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Two-dimensional materials and their multilayers or heterostructures are promising candi-

dates for optoelectronic devices. Their performance such as the transient current can be

remarkably modified under irradiation since the atoms are extremely exposed. This effect,

however, still lacks theoretical understanding. Using real-time time-dependent density func-

tional theory extended to open systems for electrons and Ehrenfest dynamics for the moving

ion, we explore the single-ion irradiation effects on graphene electronics. Perturbed elec-

tronic transport is identified in a field-effect transistor setup. The peak transient current

is calculated as the key indicator to quantify the irradiation effects, the irradiation-energy

dependence of which shows distinction from the stopping power that was well understood

in recent studies. We find that the perturbation in transient current is driven by delocal-

ized plasmonic excitation, in contrast to the localized electronic excitation that has a strong

impact on the stopping power. The site dependence of transient current is determined by

the local electron density and ionic charge, which highlights the roles of the lattice and elec-
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tronic structures of materials. Following these understandings and the database developed

for typical space-irradiation conditions, the device responses of graphene nanoelectronics

can be modeled. These results and methods lay the ground for the material-informed design

of nanoelectronics in, for example, space applications.

Single-particle irradiation (SPI) is the stepping stone to the understanding of ion-matter in-

teraction, which is a crucial issue in irradiation effects concerned in scientific progresses and tech-

nological applications, for instance, material modification, imaging, radiation therapy, and space

science 1–4. SPI is also of vital importance in material engineering as seen in the development of

focused ion beam, which could implant defects 5 or modify the microstructures 6. In electronic

devices employed in space missions, the single-event effects (SEE) such as single-event upset

(SEU) and single-event latch-up (SEL) are examples of radiation events where single ionizing

particles penetrate inner nodes, causing errors or damage in electric circuits 2. For example, the

passage of an ion through a field-effect transistor (FET) induces a current transient. Recent proton-

radiation experiments on carbon nanotube (CNT) FETs show major and minor SEE signals of ∼

100 nA 7. Unfortunately, previous studies on SEE rely on analytical models such as diffusion-drift

equations 8, where the parameters shift in response to irradiation 9. The underlying microscopic

processes of electronic and lattice excitation, however, are not well understood and have not been

implemented in predictive models.

Graphene FETs are promising electronic devices for their superior performance 10. Irradia-

tion effects of energetic ions on graphene has been investigated 11–14. Empirical or first-principles

2



molecular dynamics (MD) simulations with electronic ground states were employed to explore the

ion stopping and defect production, which are complex processes determined by the types of pro-

jectiles, their kinetic energy and direction of motion, the site of irradiation, and interaction with the

substrate. Electronic excitation were captured via real-time time-dependent density functional the-

ory (RT-TDDFT) 15–19, revealing exchange and deposition pathways and processes for both charge

and energy. However, all of these studies are limited to the closed systems. The transient current

induced in electronic devices, which are open systems that contain two electrodes, and electron

flow from (to) the source (drain), remains unexplored in theory, and the rational design of these

devices is prohibited.

In this work, we combine RT-TDDFT with the non-equilibrium Green function (NEGF)

formalism 20 to treat open electronic systems (TDDFT-OS) 21, 22. This first-principles framework

is implemented in the LODESTAR code 21, and used to study single-ion irradiation effects on

graphene electronics with an Ehrenfest dynamics approach for the moving ions (Supplementary

Notes 1 and 2). Charge density wave excitation under ion incidence is analyzed through the

time-dependent charge density distribution ρ(r, t). The peak transient current Ip induced during

this process and the ion stopping power S are evaluated to be the main indicators in assessing

irradiation effects. Their dependence on the energy and site of irradiation are investigated. Based

on the obtained map of Ip, the device responses in specific irradiation conditions are modeled.

3



(a)

(b)

space radiation

FIB

Source

Drain

t (fs)

0

0.02

0.04

0.06

q
  (
e

)
|

|

0 2 4 6

t 

d 

1.9

2

2.1

1.5 2 2.5 3 3.5 4
d (Å)

t (
fs

)

Figure 1 Electronic excitation in graphene electronics under single-ion irraidiation. a.

Schematic illustration of charge density waves in a graphene field-effect transistor (FET) under

single-H irradiation, from the focused ion beam (FIB) or space radiation, for example. b. Changes

in the atomic charge (|∆q|) in area enclosed by a cut-off distance (d) from the site of irradiation

(the red dot). The time window for H to pass through the graphene sheet within a thickness of 2 Å

is shown in gray. The peak currents Ip are marked by crosses. The relation between the time of

occurrence t of |∆qmax(t)| and the cut-off distance d is plotted as the inset.
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RESULTS AND DISCUSSION

The device consists of a lead-scatter-lead setup of a H-terminated zigzag graphene nanoribbon

(GNR) (Figs. 1a and S1). The geometry of scattering region (length 2.0 nm, width 1.4 nm)

follows recent experimental realization of graphene FETs 23. An H atom (the projectile) with a

mass of mH is placed 0.4 nm away from the basal plane of graphene initially, and launched with a

kinetic (irradiation) energy K = 1
2
mHv

2
H or velocity vH at a normal angle of incidence. All atoms

in the device are fixed since lattice excitation lags behind electronic processes and contribute less

to the perturbation on current in the range of high K values under consideration 16. Time steps

to integrate the RT-TDDFT equations are chosen adaptively between 0.005 and 5 attoseconds for

K ranging from 10 eV to 10 MeV, which assure the convergence of simulation results. The bias

voltage for all calculations is set to 0.05 V, which is of the same magnitude applied in experiments

7 and previous RT-TDDFT simulations 22, 24.

We first analyze the evolution of atomic charges q under a 100-eV H irradiation on bond-

center sites in the graphene lattice (Figs. 1b and S1), which is measured for the transistor in the

area within a distance of d from irradiation site. As the H atom passes through graphene within a

short window of 2 Å, high-frequency changes are observed for the charge (∆q). The time evolution

∆q(t) after the ions leave graphene shows damped oscillation, in consistent with our previous RT-

TDDFT study using a closed-system approach 16. The first peak in |∆q(t)| corresponds to the

maximum value of irradiation-induced change |∆q(t)|max and is identified in the selected region

measured by a cut-off distance d. We find that the time of occurrence of |∆q(t)|max increases with
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d, suggesting that the single-ion irradiation perturbs the charge density distribution in graphene,

resulting in subsequent outward propagation of charge density waves from the site of irradiation.

The wave speed is 1.98 × 106 m/s, close to the Fermi velocity in graphene, vF = 2.5 × 106 m/s

25, but one order of magnitude higher than the speed of ionic motion (vH). Therefore, the Born-

Oppenheimer approximation would fail at high irradiation energies where electronic excitation

becomes significant 16, and the TDDFT-OS scheme should be used for the exploration.

Energy deposition is quantified by the stopping power S. The value of S can be measured

by irradiation experiments 26, and is recently shown to be accurately predicted by RT-TDDFT

methods to couple the processes of nuclear motion with electronic excitation. RT-TDDFT studies

also uncover electron capture and emission events 16, 17, 19, 27. The response S(K) for graphene

displays two peaks at K =∼ 10 eV and ∼ 1 MeV, which correspond to the nuclear stopping with

minor plasmonic electronic excitation 16, 17, and rising contributions from electronic stopping 28,

respectively. In an open electronic system that is coupled to electrodes, irradiation effects are

usually assessed through shift in the current-voltage curve 29 or collected charge at terminals that

should not exceed its critical value of (qcr) to avoid device upset 2. Our simulation results uncover

the wave features of plasmonic excitation induced by irradiation (Fig. 1), and suggests that the

charge deposition is a minor process compared to charge exchange 16. The discussion is thus

focused on the transient current, which is the key quantity to be measured in practice for device

performance monitoring.

We choose the peak current Ip under perturbation as the main indicator for risk assessment
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Figure 2 Peak transient current under single-H irradiation on the bond center of graphene.

The values of Ip under different irradiation energies K, ranging from 10 eV to 10 MeV. The value

of Ip in absence of irradiation is 350 nA. The dashed curves show the nuclei and electronic

stopping powers S(K), the amplitude of which are only for illustration. The peaks are located at

∼ 10 eV and ∼ 100 keV, respectively.
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of device failure (Fig. 2). The steady-state current calculated in the absence of ion irradiation

is 350 nA, which is close to the value obtained for a GNR FET under the same bias voltage 22.

All results in Fig. 2 are calculated for H irradiation on the bond-center sites with K ranging

from 10 eV to 10 MeV. Energy in this range is sufficiently low to exclude the relativistic effects

but high enough to disturb the device, even for a projectile reflected at a relatively low value of

K = 10 eV. The response Ip(K) measured from TDDFT-OS simulations shows a shoulder-peak

structure. This feature is very different from that of S(K), and could be explained by the fact

that the peak energy K = 150 eV is closely tied to the plasmonic excitation in graphene 16. For

K < 150 eV, the charge exchange and transfer is limited, while for K > 150 eV, the timescale

for ion-matter interaction (τ . 1 fs for ion traveling for 2 Å) is too short to activate sufficient

electron exchange through delocalized plasmonic electronic excitation (τ ≈ 0.3 fs). For K & 0.1

MeV, the irradiation process could not even modify the charge state of the projectile (Fig. S2),

demonstrating the K-independence (Fig. 2) of low-dimensional FETs to ultrahigh-energy particle

irradiation. The absence of a peak in the MeV range for Ip(K) as that in S(K) implies that

localized charge excitation contributes to the stopping power but not to the current. These two

main irradiation indicators (Ip and S) can be evaluated to assess the soft errors and damage for

electronics devices, respectively, and verified by future experiments.

The stopping power of materials is usually modeled through atom-based core and bond for-

mula based on atomic compositions. The electronic structure of materials are not explicitly ac-

counted for, and the site-dependence of irradiation effects are not resolved in the Stopping and

Range of Ions in Matter (SRIM) 26. However, RT-TDDFT simulations of site-dependent-ion ir-
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Figure 3 Site dependence of the peak transient current in graphene. a. Ip map for irradiation

sites sampled in a representative triangle of pristine graphene. The values are calculated at an

irradiation energy of K = 150 eV and a bias voltage of Vb = 0.05 V. b. RT-TDDFT calculations

of charge exchange and deposition for single-H irradiation on the center of hexagon (H), bond

center (B), and the top of atoms (T) in a closed-system approach (Supplementary Note 2). c.

Dependence of charge of hydrogen (qH) on the electron density (ρjell) in the jellium slab. d.

Dependence of qH on the charge of ion (qion) modeled by confined positive charge in a localized

sphere with ρjell = 1 e/Bohr3.
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radiation processes reveal that the energy transfer has a positive correlation with the local charge

density 19. We thus explore the site dependence of Ip by extending our previous studies on bond-

center irradiation. A map of Ip is obtained within a reduced triangular region according to the

lattice symmetry (Fig. 3a). A uniform grid of sampling is created (Fig. S3), and the value of

Ip is interpolated to the whole area via bi-harmonic splines. We choose K = 150 eV that corre-

sponds to the most significant response in Ip for the discussion. Statistics show that the induced

current ranges from 0.17× 104 to 1.92× 104 nA. The responses measured in Ip are ranked in the

order of bond-center (B), top-of-atom (T), to center-of-hexagon (H) sites, from large to small. This

trend can not be directly determined by the knowledge of local charge density, although a posi-

tive correlation with the energy deposition (S) or charge exchange was identified for the closed

systems 16–18, 30 (Fig. 3b and Supplementary Note 2). On the other hand, charge transfer from

graphene to the adsorbed atoms follows a negative order with the local charge density 31. To clarify

the relationship between the site-dependent Ip and electronic structures of materials, we explore the

effects of electron density and ionic charge using a jellium-slab model with uniformly-distributed

electrons 32 using the GPAW code 33. The results suggest that a higher charge density results in

more significant accumulation of electrons with H (Fig. 3c), while the presence of ionic charges

reduces the response through the Coulombic attraction to the electrons (implemented through a

confining potential with the same total numbers of electron in the slab, Fig. 3d). As a result, Ip

is small at the H site for the low electron density, and at T for the presence of a positive C ion. In

comparison, the site dependence of S originates from the charge density distribution, while that of

Ip could be modified by the ionic charges.
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Figure 4 Contour of the peak transient current on pristine and defective sites in graphene.

Contour of Ip in different regions, including edge, pristine, single vacancy, and Stone-Wales

defects from left to right, interpolated from sampling sites in Fig. S3. The irradiation energy K is

150 eV, and the bias voltage is Vb = 0.05 V.

In graphene FETs, interior and edge defects play a significant role in modulating electronic

transport processes 34, 35. The Ip map at edges and defect sites (vacancies and Stone-Wales defects)

are summarized in Fig. 4. In our simulations, the atomic structures are fully relaxed before irra-

diation, and the irradiation sites are uniformly sampled (Fig. S3), followed by interpolation of Ip.

The results suggest a single-peak feature in the pristine region, at H-terminated edges, and near

single vacancies. The strong response at the edges or vacancies could be attributed to the loss of

ions. For Stone-Wales defects, multiple peaks are identified for the distorted electronic structures.

Therefore, Ip in the graphene-based FET is sensitive to both the electronic and lattice structures

under single-ion radiation.

The response of a GNR FET can be constructed from our simulation results of pristine
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Particle irradiation is considered to be uncorrelated events with a damping period of 2 fs based on

our TDDFT-OS simulations. Probability of the single irradiation event is determined by the flux

F (counts/fs). The perturbed transient current is calculated from the TDDFT-OS simulation

results sampled in the pristine graphene (Fig. 4). The irradiation energy is K = 150 eV, and the

current in absence of irradiation is 350 nA under a bias voltage of Vb = 0.05 V.
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graphene and edge structures (Fig. S4). The most significant perturbation from single-H irradi-

ation may result from direct collisions on the path of current flow, including the main path of edges

and interior ones connecting carbon atoms in parallel to the edge direction 22. The Ip map for a

zigzag-GNR FET indicates that irradiation on the bonds induces significant charge exchange and

perturbation on the current. This pathway reveals additional dynamic effects of single-ion irradi-

ation on the electronic devices beyond the knowledge of unperturbed transport properties. With

these understandings, we develop a Monte Carlo (MC) algorithm (Supplementary Note 3 and

Fig. S5) to simulate the time series of FET signals under an irradiation flux F . We assume that the

SPI events are independent, which is a reasonable assumption for the short damping constant of

τd ≈ 2 fs according to our simulation results. The output signal is superposed from the irradiation

events. Typical irradiation flux from the proton beams ranges from 102 to 109 particles/cm2/s 36,

which leads to a maximum of F ≈ 10−15 counts/fs for a 104 nm2 area. For irradiation by beams

with a higher ion flux (∼ 1022 particles/cm2/s, for example 37), or in extreme space conditions 2, F

could increase significantly but still in the SPI regime for nanostructures (the time interval between

successive SPI events is much longer than τd). In our MC simulations at a high flux (Fig. 5), the

output signal is centered at the current level determined by F with a white-noise feature, while

at lower F , discrete changes in the signal of transient current appear either due to single-particle

irradiation events on sites with strong responses or superposition of several events. This approach

simulates the SEEs in experiments.
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CONCLUSIONS

In conclusion, single-particle irradiation processes are modeled in graphene transistors, where

outward-propagation of irradiation-induced damped electronic waves is identified in real-time

time-dependent density functional theory simulations extended to open electronic systems. The

peak transient current is calculated for devices to evaluate potential failure in electric circuits,

where the signal is mostly amplified at moderate irradiation energy of 150 eV and is less sensi-

tive to localized electronic excitation compared with stopping power. The dependence of the peak

transient current on irradiation sites are mapped, offering a database for the modeling of device

responses under specific radiation conditions. The response is shown to be determined by the elec-

tron density and ionic charges, which can be modulated from various approaches such as strain,

defect and phase engineering that are shown to be prominent for low-dimensional materials 38–40.
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