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Hot electron emission from waveguide-integrated graphene has been recently shown to occur at optical
power densities multiple orders of magnitude lower than that of metal tips excited by sub-work-function
photons. However, the experimentally observed electron emission currents are small, which limits the
practical uses of such a mechanism. Here, we explore the performance limits of hot electron emission
in graphene through experimentally calibrated simulations. Two regimes of nonequilibrium emission in
graphene are identified, (i) single particle hot electron emission, where an electron is excited by a photon
and emitted before losing significant energy through scattering; and (ii) ensemble hot electron emission,
where the photon source causes nonequilibrium heating of the electron population beyond the electron
lattice temperature. It is shown that, through appropriate selection of photon energy, optical power density,
and applied electric field, hot electron emission can be used to create ultrahigh current electron emitters
with ultrafast temporal responses in both the single particle and ensemble heating regimes. These results
suggest that, through appropriate design, hot electron emitters may overcome the limitations of thermionic

and field emitters.
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I. INTRODUCTION

From modern electron microscopes to free elec-
tron lasers, electron emission devices play an impor-
tant role in a diverse range of applications [1-6].
Photoemitters constitute a class of electron emitters
that uses photons as the source of energy to pro-
duce the electron beam. Photoemission occurs via three
mechanisms: single-photon emission, multiphoton emis-
sion, or strong-field emission. Single-photon emitters,
where the incident photon has an energy greater than
the work function of the emitter, are the most effi-
cient and broadly used, but also require significant
infrastructure, in terms of high-photon-energy lasers
or ultrahigh vacuum chambers for negative-electron-
affinity emitters. Multiphoton and strong-field emitters
allow the use of lower photon energy lasers, potentially
enabling the use of compact semiconductor lasers and
integrated photonics, but require high power densities
(>10'3 W/m?), which typically necessitate the use of ultra-
fast pulsed lasers [7—11]. Recently, it has been shown
that hot electrons in graphene can mediate photoemis-
sion from sub-work-function photons at power densities
over five orders of magnitude lower than that of metal
tips [12].

In the previously explored structure, the graphene emit-
ter sits on top of a waveguide that evanescently couples
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the photons to the electrons. The thickness (approximately
0.35 nm) of graphene directly addresses the issue of long
response time, eliminating the need for the photoexcited
electrons to be transported to the emitting surface, as is
necessary with standard metallic photoemitters. Favorable
scattering rates in graphene also allow the photoexcited hot
electrons to be emitted into vacuum before thermalizing
down to the Fermi level. Due to these features of graphene,
hot electron emission from waveguide-integrated graphene
using sub-work-function photons can occur at power den-
sities that are multiple orders of magnitude lower than
that of metallic tip emitters [12—15]. Previously, it was
shown that an electron emission model obtained by solv-
ing the nonequilibrium Monte Carlo Boltzmann transport
equation (MCBTE) could quantitatively explain the nature
of the observed current density as a function of the applied
electric field, optical power density, and photon energy
[12,16]. In addition, there have been a number of theoret-
ical studies on graphene-based Schottky barrier devices to
model the thermionic and photoexcited electron emission
of electrons over the barrier, as well as on generalized two-
dimensional material based Schottky barrier devices [17—
20]. Here, we theoretically investigate the performance
limits of electron emission from graphene within a range
of different sub-work-function photon energies, optical
power densities, and electric fields, identifying experimen-
tal conditions under which high current density, quantum
efficiency (1), and ultrafast hot electron photoemitters can
operate.
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II. HOT ELECTRON EMISSION MECHANISM IN
GRAPHENE

The unique linear band structure of graphene allows its
electrons to be excited directly from the valence band to the
conduction band within photon energies ranging from far-
IR to UV. These photoexcited electrons, referred to as “hot
electrons,” in graphene are out of equilibrium compared
with the initial electron distribution. These nonequilibrium
hot electrons, therefore, go through different scattering
mechanisms, where they lose energy and thermalize. The
most prominent scattering mechanisms in graphene are (1)
electron-electron (e-e) scattering, (2) optical phonon (OP)
scattering, and (3) supercollision acoustic phonon (SC)
scattering [12,21-28]. OP scattering includes both longi-
tudinal optical (LO) and transverse optical (TO) phonons.
While e-e scattering allows the hot electrons to elastically
redistribute their excess energy among the “cold” elec-
trons in the Fermi sea, both OP and SC scattering cause
them to lose energy to the lattice. When a vertical elec-
tric field is applied to graphene, the vacuum barrier bends
in response to the field, and these hot electrons can tun-
nel through the distorted vacuum barrier. In addition to
the usual scattering mechanisms, this tunneling mechanism
provides another possible pathway for the hot electrons
to reach a different final state [12,21]. Probability rates of
these mechanisms depend on the energy and momenta of
the involved electrons and phonons, as well as the band
structure of graphene, and can be quantitatively calculated
using Fermi’s golden rule. Figure 1 summarizes the basic
mechanism of electron emission from graphene.

III. SCATTERING AND TUNNELING RATES

To quantitatively evaluate the electron emission cur-
rent from graphene as a function of photon energy, opti-
cal power density, and electric field, it is important that
we quantitatively determine the rates of the scattering
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FIG. 1. Emission of photogenerated hot electrons from
graphene, while they go through the scattering processes.

mechanisms and tunneling. Here, Fermi’s golden rule is
used to calculate the rates [12,29]:
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Here, 1/7 is the scattering rate, M (k, k') is the matrix ele-
ment for the transition between the initial state |k) to the
final state |k’), f(k) is the Fermi-Dirac distribution, and
dg ensures the energy conservation. For different scatter-
ing mechanisms, the matrix element will be different, and
therefore, lead to different scattering rates. Calculations
of each of the scattering rates are carried out following
previous work [12].

Figure 2(a) shows the scattering rates for all scattering
mechanisms as a function of electron energy for an elec-
tronic temperature of 300 K, while Fig. 2(b) summarizes
the total scattering rates for different electronic tempera-
tures. Since increasing the electronic temperature increases
the number of electrons in the Fermi sea, the e-e scattering
increases significantly. This ultimately leads to an increase
in the overall scattering rates with increasing electronic
temperature. The tunneling rates for different electric fields
are shown in Fig. 2(c). Electrons with higher energy see a
smaller barrier, and therefore, have larger tunneling rates.
On the other hand, when the electric field is increased,
the nearly triangular vacuum barrier is further thinned,
and there is an exponential increase in the tunneling rate.
Therefore, an electron with higher energy will be able to
tunnel the barrier more frequently, if a larger electric field
is applied.

IV. RESULTS FROM THE MCBTE SOLVER

The MCBTE simulation uses the calculated scatter-
ing rates to determine the energy-time trajectory of the
hot electrons. An open-source Monte Carlo simulator,
Archimedes, is modified to solve the MCBTE for graphene
[16]. The MCBTE solving approach is discussed in more
detail in the Supplemental Material [30]. The simulation
is initialized with 5 x 10° electrons, which is equivalent to
simulating 0.5 um? graphene. Figure 2(d) shows the calcu-
lated trajectories for four different photon energies, when
the electronic temperature is 300 K. The trajectories are
obtained by tracking the average energy of 50 photoex-
cited electrons during each simulation and then averaging
over 50 different simulations. The trajectory for 1 eV pho-
tons shows us three distinct regions: (1) an initial drop
in electron energy due to e-e scattering, (2) dissipation
of energy due to OP scattering until the electron energy
goes below the OP energy (approximately 190 meV), and
(3) a slower dissipation in energy due to SC scattering.
Since e-e scattering rates are considerably smaller than
the OP scattering rates for higher energy electrons, the e-e
scattering dominated initial energy loss cannot be observed
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FIG. 2.

Simulation of hot electron scattering, electron emission, and electronic temperature. (a) Hot electron scattering rates for

the major scattering mechanisms of graphene for electronic temperature of 300 K. (b) Total scattering rates for different electronic
temperatures. (c¢) Energy-resolved tunneling rates for hot electrons in graphene. (d) Simulated time-resolved energy trajectory of hot
electrons excited by different photon energies. (¢) Average energy lost by hot electrons due to e-e scattering. (f) Simulated electronic
temperature of graphene as a function of absorbed optical power density. The inset shows the electronic temperature for smaller

absorbed optical power densities in linear scale.

in the trajectories obtained for higher energy photons.
Average energy loss of hot electrons due to e-e scatter-
ing events is shown in Fig. 2(e). Figure 2(f) shows the
change in electronic temperature as a function of absorbed
optical power density. Using these scattering rates, the cal-
culated electronic temperature profile is shown to match
the temperature experimentally observed by Betz et al.
[12,23].

A. Emission current model

We model the emission current using a quantum
mechanical tunneling model [12,31-34]. Throughout the
paper, when we mention thermalized electrons, we refer to
the electrons that follow the Fermi-Dirac distribution with
a well-defined electronic temperature. This temperature
may be that of the lattice or, under specific excitation con-
ditions, may be higher than the lattice temperature itself.
When these electrons are emitted from the material over
the vacuum barrier without any influence from the electric
field, we define the current density due to this flux as the

“thermionic emission” current density. However, under the
influence of the electric field, there will be an increased
flux of emitted electrons, as they have a finite rate of
tunneling through the barrier. We define this enhanced
emission current density as the “thermionic field emission”
(TFE) current density, which can be expressed as

Jrve(T,F) = ¢ | DEYH(E,F)f (E,E.  (2)

Here, T'is the electronic temperature, E is the energy of the
electron, F is the electric field, e is the elementary charge,
D(E) is the density of states of graphene [35], r7(E, F) is
the tunneling rate, and (£, T) is the Fermi-Dirac distribu-
tion. This model for TFE current density was developed
by Sinha et al. [36] and Ang et al. [17], while Rezaei-
far et al. redeveloped it with numerical implementation
[12]. For different optical power densities, we find the elec-
tronic temperature from Fig. 2(f) and evaluate the integral
numerically to calculate the current density due to thermal
electrons.
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To calculate the emission current due to photoex-
cited electrons, we consider the possibility of multiphoton
absorption (MPA) [37,38], so that every absorbed photon
results in 7 photoexcited electron-hole pairs for n-photon
absorption, and therefore, we calculate the generation rate
from the relation S = Z?:l Gi(S, Epn)Epn x i. Here, S is
the absorbed power density and G; = (t;/1;) G is the gen-
eration rate for the i-photon absorption process. We explain
the details of the calculation of the i-photon absorption
rate, 7;, in the Supplemental Material [30]. Figure 3(a)
shows the ratio of the two-photon absorption (TPA) rate to
the single-photon absorption (SPA) rate for different pho-
ton energies and power densities. Now, we can calculate
the emission current due to hot electrons (HEs) from the
following relation [12]:

Je(S,F) =Y CZ eGi(S, Em)rrlE@), Fldt.  (3)

i=1

Here, E(?) is the energy of the hot electron as a function
of time, as shown in Fig. 2(d), where E£(0) = (nE},,/2) for
the n-photon absorption.

V. CALCULATION AND ANALYSIS OF THE
EMISSION CURRENT DENSITY

Using these relationships, we calculate the current den-
sities for four different photon energies (1-4 eV) for a
power density of 10* W/m? as we vary the electric field
from 0.5 to 5 V/nm. The reason behind choosing 10* W/m?
is to investigate the current density when there is no sig-
nificant heating of the electron population. We ignore
electronic temperature deviation below a power density
of about 10° W/m?, as the electronic temperature does
not deviate significantly. We consider MPA processes to
order:;, n =3 for E,;, = 1and2eV and n =2 for E,, =
3and 4eV. Figure 3(b) shows the calculated hot elec-
tron current densities for different photon energies and the
TFE current density. At smaller electric fields, the thermal
electrons see a wider and larger energy barrier for tunnel-
ing, whereas the high-energy electrons see a narrower and
smaller energy barrier. Therefore, the hot electron compo-
nent dominates at smaller electric fields over the thermal
component, as observed for the case of higher energy pho-
tons (>1 eV). At even smaller electric fields, the MPA
processes dominate over SPA for higher photon energies.
There are two competing factors that determine whether
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Electron emission current calculation for low power density photoexcitation. (a) Ratio of TPA rate to SPA rate in graphene

at different absorbed power densities. (b) Simulated HE and TFE current density for different photon energies at an absorbed power
density of 10* W/m? (dots: SPA, connected lines: MPA). (c) Crossover electric field and current densities as a function of photon
energy. (d) HE current density as a function of photon energy for different electric fields.
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FIG.4. Electron emission current calculation for large power densities. (a) Calculated HE current density for different photon energies
at an electric field of 1.0 V/nm (dots, SPA; connected lines, MPA). (b) Calculated TFE current density at 0.5 and 1.0 V/nm fields.
(c) Crossover between different emission mechanisms at different ranges of absorbed power densities calculated at 1.6 V/nm for

photoexcitation by 3 eV photons.

SPA or MPA process will dominate the observed current
density: (1) energy of the hot electron and (2) efficiency
of the MPA process. The initial energy difference between
an electron that absorbs one photon and an electron that
absorbs n photons is the energy of (n—1) photons. The
tunneling rate increases exponentially with an increase in
electron energy [12]. However, the magnitude of current
density due to MPA under these conditions is below the
threshold current density likely to be observed in an exper-
iment. From Fig. 3(b), we can observe a clear crossover
between the hot electron dominated regime and the TFE-
dominated regime. However, for 1 eV photons and below,
the hot electron current is not significant enough within
the electric field range considered and no crossover can be
observed. Figure 3(c) shows the crossover fields and cur-
rent densities as a function of photon energy. For higher
photon energies, the crossover field increases at a nearly
linear rate, and therefore, the crossover current densities
increase by several orders of magnitude. Figure 3(d) shows
the hot electron current density as a function of photon
energy for different electric fields. We can see an expo-
nential increase in current density with increasing photon
energies. However, the increase is less steep for larger elec-
tric fields, as the barrier gets thinner, and the difference in
barrier heights plays a less effective role in determining
the tunneling rates. For lower photon energies, the differ-
ence in barrier heights is even smaller and the increase in
HE current is even less prominent. The most significant
observation from these calculations is that there is a dis-
tinct crossover field for every photon energy below which
hot electrons will dominate the emission current, and for
the same power density of different photon energies and
the same electric field below the crossover field, the effi-
ciency of converting photons into emitted electrons will be
higher for higher photon energies.

For power densities of >10% W/m?, the electron pop-
ulation will heat up to a temperature that is significantly
greater than that of the lattice temperature (300 K). In
addition to cold-field emission and single hot electron
emission, this electronic heating leads to the emission of
ensemble hot electrons [39,40]. Figure 4(a) shows the cal-
culated HE current densities for an electric field of 1 V/nm,
considering the different hot electron trajectories obtained
for the electronic temperatures produced by the corre-
sponding power densities. MPA processes exceed the SPA
process only at higher power densities. The corresponding
TFE current densities due to ensemble carrier heating are
shown in Fig. 4(b). For power densities of >10° W/m?, the
electronic temperature rises above 1000 K and the effect
of increasing electric field becomes insignificant. Figure
4(c) shows the different components of the total emis-
sion current density for E,, =3¢V and F = 1.6 V/nm.
Here, we can identify three different mechanisms of elec-
tron emission that dominate at different ranges of power
densities: (1) field emission at small power densities, (2)
single hot electron emission at intermediate power den-
sities, and (3) ensemble hot electron emission at large
power densities. Since both the hot electron generation rate
and electronic heating are small at smaller power densi-
ties, this regime is dominated by the tunneling of thermal
electrons within a few kgT (~26 meV) of the Fermi level,
i.e., cold-field emission. For intermediate power densi-
ties, electronic heating is still insignificant, whereas the
generation rates increase proportionally, and hence, this
regime is dominated by the single hot electron emission.
Beyond this regime, electronic heating becomes more sig-
nificant and thermionic emission due to ensemble hot
electrons dominates. Figure 4(c) also shows the experi-
mentally measured electron emission current reported by
Rezaeifar et al. for the same electric field and photon
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Epy =4 V. (b) n for different photon energies and power densities. Response time of the photoemitter in the (c) HE and (d) electronic

heating regimes.

energy, which shows good agreement with our theoretical
values [12].

Figure 5(a) shows the individual emission components
for Epn=4 eV and different electric fields from 2 to
5 V/nm, to further elucidate how the electron emission
mechanism changes between these three regimes. The
number of thermal electrons is very large relative to the
number of hot electrons before electronic heating begins.
As a result, the increase in electric field favors field emis-
sion. This effect can very easily be seen in Fig. 5(a), as the
HE regime is completely overcome by the field-emission
regime at 5 V/nm. For the thermionic emission regime,
the increasing electric field does not change the emission
current significantly, as observed in Fig. 4(b).

VI. EXPERIMENTAL ROAD MAP TO
PERFORMANCE LIMITS

Using the established tools, 7, response time, and cur-
rent density are interrogated. Figure 5(b) shows the n of
the graphene photoemitter as a function of absorbed power
density for multiple photon energies and an electric field
of 2 V/nm. Photoemission 7 is not a defined quantity in the
field-emission-dominated regime, and therefore, we show

n only for the single and ensemble hot electron emis-
sion regimes. In the single hot electron regime, current
density increases linearly with absorbed power density,
and hence, n becomes constant over this range. Photon
energy determines the crossover power density between
field emission and hot electron regimes. While hot electron
emission starts dominating at a power density of 10> W/m?
for 4 eV photons, with a n of about 107, 1 eV photons
require a power density of 107 W/m? before moving on to
the hot electron regime with a significantly smaller n of
about 107!, For increasing electric fields, this constant 7
in the HE regime increases and can exceed 100% for elec-
tric fields higher than about 4.8 V/nm for E;, =4 €V, as
shown in Fig. S3 within the Supplemental Material [30].
For single photon photoemission or single photon hot elec-
tron emission, it is not possible to get a n exceeding 100%.
However, when there is ensemble carrier heating, the redis-
tribution of excess energy between the photoexcited hot
electrons and the cold electrons via e-e scattering causes
the sea of cold electrons to become hot as well. As a result,
the energy of a single photon can potentially be transferred
to many electrons, leading to a seemingly counterintuitive
photoemission 7 that exceeds 100%. However, it should
be noted that the power conversion efficiency will still be
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dramatically lower than 100%. In this ensemble carrier
heating regime, the true potential of graphene photoemit-
ter is unleashed as the n of the device goes above 100%
at absorbed power densities above 10'! W/m?, irrespective
of the applied electric field. For typical bulk and even thin-
film metallic photoemitters, the experimentally observed
n is always well below 100% [39,41-47]. While theoret-
ically it may be possible to achieve such a high n for
metallic photoemitters, the required power density to raise
the electronic temperature would be orders of magnitude
higher than that of graphene, primarily because achieving
electronic heating in bulk metals requires large amounts of
energy deposited very quickly, and the resulting carriers
quickly scatter down, which reduces the electronic tem-
perature below the critical temperature that would allow a
n > 100%.

For pulsed photoexcitation, it is important for a pho-
toemitter to provide an ultrafast response. Response time
(t90) is defined as the time required for the photoemission
current to drop down to 10% of its initial value [7,48].
However, this response time depends on the regime the
photoemitter is working on. For low-energy pulses, there is
no electronic heating, and therefore, the HE process domi-
nates the emission current. As a result, the response time is
determined by how fast the energy of the photoexcited hot
electron decays, as well as the energy-resolved tunneling
rate of the electrons. In Fig. 5(c), we use the energy tra-
jectories [Fig. 2(d)] obtained from the MCBTE solver and
the energy-resolved tunneling rates [Fig. 2(c)] to calculate
799 for the HE-dominated regime for the graphene pho-
toemitter. Higher photon energies result in larger tunneling
rates, and therefore, provide shorter response times. Larger
electric fields increase the tunneling rate for all energies,
and therefore, the decay in emission current slows down,
resulting in an increase in the response time. The negli-
gible thickness of graphene ensures that the hot electrons
are always at the emitting surface, thereby eliminating
the transport time to the surface. This essentially enables
graphene to respond to the absorbed photons on the sub-
picosecond timescale, going as short as about 20 fs. How-
ever, for high-energy pulses, there is significant electronic
heating, which makes thermionic emission the dominant
emission mechanism. Using the energy-dependent scat-
tering rates obtained from the MCBTE solver, we can
calculate the temporal evolution of the electronic tem-
perature for a given absorbed pump fluence, i.e., energy
density. From this electronic temperature profile, we calcu-
late the time-resolved current densities, and therefore, the
response time. Figure 5(d) shows the graphene photoemit-
ter response times for the thermionic emission dominated
regime for different absorbed pump fluences. It is note-
worthy to mention that photon energy does not play a
significant role in determining the response time in this
regime, since the emission current is predominantly com-
ing from the thermalized hot electrons. We can observe

two different regimes for the response time: (1) a drastic
decrease in response time, as the absorbed energy density
increases in the lower energy density regime; and (2) a
slower increase in response time, as the absorbed energy
density increases in the higher energy density regime.
There are two competing mechanisms that cause this. First,
there is an electronic temperature-dependent cooling rate
and, second, when the energy dependence of tunneling
rates increases, the time dependence of current emission
decreases. At low energy densities, the electronic tempera-
ture rises quickly with increasing energy density due to the
small density of states available in graphene at lower ener-
gies [Fig. S4(b) within the Supplemental Material [30]].
Thus, the key mechanism leading to the initial decrease in
response time is the rapid increase in temperature leading
to both increased cooling rates and larger changes in cur-
rent for the same temperature drop, due to the superlinear
current-temperature relationship. For higher energy densi-
ties, the increase in electronic temperature is significantly
reduced, as shown in Fig. S4(b) within the Supplemen-
tal Material [30], due to the larger graphene density of
states [30]. However, at further increased energy densities,
thermionic emission becomes the dominant mechanism,
which has a reduced temperature dependence compared
with that of the thermionic field emission. Thus, the
response times increase. As observed for the HE regime
response times, a higher electric field results in longer
response times for the thermionic emission dominated
regime as well. In this regime, we observe a subpicosecond
response time within the range of 250 to 500 fs. Therefore,
there is a trade-off between maximum current and response
time, which forces us to choose whether to operate the
photoemitter in the lower current and faster response
HE regime or the higher current and slower response
thermionic emission regime. Nevertheless, this opens the
way to realizing ultrafast subpicosecond photoemitters
with extremely high current for commercial applications.
Integrating optical cavities, such as ring resonators and
Fabry-Perot resonators, with the graphene photoemitter,
as well as engineering the field enhancement factor using
nanoscale tips, we can achieve high power densities and
electric fields to design arrays of commercially viable pho-
toemitters [49,50]. Although this work exclusively focuses
on monolayer graphene photoemitters, it is also possible
to qualitatively comment on the performance of few-layer
graphene photoemitters from this study. While an n-layer
graphene (n > 1) potentially offers a greater higher optical
absorption and carrier density due to the extra layers, any
photoexcited hot electron in the i-th layer from the bottom
would be required to transport to the top emitting surface
layer (i =n). During this transport, we would expect this
hot electron to have n—i times the probability of getting
scattered by optical phonons and subsequently losing about
(n—i) Eop energy, where Eop~ 200 meV is the optical
phonon energy in graphene. Due to this additional loss
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in energy, the tunneling rate, and consequently, the emis-
sion current, will decrease. We believe that the monolayer
nature of graphene, which allows the hot electrons to be at
the emitting surface at all times, plays a very significant
role in exhibiting the exceptionally good photoemission
properties predicted by our study.

VII. CONCLUSION

We investigate the performance limits of a graphene
photoemitter using a MCBTE solving approach. Our theo-
retical calculations show that there are two key hot electron
emission mechanisms: single and ensemble hot electron
emission. These two mechanisms can be easily identified
due to the existence of a critical optical power density
(~10° W/m?) that clearly distinguishes the emission cur-
rent between two different regimes. Below the critical
optical power density, emission current is dominated by
the emission of single hot electrons, while, above this crit-
ical power density, significant electronic heating beyond
the lattice temperature triggers the ensemble hot electron
emission. In the ensemble hot electron emission regime, it
is possible to obtain a photoemission n > 100%, as well as
an emission current density exceeding 100 mA/um?. These
graphene photoemitters can be operated with ultrafast sub-
picosecond response times, while maintaining an ultrahigh
emission current. We further verify the accuracy of our
predictions, showing good quantitative agreement between
experimentally measured and theoretically calculated cur-
rent densities. This prediction provides an experimental
road map towards realizing the performance limits of
graphene photoemitters and building next-generation elec-
tron emission sources that can address the limitations of
present-day photoemitters.
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