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Abstract: 

Hot electron emission from waveguide integrated graphene has been recently shown to occur at 

optical power densities multiple orders of magnitude lower than metal tips excited by sub-

workfunction photons. However, the experimentally observed electron emission currents were 

small, limiting 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 

non-equilibrium emission in graphene are identified, (i) single particle hot electron emission, 

where an electron is excited by a photon, and is emitted before losing significant energy through 

scattering, and (ii) ensemble hot electron emission, where the photon source causes non-

equilibrium 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 ultra-high current electron emitters with ultra-fast 

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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1. Introduction: 

From modern electron microscopes to free electron lasers, electron emission devices play an 

important 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 produce the electron beam. Photoemission 

occurs via three mechanisms, single photon emission, multi-photon emission, or strong-field 

emission. Single photon emitters, where the incident photon has an energy greater than the 

workfunction of the emitter are the most efficient and broadly used, but also require significant 

infrastructure in terms of high photon energy lasers, or ultra-high vacuum chambers for negative 

electron affinity emitters. Multi-photon 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 (> 1015 W/m2), which typically necessitate the use of 

ultra-fast pulsed lasers[7-11]. Recently, it has been shown that hot electrons in graphene can 

mediate photoemission from sub-workfunction photons at power densities over 5 orders of 

magnitude lower than metal tips[12].  

In the previously explored structure, the graphene emitter sits on top of a waveguide that 

evanescently couples the photons to the electrons. The thickness (~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 allowed the photoexcited hot electrons to be emitted into vacuum 

before thermalizing down to the Fermi level. Due to these features of graphene, it has been shown 

that hot electron emission from waveguide integrated graphene using subworkfunction photons 

can occur at power densities that are multiple orders of magnitude lower than metallic tips  



emitters[12-15]. Previously, it was shown that an electron emission model obtained by solving 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 has been a number of theoretical studies on 

graphene based Schottky barrier devices modeling the thermionic and photoexcited electron 

emission of electrons over the barrier as well as on generalized 2D material based Schottky barrier 

devices[17-20]. In this paper, we theoretically investigate the performance limits of electron 

emission from graphene within a range of different subworkfunction photon energies, optical 

power densities and electric fields, identifying experimental conditions under which high current 

density, quantum efficiency, and ultrafast hot electron photoemitters could operate.  

 

2. 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 

to 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]. While e-e 

scattering allows the hot electrons to elastically redistribute their excess energy among the “cold” 

electrons in the Fermi sea, both OP and SC scattering cause them to lose energy to the lattice. 

When a vertical electric field is applied to graphene, the vacuum barrier bends in response to the 

field and these hot electrons can tunnel 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, phonons as well as the bandstructure of 

graphene and can be quantitatively calculated using Fermi’s golden rule. Figure 1 summarizes the 

basic mechanism of electron emission from graphene. 

3. Scattering and tunneling rates: 

To quantitatively evaluate the electron emission current from graphene as a function of photon 

energy, optical power density and electric field, it is important that we quantitatively determine 

the rates of the scattering mechanisms and tunneling. Here, Fermi’s golden rule is used to calculate 

the rates[12,29]: 
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=
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 ℏ
∑ |𝑀(𝑘, 𝑘′)|2(1 − 𝑓(𝑘′))𝛿𝐸𝑘,𝑘′    (1) 

 

Figure 1: Emission of photogenerated hot electrons from graphene while they 

go through the scattering processes 



Here, 
1

𝜏
 is the scattering rate, 𝑀(𝑘, 𝑘′) is the matrix element for the transition between the initial 

state |𝑘⟩ to the final state |𝑘′⟩, f(k) is the Fermi-Dirac distribution, and 𝛿𝐸 ensures the energy 

conservation. For different scattering mechanisms, the matrix element will be different and 

therefore will lead to different scattering rates. Calculation of each of the scattering rates have been 

carried out following the previous work[12].  

 

Figure 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 300K. (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. (e) 

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 



Figure 2(a) shows the scattering rates for all the scattering mechanisms as a function of electron 

energy for an electronic temperature of 300K while figure 2(b) summarizes the total scattering 

rates for different electronic temperatures. Since increasing 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 figure 2(c). Electrons with higher energy 

see a smaller barrier and therefore have larger tunneling rates. On the other hand, when 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. 

4. Results from MCBTE solver: 

The MCBTE simulation uses the calculated scattering rates to determine the energy-time trajectory 

of the hot electrons. An open source Monte Carlo simulator, Archimedes, was modified to solve 

the MCBTE for graphene[16]. The MCBTE solving approach has been discussed in more detail 

in the supplemental material[30]. The simulation is initialized with 5 million electrons which is 

equivalent of simulating 0.5 μm2 of graphene. Figure 2(d) shows the calculated trajectories for 

four different photon energies when the electronic temperature is 300K. The trajectories have been 

obtained by tracking the average energy of 50 photoexcited electrons during each simulation and 

then averaging over 50 different simulations. The trajectory for 1 eV photons 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 (~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 in the trajectories obtained for higher energy photons. Average 

energy loss of hot electrons due to e-e scattering events has been shown in figure 2(e). Figure 2(f) 

shows the change in electronic temperature as a function of absorbed optical power density. Using 

these scattering rates, the calculated electronic temperature profile is shown to match the 

temperature experimentally observed by Betz et al[12,23]. 

A. Emission current model: 

We have modeled 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 conditions may be higher than the lattice temperature 

itself. When these electrons are emitted out of the material over the vacuum barrier without any 

influence of electric field, we define the current density due to this flux to be “thermionic emission” 

current density. However, under the influence of electric field, there will be an increased flux of 

emitted electrons as they have a finite rate of tunneling through the barrier as well. We define this 

enhanced emission current density to be “thermionic field emission” (TFE) current density which 

can be expressed as 

𝐽𝑇𝐹𝐸(𝑇, 𝐹) = 𝑒 ∫ 𝐷(𝐸)𝑇𝑟(𝐸, 𝐹)𝑓(𝐸, 𝑇)𝑑𝐸
∞

−∞
  (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], 𝑇𝑟(𝐸, 𝐹) is the tunneling rate 

and 𝑓(𝐸, 𝑇) is the Fermi-Dirac distribution. This model for TFE current density was developed by 

Sinha et. al.[36] and Ang et. al.[17] earlier while Rezaeifar et. al. redeveloped it with numerical 

implementation[12]. For different optical power densities, we find the electronic temperature from 

figure 2(f) and evaluate the integral numerically to calculate the current density due to the thermal 

electrons.  



In order to calculate the emission current due to photoexcited electrons, we consider the 

possibility of multiphoton absorption (MPA)[37,38] so that every absorbed photon results in n 

photoexcited electron-hole pairs for n photon absorption and therefore calculate the generation rate 

from the relation, 𝑆 = ∑ 𝐺𝑖(𝑆, 𝐸𝑃ℎ)𝐸𝑃ℎ × 𝑖𝑛
𝑖=1 . Here, 𝑆 is the absorbed power density and 𝐺𝑖 =

𝜏1

𝜏𝑖
𝐺1 is the generation rate for the i-photon absorption process. We have explained the details of 

the calculation of the i-photon absorption rate, 𝜏𝑖 in the supplementary information[30]. Figure 

3(a) shows the ratio of two photon absorption (TPA) rate to single photon absorption (SPA) rate 

for different photon energies and power densities. Now, we can calculate the emission current due 

to hot electrons (HE) from the following relation[12] 

𝐽𝐻𝐸(𝑆, 𝐹) = ∑ ∫ 𝑒𝐺𝑖(𝑆, 𝐸𝑃ℎ)𝑇𝑟(𝐸(𝑡), 𝐹)𝑑𝑡
∞

0
𝑛
𝑖=1    (3) 



Here, 𝐸(𝑡) is the energy of the hot electron as a function of time as shown in figure 2(d) where 

𝐸(0) =
𝑛𝐸𝑃ℎ

2
 for n photon absorption. 

 

5. Calculation and analysis of the emission current density: 

Using these relationships, we have calculated the current densities for four different photon 

energies (1-4 eV) for a power density of 104 W/m2 as we varied the electric field from 0.5 to 5 

 

Figure 3: Electron emission current calculation for low power density 

photoexcitation. (a) ratio of TPA rate to SPA rate in graphene different absorbed 

power densities. (b) simulated HE and TFE current density for different photon 

energies at an absorbed power density of 104 W/m2 (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 



V/nm. The reason behind choosing 104 W/m2 is to investigate the current density when there is no 

significant heating of the electron population. We ignore electronic temperature deviation below a 

power density of ~106 W/m2, as the electronic temperature does not deviate significantly. We have 

considered MPA processes to order, 𝑛 = 3 for 𝐸𝑃ℎ = 1, 2 eV and 𝑛 = 2 for 𝐸𝑃ℎ = 3, 4 eV. Figure 

3(b) shows the calculated hot electron current densities for different photon energies as well as the 

TFE current density. At smaller electric fields, the thermal electrons see a wider and larger energy 

barrier for tunneling whereas the high energy electrons see a narrower and smaller energy barrier. 

Therefore, the hot electron component dominates at the smaller electric fields over the thermal 

component as observed for the case of higher energy photons (>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 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 absorbed one photon and an electron that absorbed n photons 

is the energy of (n-1) photons. The tunneling rate increases exponentially with the increase in 

electron energy[12]. However, the magnitude of current density due to MPA at these conditions is 

below the threshold current density likely to be observed in an experiment. From figure 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 current 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 exponential increase in 



current density with increasing photon energies. However, the increase is less steep for larger 

electric fields as the barrier gets thinner and the difference in barrier heights play a less effective 

role in determining the tunneling rates. For lower photon energies, the difference 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 exists a distinct 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 

efficiency of converting photons to emitted electrons will be higher for higher photon energies. 

For power densities >106 W/m2, the electron population will heat up to a temperature that 

is significantly greater than the lattice temperature (300K). 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 calculated HE current densities for an electric field of 1 

V/nm considering the different hot electron trajectories obtained for the electronic temperatures 

 

Figure 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 V/nm 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. 



produced by the corresponding 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 Figure 4(b). For power densities > 109 W/m2, the electronic temperature rises above 

1000K and the effect of increasing electric field becomes insignificant. Figure 4(c) shows the 

different components of the total emission current density for  𝐸𝑃ℎ = 3 eV and 𝐹 = 1.6 V/nm. 

Here, we can identify three different mechanisms of electron emission that dominate at different 

ranges of power densities: (1) field emission at small power densities, (2) single hot electron 

emission at intermediate power densities, and (3) ensemble hot electron emission at large power 

densities, Since both hot electron generation rate and electronic heating are small  at smaller power 

densities, this regime is dominated by the tunneling of thermal electrons within few 

𝑘𝐵𝑇(~26 𝑚𝑒𝑉) of the Fermi level, i.e., cold field emission. For intermediate power densities, 

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, the 

electronic heating becomes more significant and thermionic emission due to ensemble hot 

electrons dominates. Figure 4(c) also shows the experimentally measured electron emission 

current from Fatemeh et. al. for the same electric field and photon energy which shows a good 

agreement to our theoretical values [12]. 



Figure 5(a) shows the individual emission components for EPh = 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 compared to the number of hot 

electrons before electronic heating kicks in. As a result, the increase in electric field favors field 

emission more. This effect can very easily be seen in figure 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 figure 

4(b) as well. 

 

Figure 5: Performance limits of the photoemitter. (a) Change in the electron emission mechanism with 

increasing electric field for EPh = 4 eV, (b) QE for different photon energies and power densities. Response 

time of the photoemitter in the (c) HE and (d) electronic heating regimes. 



6. Experimental roadmap to performance limits 

Using the established tools, QE, response time, and current density are interrogated. Figure 5(b) 

shows the QE of the graphene photoemitter as a function of absorbed power density for multiple 

photon energies and an electric field of 2 V/nm. Photoemission QE is not a defined quantity in the 

field emission dominated regime and therefore we have showed QE only for the single and 

ensemble hot electron emission regimes. In the single hot electron regime, current density 

increases linearly with absorbed power density and hence QE 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 102 W/m2 for 4 eV 

photons with a QE of ~10-6, 1 eV photons require a power density of 107 W/m2 before moving on 

to the hot electron regime with a significantly smaller QE of ~10-11. For increasing electric fields, 

this constant QE in the HE regime increases and can exceed 100% for electric fields higher than 

~4.8 V/nm for EPh = 4 eV as shown in supplementary figure S3[30]. For single photon 

photoemission or single photon hot electron emission, it is not possible to get a QE exceeding 

100%. However, when there is ensemble carrier heating, the redistribution 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, energy of a single photon can potentially be 

transferred to many electrons leading to a seemingly counter intuitive photoemission QE that 

exceeds 100%. However, it should be noted that the power conversion efficiency will still be 

dramatically lower than 100%. In this ensemble carrier heating regime, the true potential of 

graphene photoemitter is unleashed as QE of the device goes above 100% at absorbed power 

densities above 1011 W/m2 irrespective of the applied electric field. For typical bulk and even thin 

film metallic photoemitters, the experimentally observed QE has always been well below 100% to 



the best of our knowledge[39,41-47]. While theoretically it may be possible to achieve such high 

QE for metallic photoemitters, the required power density to raise the electronic temperature would 

be orders of magnitude higher compared to graphene primarily because achieving electronic 

heating in bulk metals requires large amounts of energy deposited very quickly, and the resulting 

carriers quickly scatter down, reducing the electronic temperature below the critical temperature 

which would allow a QE > 100%.  

For pulsed photoexcitation, it is important for a photoemitter to provide an ultrafast response. 

Response time (𝜏90) 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 HE process 

dominates 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 figure 5©, we have used the energy trajectories (figure 2(d)) obtained from the 

MCBTE solver and the energy resolved tunneling rates (figure 2(c)) to calculate  𝜏90 for HE 

dominated regime for the graphene photoemitter. 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 negligible 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 at a subpicosecond timescale going as short 

as ~20 fs. However, for high energy pulses, there is a significant electronic heating which makes 

thermionic emission the dominant emission mechanism. Using the energy dependent scattering 

rates obtained from the MCBTE solver, we can calculate the temporal evolution of the electronic 



temperature for a given absorbed pump fluence, i.e., energy density. From this electronic 

temperature profile, we have calculated the time resolved current densities and therefore the 

response time. Figure 5(d) shows the graphene photoemitter response times for the thermionic 

emission dominated regime for different absorbed pump fluences. It is noteworthy 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 coming from the thermalized hot electrons.  We can observe 

two different regimes for the response time: (1) a drastic decrease in response time as absorbed 

energy density increases in the lower energy density regime and (2) a slower increase in response 

time as absorbed energy density increases in the higher energy density regime. There are two 

competing mechanisms which cause this. First, there is an electronic temperature dependent 

cooling rate, and second, when the energy dependence of tunneling rates increase, the time 

dependence of current emission decreases. At low energy densities, electronic temperature rises 

quickly with increasing energy density due to the small density of states available in graphene at 

lower energies (Fig. S4(b)). 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 current for the same temperature drop, due to the superlinear current-temperature relationship. 

For higher energy densities, the increase in electronic temperature is significantly reduced, as 

shown in figure S4(b) due to the larger graphene density of states[30]. However, once at further 

increased energy densities, thermionic emission becomes the dominant mechanism, which has a 

reduced temperature dependence as compared to thermionic field emission. Thus, the response 

times increase. As observed for HE regime response times, higher electric field results in longer 

response times for 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 exists a tradeoff 



between maximum current and response time which forces us to choose whether to operate the 

photoemitter in lower current and faster response HE regime or higher current and slower response 

thermionic emission regime. Nevertheless, this opens the path to realizing ultrafast subpicosecond 

photoemitters with extremely high current for commercial applications. Integrating optical cavities 

such as ring resonators, Fabry-Perot resonators etc. with the graphene photoemitter as well as 

engineering the field enhancement factor using nanoscale tips, we can achieve the high power 

densities and electric fields to design arrays of commercially viable photoemitters[49,50]. 

Although this work exclusively focuses on monolayer graphene photoemitters, it is possible to 

qualitatively comment on the performance of few-layer graphene photoemitters as well 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 ~(n-i)×Eop energy where Eop ≈ 200 meV is the optical 

phonon energy in graphene. Due to this additional loss in energy, the tunneling rate and 

consequently the emission 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. 

7. Conclusion: 

In conclusion, we have investigated the performance limits of a graphene photoemitter using an 

MCBTE solving approach. Our theoretical 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 (~109 W/m2) that clearly 



distinguishes the emission current between two different regimes. Below the critical optical power 

density, emission current is dominated by the emission of single hot electrons while above this 

critical 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 QE > 100% as well as emission current density exceeding 100 mA/μm2. 

These graphene photoemitters can be operated with ultra-fast subpicosecond response times while 

maintaining an ultra-high emission current. We have further verified the accuracy of our 

predictions showing good quantitative agreement between experimentally measured and 

theoretically calculated current densities. This prediction provides an experimental roadmap 

towards realizing the performance limits of graphene photoemitters and building next generation 

electron emission sources that can address the limitations of present-day photoemitters. 
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