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CONS P EC TU S

I n semiconductor photovoltaics, photoconversion efficiency is governed by a simple competition: the incident photon energy is
either transferred to the crystal lattice (heat) or transferred to electrons. In conventional materials, energy loss to the lattice is

more efficient than energy transferred to electrons, thus limiting the power conversion efficiency. Quantum electronic systems,
such as quantum dots, nanowires, and two-dimensional electronic membranes, promise to tip the balance in this competition by
simultaneously limiting energy transfer to the lattice and enhancing energy transfer to electrons. By exploring the optical, thermal,
and electronic properties of quantum materials, we may perhaps find an ideal optoelectronic material that provides low cost
fabrication, facile systems integration, and a means to surpass the standard limit for photoconversion efficiency.

Nanoscale carbonmaterials, such as graphene and carbon nanotubes, provide ideal experimental quantum systems in which to
explore optoelectronic behavior for applications in solar energy harvesting. Within essentially the same material, researchers can
achieve a broad spectrum of energetic configurations, from a gapless semimetal to a large band-gap semiconducting nanowire.
Owing to their nanoscale dimensions, graphene and carbon nanotubes exhibit electronic and optical properties that reflect strong
electron�electron interactions. Such strong interactions may lead to exotic low-energy electron transport behavior and high-energy
electron scattering processes such as impact excitation and the inverse process of Auger recombination. High-energy processes, which
become very important under photoexcitation, may be particularly efficient in nanoscale carbon materials due to the relativistic-like,
charged particle band structure and sensitivity to the dielectric environment. In addition, due to the covalently bonded carbon framework
that makes up these materials, electron�phonon coupling is very weak. In carbon nanomaterials, strong electron�electron interactions
combined with weak electron�phonon interactions results in excellent optical, thermal and electronic properties, the exploration of
which promises to reveal fundamentally new physical processes and deliver advanced nanotechnologies.

In this Account, we review the results of novel optoelectronic experiments that explore the intrinsic photoresponse of carbon
nanomaterials integrated into nanoscale devices. By fabricating gate voltage-controlled photodetectors composed of atomically
thin sheets of graphene and individual carbon nanotubes, we are able to fully explore electron transport in these systems under
optical illumination. We find that strong electron�electron interactions play a key role in the intrinsic photoresponse of both
materials, as evidenced by hot carrier transport in graphene and highly efficient multiple electron-hole pair generation in
nanotubes. In both of these quantum systems, photoexcitation leads to high-energy electron�hole pairs that relax energy
predominantly into the electronic system, rather than heating the lattice. Due to highly efficient energy transfer from photons into
electrons, graphene and carbon nanotubes may be ideal materials for solar energy harvesting devices with efficiencies that could
exceed the Shockley�Queisser limit.
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Introduction
Quantum optoelectronic materials, in which the optical and

electronic properties directly reflect the quantum nature of

electrons, promise to provide evolutionary and revolution-

ary advances in solar energy harvesting technologies.

Numerous materials, including semiconductor quantum

dots,1�3 nanowires,4,5 and nanotubes,6,7 as well as organic

and inorganic molecules,8,9 are being actively explored for

their potential in low-cost synthesis, fabrication, and system

integration.While important for practical applications, quan-

tum materials provide a playground for the exploration of

fundamentally new energy conversion and energy relaxa-

tion processes, such as impact excitation (IE) and multiple

electron�hole (e�h) pair generation. These processes,

which could improve the efficiency of photovoltaic cells

beyond standard thermodynamic limits,10 have been the

subject of intense multidisciplinary research and have

caught the interest of chemists, materials scientists, engi-

neers, and physicists.

By comparing the incident photon energy, EPH, to the

band gap energy, EGAP, we can describe three important

photoelectronic energy regimes that can be explored in quan-

tum materials (Figure 1). The first regime (Figure 1A), in which

the ratio EPH/EGAP≈1, is the regime inwhichpower conversion

approaches the thermodynamic (Shockley�Queisser) limit.10

As the ratio increases to EPH/EGAP > 2, electron�electron

interactionsmay lead tomultiple e�hpair generation, increas-

ing the efficiency beyond the standard limit. The third, and

perhaps least explored, regime is that in which EGAP ap-

proaches zero, or EPH/EGAP f ¥ (Figure 1C). In this regime,

strong electron�electron interactions may drive hot carrier

effects that allow yet higher energy conversion efficiency.11

Carbon-based nanomaterials, such as monolayer gra-

phene (MLG) and nanotubes (NTs), allow us to explore the full

spectrum of photoelectronic energy regimes. The enthusiasm

surrounding the optical and electronic properties of these

materials arises from the peculiar band structure of graphene.12

�15 Graphene, which is a two-dimensional array of carbon

atoms arranged in a honeycomb lattice (Figure 2A), exhibits

zero band gap energy. Over a broad range of energies

(approximately(1eV), the electron�hole symmetric bands ε(k)

(Figure 2B) are approximately conical and result in charge

carriers with the same Fermi velocity, vF ≈ 106 m/s. In contrast

to both metals and semiconductors, at low energies, the con-

duction and valence band touch (at the so-called charge neu-

trality point). Here, the electronic density of states g(ε)

approaches zero, leading graphene to be characterized as a

semimetal. Importantly, theelectrons inMLGbehaveasagasof

massless Dirac fermions, that is, they are described by the Dirac

equation for massless particles, rather than the Shr€odinger

equation.16

Rolling graphene into a tube imposes boundary condi-

tions on the electronic wave function, resulting in a one-

dimensional nanowire with diameter-dependent band gap

energies.17�20 Along the circumference of the tube, the

crystal momentum becomes quantized since the wave

functionmustmatch itself as it completes one full circulation

(Figure 2C). For a tube of diameter d, this gives the geometric

condition Δk^πd = 2π, where k^ is the crystal momentum

perpendicular to the tube axis. This quantization cuts a set of

FIGURE 1. Schematic diagrams of the photoelectronic energy regimes
in quantum materials including systems in which (A) EGAP and EPH are
comparable, (B) EPH is more than twice EGAP, and (C) EPH is very large
compared with EGAP.

FIGURE 2. (A) Graphene, a single atom-thick sheet of hexagonally
oriented carbon, and (B) its conical band structure in twodimensions. ε(k)
is the electron energy as a function ofmomentum in two dimensions, kx
and ky. (C) A carbonnanotube formedby rolling the graphene sheet, and
(D) its hyperbolic band structure in one dimension. The electron
momentum perpendicular to the tube axis, k^, is quantized resulting
in a band gap, EGAP.
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discrete planes, ε1(k )), ε2(k )), ..., out of the Dirac cone with a

spacing defined by the above expression. The intersectionof

planes (at intervals of Δk^) with the allowed energies of the

Dirac cone forms the one-dimensional subbands of NTs

(Figure 2D), each with a van Hove singularity in the density

of states (g(ε) f ¥).
In low-dimensional materials, electron confinement and

reduced electronic screening lead to drastically increased

electron�electron (Coulomb) interactions. To compare the

energy scale of Coulomb interactions to a scale relevant in

carbon nanomaterials, it is interesting to note that the

conical bands of graphene are light-likewhile the hyperbolic

bands in NTs are analogous to the allowed energies of

relativistic particles with relativistic energies mvF
2. In relati-

vistic particle physics, the occurrence of charged particle

interactions depends strongly on the ratio of the Coulomb

interaction strength between electrons to their relativistic

energies and is quantified by the fine structure constant R =

e2/(4πε0pc)≈ 1/137, where ε0 is the permittivity of vacuum.

Interestingly, the Fermi velocity and low dielectric constant

in MLG and NTs leads to an effective fine structure constant

R = e2/(4πεpvF) ≈ 1, suggesting that electron�hole genera-

tion and annihilation should be quite efficient.

Within essentially the samehexagonal carbonmaterial, a

continuous spectrum of band gap energies can be achieved,

thus allowing a direct probe of interacting electrons. The

electronic properties that result are directly manifested in

diverse aspects of MLG and NT photoresponse, which has

been the focus of extensive research for optoelectronic and

energy-harvesting applications. Here, we discuss optoelec-

tronic measurements that explore the intrinsic photore-

sponse in carbon nanomaterials. As will be seen, our

measurements demonstrate some of the unique properties

of these materials but also reveal very unconventional

behavior.

Optoelectronics in Carbon Nanomaterials
As physicists and nanotechnologists, our experimental ap-

proach takes inspiration from the compilation of knowledge

based on over half a century of semiconductor technology.

We aim to integrate MLG and NTs as the active element in

photoconducting devices and study the optoelectronic char-

acteristics. Before understanding the device behavior ob-

served in MLG and NTs, however, it is important to

understand the basic working principles of a conventional

semiconductor optoelectronic device: the PN junction.

R. S. Ohl patented the first PN junction in 1941 while at

Bell Telephone Laboratories.21 Ohl's “light sensitive electric

device” combines two semiconductor silicon crystals, one

doped with electron donors (p-type material) and the other

with electron acceptors (n-type material).21,22 By placing the

two materials together, Ohl discovered that charge at the

interface is redistributed to form a built-in electric field.

Because the PN junction is composed of semiconducting

materials, the minimum energy required to excite an elec-

tron from the valence band to the conduction band is EGAP.

The resulting electronic potential energy and schematic

device characteristics are shown in Figure 3A,B. In the

absence of light, when a positive voltage is applied across

the device, the potential energy barrier at the PN junction is

reduced, resulting in exponential turn-on in forward bias.

When a negative voltage is applied the potential barrier is

increased, and no current passes through the device.

If a photon whose energy exceeds EGAP is incident on the

PN junction, it creates an e�h pair that is separated by the

electric field and collected at the contacts. This leads to

additional current that offsets the dark I�V characteristic.

In forward bias, the amount of optical power converted to

electrical power generated in the device, P = I0V0, is the

power conversion efficiency (Figure 3B). This is the basic

operating regime of solar cell devices used for energy

harvesting. In reverse bias, the built-in field may become

so strong that carriers are accelerated to high kinetic en-

ergies and undergo avalanche multiplication. This is the

operating regime of avalanche photodiodes. As we will

discuss, quantummaterials allowus to operate a PN junction

that exhibits avalanche-like behavior in the forward bias

power conversion regime, thus increasing the energy-har-

vesting efficiency.

To probe photoresponse in carbon nanomaterials, we fab-

ricated and measured light-sensitive devices. Our PN junc-

tion devices consist of individual exfoliated MLG flakes or

FIGURE 3. (A) Electronic potential energy landscape for a semicon-
ductor PN junction at a source drain bias VSD = 0. EC and EV are the
conduction and valence band edges, respectively. (B) Conventional
characteristics of a PN junction device in the dark and under illumina-
tion. Peak energy conversion efficiency occurs within the lower right
quadrant.
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semiconducting NTs integrated into multigate geometries

that allow local electrostatic doping.23�27 Applying a volt-

age to a conducting gate electrode maintains a static charge

distribution on the nearbyMLG or NT. Through tuning of the

gate voltage, the MLG flake or NT can exhibit ambipolar

behavior: negative gate voltage leads to p-type conduction,

while positive voltage results in n-type conduction. Fabricat-

ing multiple gates and exfoliating MLG or synthesizing NTs

on the top surface of the device allows us to introduce

various experimental probes (such as focused laser light) to

the device channel.

Graphene PN junctions (Figure 4A) were fabricated by

exfoliating high-quality graphene onto standard silicon

substrates.28 Thin gold electrodes were deposited to form

electrical contacts to the graphene flakes. For the top-gate

electrode of the PN junction device, we first mechanically

exfoliated and then transferred boron nitride flakes over the

entire device. Hexagonal boron nitride acts as an insulating

layer over which a thin gold top-gate electrode was depos-

ited using e-beam lithography and thermal evaporation.

For nanotube devices (Figure 4B), NTs were grown on a

predefined split-gate substrate using the flying catalyst

chemical vapor deposition (CVD) growth process.24,29 The

resultant NTs have lengths up to 10 μm and a diameter

distribution centered at 1.5 nmwith a range extending from

1 to 4 nm. After fabricating gold electrodes, we then probed

electrical conductivity of the device junctions to identify

those containing one or more NTs and measured the NT

diameters using atomic force microscopy.

Although electronic and optical experiments give comple-

mentary insight into intrinsic photoresponse, it is extremely

important to understand the interplay of optical and electro-

nic behavior. The scanning photocurrent spectroscopymicro-

scope (SPSM)30 combines electronics and optics to investigate

this interplay. In the SPSM, nanoscale devices are wired into

an optical cryostat. Electronic feed-throughs allow the mea-

surement of electronic properties while the device is illumi-

nated at various temperatures. To generate a photocurrent

image, a diffraction-limited beam spot is scanned over the

devicewhile the current is recorded. Simultaneously, reflected

light from the sample is collected, and the reflected intensity is

monitored to forma correlated imageof thedevice. Using this

technique, we are able to probe the interplay of optical

excitations and electronic transport in MLG and NTs.

Hot Charge Carriers and Impact Excitation in
Graphene
The photoconversion efficiency of semiconductors is gov-

erned by the competition between various energy relaxa-

tionpathways of photoexcited e�hpairs: energy transferred

to the lattice is converted to heat, while energy transported

through charge carriers may be used to drive an optoelec-

tronic circuit.22 In graphene, energy relaxation pathways are

strongly altered by the vanishing electronic density of states

near the charge neutrality point.31�33 High-energy e�h

pairs may relax by colliding with, creating, or annihilating

other fundamental quasi-particles. One class of quasi-parti-

cles, optical phonons, has been well studied34 and are

known to interact strongly with high-energy carriers in

MLG. However, after initial relaxation of photoexcited car-

riers caused by electron�electron scattering and optical

phonon emission, electron�lattice energy relaxation can be

quenched due to very weak acoustic phonon scattering.31

Weak phonon scattering combinedwith vanishing density of

states creates a bottleneck that limits further energy redis-

tribution into the lattice. With electron-to-lattice energy re-

laxation quenched, a novel transport regime is reached in

which thermal energy is redistributed solely amongelectronic

charge carriers. Electrons and holes remain hot while the

lattice stays cool.

FIGURE 4. (A) Process flow for fabrication of the graphenemultigate PN
junction photodetector (discussed in text). Monolayer graphene (MLG) is
the active material in a device integrated with hexagonal boron nitride
(BN) insulator. (B) Process flow for the carbon nanotube (NT) split-gate
photodiode.NTs are synthesizeddirectly onto thedevice using chemical
vapor deposition.
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In graphene, optically excited electrons and holes have

been predicted to undergo IE, a process by which high-

energy carriers collide with or generate low-energy

carriers.32,35,36 By comparing electron and phonon heat

capacities, Song et al.33 suggested that electron�electron

interactions dominate thermal energy transfer from the

initial photoexcitation into graphene's electronic and pho-

non subsystems. The primary electron scattering process

that redistributes energy within the electronic system is

impact excitation. To reach the hot carrier regime, IE com-

petes with Auger recombination to establish an equilibrium

electronic temperature Te. In the absence of a band gap, a

high-energy charge carrier may relax through several colli-

sions to produce multiple e�h pairs (Figure 5A). In the

simplest view, since the activation energy for a new e�h

pair is infinitesimal, IE may occur with very high quantum

efficiency leading to avalanche-like behavior. However, the

available electronic states decrease as electrons and holes

fill states near the charge neutrality point. Near the charge

neutrality point, where the density of states g(ε) is very

small and approaches zero, the increase of the electronic

temperature dTe can be determined thermodynamically

(Figure 5B):

dTe ¼ dQe

Ce
� dQe

g(ε)
(1)

where dQe is the energy provided to the electronic

system by photons, and Ce � g(ε) is the heat capacity of

the electronic system. As the density of states, g(ε),

approaches zero, eq 1 implies that competition between

IE and Auger annihilation results in a very hot electron�
hole population. Experimentally, a hot electronic tem-

perature near the charge neutrality point may serve as

evidence of electron�electron interactions.
Due to very weak acoustic phonon emission, hot electrons

inMLGwerepredicted31,33 andobserved37 to exhibit very long

cooling times that exceed hundreds of picoseconds. After

optical frequency excitation, optical phonon emission and

electron�electron scattering dominate electronic relaxation

onvery short time scales (within∼1ps).37Once carrier energies
are reduced to below the optical phonon energy (hω≈ 0.2 eV),

weak acoustic phonon emission is the primary energy relaxa-

tion channel. Song et al.33 proposed that hot carrier transport

effects in MLG, such as the photothermoelectric effect (first

observed by Xu et al.38) and long cooling times, might signal

the presence of highly efficient carrier scattering. Additionally,

simulations32 have shown that IE may dominate over Auger

recombination, resulting in high-efficiency carrier multiplica-

tion. Most importantly for optoelectronics, long-lived photo-

excited carriers in graphene may remain in an excited state

long enough to be efficiently harvested and drive a photo-

thermoelectric effect in a graphene device.
Recently, we used scanning photocurrent microscopy to

demonstrate that hot carriers indeed play a key role in the

photoresponse of graphene.28 We studied multigated PN

junctions both in monolayer (MLG) and bilayer graphene.

Tuning the bottom and top gate voltages, VBG and VTG,

respectively, allowed independent control of carrier density

and polarity (n-type or p-type) in each region. Resistance

characteristics, R vs VBG and VTG, exhibit two intersecting

lines of relatively high resistance and a maximum resis-

tance, Rmax, at their intersection, the global charge neutrality

point (Figure 6B). These two lines divided the resistancemap

into four regions: p�n, n�n, n�p, and p�p, labeled accord-

ing to the carrier doping induced in the bottom-gated and

dual-gated regions (regions 1 and 2, respectively).
We established a PN junction by applying voltages of

opposite polarity on VBG and VTG. Figure 6C shows a photo-

current imageof the PN junction at anexcitationwavelength

FIGURE 5. (A) Impact excitation in a zero band gap system, such as
graphene. The initial electron may relax to excite several e�h pairs of
lower kinetic energy, creating a distribution of hot carriers. (B) Photon
absorption in graphene's conical bands leads to a high-energy electron
and hole that subsequently relax to form a hot temperature distribution
with an electronic temperature, Te. Image taken from ref 30.
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of λ = 850 nm. Optoelectronic measurements with the laser

fixed at the p�n interface exhibited a striking photovoltage

patternwith six regions of alternating photovoltage sign as a

function of VBG and VTG (Figure 6D). The sign andmagnitude

of photovoltage depends on the Seebeck coefficient38,39 in

each region and can be written as

VPTE ¼ (S2 � S1)ΔT (2)

where S is thermoelectric power (Seebeck coefficient) in

regions 1 and 2, and ΔT is proportional to the electron

temperature difference between the area under the laser

spot and its surroundings.33 From theMott formula,39 we

can write S as

S ¼ π2kB
2T

3e
1
R

dR
dVG

dVG

dE

�
�
�
�
�
E¼EF

(3)

where T is the sample temperature, kB is the Boltzmann

constant, and EF is the chemical potential.38 The nonmono-

tonic dependence of S1 and S2 resulted in multiple sign

reversals for the quantity (S1� S2), which gave rise to the

6-fold pattern (Figure 6D), characteristic of a photother-

moelectric effect in graphene.33

Further experiments showed that graphene's photore-

sponse exhibits charge density dependence and long cooling

lengths that support hot carrier-assisted transport of thermal

energy. While our measurements provide direct evidence for

hot carriers that proliferate throughout the system, they may

also serve as indirect evidence of IE processes.

How can IE and multiple e�h pair generation be verified

in graphene? Recent calculations by Winzer and Malic32,36

have focused on the subpicosecond dynamics of charge

carriers and suggest that time-resolved photoresponsemea-

surements may provide evidence for multiple e�h pair

generation and Auger annihilation. A more direct approach

of probing multiplication may lie in devices similar to en-

ergy-resolving superconductor photodetectors.40 In these

devices, high-energy photons (∼1 eV) are used to break

apart low-energy Cooper pairs (∼1 meV), resulting in a

voltage build-up across a superconducting junction. The

number of broken Cooper pairs, and therefore the voltage

response, increases with photon energy. Similarly, increase

inMLG's photoresponse as a function of photon energymay

be a direct experimental indicator of efficient IE.

Multiple Electron�Hole Pair Generation in
Carbon Nanotubes
In conventional semiconductors, conduction band carriers

can gain sufficient kinetic energy to collide with valence

band carriers andgenerate anadditional e�hpair via impact

FIGURE6. (A) The graphenePN junction under focused laser illumination in the scanning photocurrent spectroscopymicroscope. Region1 is covered
only by the ultrathin BNwhile region 2 has an additional top-gate electrode. (B) Resistance across the graphene channel vs top-gate,VTG, and bottom-
gate, VBG, voltages. A high resistance peak occurs when the electron density is tuned to zero in both regions, called the charge neutrality point. (C) A
scanning photocurrent image exhibits a strong response at the location of the interface between p-type and n-type regions. (D) Photovoltage VPH vs
gate voltages (same as in panel B). Whereas the resistance only shows four regions, the photovoltage exhibits six regions, characteristic of the
photothermoelectric effect. Image adapted from ref 28.
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ionization.22 This process, shown in Figure 7A, converts excess

kinetic energy into additional charge. In NTs, interactions

between higher subband electrons and holes become impor-

tant, and one-dimensional momentum conservation must be

considered. Here, we describe the two lowest energy e�h pair

generation processes that have been proposed in NTs: a two-

body process by which a high-energy correlated e�h pair

relaxes into two low-energy e�h pairs (proposed by Kane

and Mele41) and a three-body interaction in which a highly

energetic electron (or hole) relaxes to create a new electron

and hole (Perebeinos et al.42).

In the NT single particle band structure, the second

subband E22 ≈ 2EGAP corresponds to excitations of more

massive particles (m2* = 2m1*). As shown in Figure 7B, an

e�h pair initially at the second subband edge can relax into

an e�h pair in the first subband with a finite kinetic energy.

Because E22 ≈ 2EGAP, this strongly interacting e�h pair has

sufficient excess energy to relax into two e�h pairs via the

process e2
2 þ h2

2 f (e1
1 þ h1

1)þ (e1
1 þ h1

1), where the subscripts

indicate the subband index and the superscript is the trans-

verse momentum of the carrier in units of 2/(3d). Kane and

Mele41 studied thisprocessanalyticallyandshowed that itmay

occur with high efficiency in NTs.While this process is possible

in the single particle band structure of NTs, strong Coulomb

interaction effects renormalize the band structure such that

E22 < 2E11. Following their analysis, strongly bound e�h pair

correlations (excitons) in NTs have been shown to dominate

the optical response,43 and additional theoretical work44 has

found that multiple excitons may be generated due to reso-

nant coupling of one-exciton and two-exciton states.

By considering strict conservation of energy andmomen-

tum in the NT band structure, Perebeinos et al.42 showed

that carriers in the third subband may undergo IE via the

process e3
4 f e2

2 þ (e1
1 þ h1

1), which occurs equivalently for

holes. This process (shown in Figure 7C) converts an e3
electron into an e2 electron and an additional electron and

FIGURE 7. (A) Impact excitation in a gapped electronic system, such as
semiconducting carbon nanotubes. The initial electron may relax to
excite multiple e�h pairs of lower kinetic energy. The lowest energy IE
processes in theNTs hyperbolic band structure occur via two-body (B) or
three-body (C) interactions, as discussed in text. Image taken from ref 30.

FIGURE 8. (A) The NT photodiode under focused laser illumination in
the scanning photocurrent spectroscopy microscope. (B) A scanning
photocurrent image exhibits a strong photoresponse at the location of
the interface between p-type and n-type regions. (C) A schematic
diagram of the IE process in one dimension. High-energy electrons and
holes (with energies greater than 2EGAP) combine EPH and the energy
provided by the electric field to undergo IE, leading to multiple electro-
n�hole pair generation. Image adapted from ref 29.
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hole in the first subband. The transverse momentum of the

e3 electron 4 � 2/(3d) is transferred to a second subband

carrier (resulting in transversemomentum2� 2/(3d)) and two

first subband carriers. While similar processes occur for higher

subbands, thisprocess is the lowestenergy three-bodycreation

process that conserves transverse momentum.

A powerful way to directly probe multiplication processes is

through measuring the photoresponse of the nanotube PN

junctionusingSPSM(Figure8A). Figure8Bshowsaphotocurrent

map taken with an excitation wavelength of λ = 532 nm. A

photocurrent peak is observed at the PN junction, with a full

width at half-maximum of ∼700 nm perpendicular to the NT,

consistent with the size of the excitation beam.

Fromdetailedphotocurrent spectroscopymeasurements,29,30

we attributed photocurrent enhancement above E22 ≈ 2EGAP to

efficient e�h pair generation by high-energy charge carriers in

the second NT subband. In this process, the excess rest mass

energy of the second subband carriers (m2*vF
2) is combinedwith

the kinetic energy of the electric field to create an e1 carrier plus

e�h pairs (Figure 8C),

e2 þKe(x) f e1 þ n(e1 þh1) (4a)

and, equivalently for holes,

h2 þKh(x) f h1 þ n(e1 þh1) (4b)

The integer n = 1, 2, 3, ... indicates the number of pairs

produced. As shown in Figure9A, the kinetic energy available

to electrons (Ke) and holes (Kh) created at a position x along

the PN junction can be tuned by changing VSD. At the open

circuit voltage, VSD = VOC ≈ EGAP/e, the total potential energy

drop is zero, resulting in a flat spatial photocurrent profile

(Figure 9B, bottom). Conversely, atVSD = 0, the total potential

energy available along the entire junction is EGAP (Figure 9B,

top).
Ourmodel suggests that energy gained by a carrier in the

PN junction depends strongly on its initial location. As VSD

reaches the threshold VSD = 1/2VOC, a carrier excited at the

edge of the junction, either the electron or the hole, picks up

the entire potential energy of the junction and undergoes IE.

At this voltage, the power conversion efficiency is strongly

enhanced due to IE. AtVSD = 0, the electron and hole created

at the center each pick up half of the junction's potential

energy, leading to additional gain.

Spatial photocurrent measurements provide a detailed

probe to confirm our impact excitation model. In Figure 9C,

we plot photocurrent profiles for a device of VOC = 0.45 V

taken by scanning the laser along the length of the nano-

tube at variousVSD values. AtVSD = 0.35 V, the IE threshold is

not reached, and we observed a flat photocurrent profile.

FIGURE 9. (A) Schematic diagrams of the IE process at various values of the source drain bias, VSD, which controls the electric field strength across the
PN junction. The electric field increases from bottom to top. (B) Expected linear photocurrent profile in the presence of IE due to high-energy electrons
and holes at corresponding VSD values. (C) Observed photocurrent profiles of the NT PN junction at relevant VSD values. The lowest four traces show
strong agreement with the expectations of IE. Image adapted from ref 29.
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At VSD = VOC/2 = 0.225 V, the photocurrent profile exhibits

double-peaked maxima occurring at the edges of the PN

junction, corresponding to IE.When the bias voltage reaches

VSD=0V, an additional sharp increase occurs at the center of

the device, corresponding to additional IE events. In reverse

bias, the photocurrent peaks at the edges catch up to the

center peak (at VSD =�VOC) until finally, at high reverse bias,

the center peak again dominates over the side peaks.

Additional work continues to investigate the details of

impact excitation in NTs. In contrast to Perebeinos et al.,42

we observed IE in the second subband, suggesting that

either other carriers or phonons are involved to conserve

momentum. Baer et al.45 reconciled the difference between

our results and the theory of Perebeinos by proposing an

important variation. In their model, the initial excitation

above the second subband ε2 relaxes very quickly into an

ε1 electron (hole) and an ε3 hole (electron). Interactions of the

ε3 carriers with the electric field leads to the efficient IE

process described by Perebeinos et al. More recently, ultra-

fast photoresponse techniques46,47 that access real-time

transit of electrons in NT devices have been developed to

explore these interactions andperhaps unravel the details of

the IE process.

Interestingly, earlier experiments on NTs attributed

electroluminescence48�50 and avalanche breakdown51 to pair

generation by IE. Additionally, transient absorption spectros-

copy measurements on chemically isolated NTs were used to

observe multiple exciton generation (MEG).52,53 In these mea-

surements, absorption of single photons with energies corre-

sponding to 3EGAP resulted in an efficiency of 130%. Consistent

with our measurements, at photon energies above 2EGAP,

Wang et al.53 also observed an increase in MEG efficiency at

room temperature. In order to understand the details of this

process, further experiments that probe the number of multi-

plied carriers and their initial energies are needed.

Shining Light on the Future of Carbon
Nanomaterials
By understanding impact excitation and multiple electro-

n�hole pair generation, we may improve the efficiency of

R. S. Ohl's “light sensitive device” to achieve solar power

conversion beyond the limits set out by Shockley and

Queisser. However, experiments that explore multiplication

processes, particularly in carbon-based nanomaterials, only

give a glimpse of the physical processes involved. In mono-

layer graphene, a direct observation of multiplication and

annihilation processes is still lacking. In carbon nanotubes,

the process has only been demonstrated, and further work

will continue toexplore the intricatedetails. Aswehave shown,

multiplication processes indeed play an important role in this

intrinsic photoresponse, yet many questions remain.

Just as the hydrogen atom serves as the gold standard for

understanding quantized electronic systems, graphenemay

serve as the next-generation standard for understanding

higher-dimensional quantum systems. Graphene and car-

bon nanotubes exhibit many unique properties, several of

which have been highlighted here. However, these materi-

als are only exampleswithin a class ofmaterials inwhich the

electron dynamics are described by the Dirac equation.

While it is clear that efficient impact excitation, particularly

inMLGandNTs,may improve solar energy conversion, such

processes may also give us deeper understanding of Dirac-

like electron dynamics. To truly grasp the potential of these

materials, we must understand the electron dynamics, as

well as the resulting optical, thermal, and electronic proper-

ties. Although the quantum physics understood from atomic

hydrogen continues to serve us well, perhaps it is time for

atomically thin carbon to guide us into the future.
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