurrent quantum yield against field in oil and in vacuum for S33 

of Device 3. Dashed lines are  calculated with the CNT’s resting height increased or 
decreased by 10 nm. 
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