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Abstract. In this work, electron densities around dopants in Si and GaAs have

been calculated using DFT calculations. These extracted densities have been used

to describe dopants in an in-house Non-Equilibrium Green functions (NEGF) device

simulator. The transfer characteristics of nanowire gate all around field effect transistor

have been calculated using density functional theory (DFT) electron densities. These

transport calculations were compared with those using a point charge model of the

dopant. The dopants are located in the middle of the channel of the device. Specifically,

DFT calculations of a 512 atom Si supercell with a single impurity atom have been

carried out, both phosphorous and boron atoms have been used as donor and acceptor

impurities respectively. The calculations were repeated on a gallium arsenide supercell,

where the silicon atom substituted gallium and arsenide to act as donor and acceptor

respectively. We found that for donors and acceptors, the DFT charge distribution

extend similarly in both materials. In addition, the relaxed structure produces a 50%

larger spread of electronic charge as compared with unrelaxed Si and GaAs. The

extracted current voltage characteristics of the devices are altered significantly using

the charge density obtained by DFT. At 0.7 V the current in Si is 20% larger using

the DFT charge density compared to the point charge model for donors. Whereas the

current using the point charge model in GaAs is 2.5 times larger than the distributed

charge. Devices exhibit substantial tunnelling currents for donors and acceptors

irrespectively of the model of the dopant considered. In GaAs, this was 76% using

a point charge and 78% using the distributed charge when using a donor; 61% and

68% in Si respectively. The tunnelling current using acceptors for Si was 100% and

99% using GaAs for both models.

Keywords : Density Functional Theory, Non-equilibrium Green Functions, Discrete

Dopants
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1. Introduction

The continuous downscaling of metal-oxide-semiconductor field effect transistors

(MOSFET) has been limited by short channel effects and poor electrostatic control

of the gate. As a result, silicon (Si) nanowire field effect transistors (NWFETs) have

been in production for several years and exhibit superior performance for low power

devices and fast switching [1, 2]. As the size of the active regions of devices continues

to be scaled down to sub-micrometre dimensions, the number and location of a few

impurities dramatically affect device performance between identically manufactured

devices. Nanowires with various channel lengths and cross sections have been fabricated

[3, 4, 5]. Tunnelling and confinement combined by strong local electrostatic potential

invalidate the use of semi-classical models such as the drift-diffusion and Monte

Carlo methods, however are still are applicable due to MOSFETs charge integrity

blurring the quantum effects when tunnelling and confinement are negligible, but still

require continuous calibration at specific dimensions to reliably model the transfer

characteristics. The lack of validity of these methodologies at sub-10 nanometre

dimensions is a direct consequence of the wave nature of the electron. The severity

of quantum effects, such as tunnelling and confinement, only allows for purely quantum

mechanical simulations to provide a reliable measure of electron transport. Substantial

work on discrete dopants has been carried out using a discrete point charge dopant

in the non-equilibrium Green functions (NEGF) formalism [6, 7, 8]. The electron

density produced by the point charge model is mostly spherically symmetric or slightly

deformed by the effective mass tensor. However, the wavefunction of the electron/hole

occupying the dopant atom exhibits a tetrahedral symmetry and a shape dictated by the

atomistic distribution of the surrounding atoms. A number of theoretical works have

considered impurities in Si nanowires using Density Functional Theory (DFT) with an

emphasis on different radial dopant positions. [9, 10, 11], the scattering properties of a

single phosphor donor in Si has previously been investigated. In recent years progress

has been made in III-V semiconductors, particularly for photonics applications [12].

GaAs has a significantly lower intrinsic carrier concentration than Si, however it has

garnered attention due to its larger mobility (µn) of around 8500 cm2/V.s resulting in

faster devices than what Si can achieve. With recent improvements in the quality

of group III-V materials, fabrication of devices with these materials is now a real

possibility. Transistors constructed from this material are researched intensively [13, 14].

However, a key issue limiting the development of nanotransistors is device variability,

which significantly alters device behaviour and limits integration with current CMOS

technology [15]. Dopants in Si have also shown potential for qubits in solid-state

computers, they can be scaled to large arrays controlled by a gate electrode [16, 17, 18].

In this work, we investigate the charge distribution of impurity atoms in Si and

GaAs along with the transfer characteristics of gate-all-around (GAA) NWFETs with

Si and GaAs cores, comparing two impurity models (point charge and DFT). Specifically,

Kohn-Sham densities were extracted from DFT calculations and input into an in-house
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device simulator to force the electron distribution to adopt the DFT distribution; This

electron distribution was produced by solving the Poisson equation in the simulator.

This paper is divided into the following sections: Section 2 gives a description of the

DFT methodology used to calculate the electronic structure and extract the Kohn-Sham

electron density to be used in a separate device simulator. A description of the NEGF-

Poisson computational models used to treat electron transport is presented. In section

3, we present our electronic structure results of 512 atom Si and GaAs supercells with

dopant impurities and secondly our quantum transport calculations where the current

voltage characteristics for different type of dopant models are presented. Our conclusions

are drawn in section 4.

2. Simulation Methodology

2.1. Density Functional Theory

We have performed the calculation using ab initio electronic structure calculations with

the SIESTA code (Spanish Initiative for Electronic Simulations with Thousands of

Atoms) [19]. The code is based on the localized linear collection of atomic orbitals

(LCAO) basis set to describe valence electrons and norm-conserving pseudopotentials

for the atomic core. In this work, one particular generalized gradient approximation

(GGA) has been used for the form of the exchange-correlation functional, Perdew-

Burke-Ernzerhof [20] which appears in the Kohn-Sham equations. GGA has been

used previously with phosphorous doped Si systems to produce results that agree with

experiments [21]. GGA has been used in all cases along with a double-ζ polarized

basis set and atomic orbitals were described by norm-conserving Troulier-Martins

pseudopotentials [22]. We relaxed the geometry of the doped materials until the forces

are lower than 0.04 eV/Å using conjugate gradient optimization with Pulay algorithm

for iteration mixing and were found to be converged with a mesh-cutoff of 100 Rydbergs.

Many theoretical calculations have used standard density functional throry (DFT)

calculations and it is well known that computing the band gap using Kohn-Sham valence

band and conduction band eigenvalues systematically underestimates the band gap for

most semiconductors [23]. The use of the GW approximation (GWA) has been used

to successfully provide a more accurate band gap [24]. An example of the performance

of DFT for the band gap of several semiconductors can be found in [25]. We are well

aware that more advanced approaches could provide corrections, but it is beyond the

scope of this paper.

2.2. Non-equilibrium Green Functions

As mentioned earlier, the steady state NEGF formalism was used to calculate the current

voltage characteristics. We used an in-house device simulator, which solves equations 1

and 2 to find the retarded (GR) and lesser Green (G<) functions.
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(H − ΣR)GR = EGR, (1)

G< = GRΣ<GA. (2)

Where H is the Hamiltonian comprising the kinetic and potential energy of an

electron and ΣR is the retarded self-energy. E stands for the electron energy. These

equations are usually called NEGF equations in the electronic simulation community.

Equation (1) describes the causal dynamics of the electronic states via the retarded single

electron Green function GR. De-phasing dissipative processes lead to a non-Hermitian

retarded self-energy ΣR that describes the level shifts (real part) and lifetime/broadening

(imaginary part) of the electronic states. In addition, the self-energy is constructed

to formally include a non-Hermitian component that accounts for the injection or

extraction of electrons at the boundaries of the simulation domain. It is noted that

GR yields the electronic spectral density of states. The second equation, for the lesser

Green function G< , describes the statistical dynamics (occupancies) of the electronic

states and is akin to a quantum generalisation of the Boltzmann equation. G< is

related to a generalised Wigner distribution. Similarly, G> represents the dynamical

occupancies of vacancies (holes) in the electronic states at energy E. In equation (2) the

lesser self-energy Σ< is usually called the scattering-in self-energy and it represents the

rate at which electrons enter a state of energy E. The number of electrons entering an

unoccupied state of energy E per unit time is given by G>Σ<.

There are as many equations (1) and (2), as energies, considered in the problem.

The energy mesh used in this work contains more than 2000 points. So the problem

is computationally intensive. The input to equations (1) and (2) is the electrostatic

potential and Fermi levels at the source and the drain of the transistor. At the source

and drain, the fluctuation-dissipation theorem has been used to write the contact self-

energies, this the standard way that is used in the NEGF device simulation [26]. Not

all the elements of the GR and G< are needed, only the diagonal and first off-diagona

lterms (the latter corresponding to discretization of the kinetic energy component of the

Hamiltonian in the position representation). Discretization of the current equation and

details of the recursive algorithm applied to NW transistors can be found in [26].

This allows the use of a recursive algorithm to calculate the required elements. This

substantially increases the speed of computation and reduces the memory footprint.

If scattering is considered, the corresponding scattering parameters and self-energies

should be provided. From the lesser Green function, the density and current for an

electron with energy E are calculated by the following equations:

n(E, x) = iG<(E, x, x), (3)

J(E, x) = −i
eh̄

2m

(

∂

∂x
−

∂

∂x′

)

G<(E, x, x′)
∣

∣

∣

x=x′

(4)

This expression only required the diagonal and first off diagonal element of G<.

When using equations (3) and (4) an additional integration over the energy is required
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to calculate the total electron density and current density at the point x. Equation (4)

is the current in the x-direction. Our simulation used a mode space [27] to discretise

the Hamiltonian. In this discretisation, the device region is split in cross-sections

perpendicular to the transport directions (in our case is the axis of the nanowire).

For each cross section along the wire, we calculated the eigenvalues (modes) and

eigenfunctions (transversal wave functions). Now we expand the Hamiltonian in the

modes of the cross-sections and in the positions along the wire axis (called x in this work).

By picking few modes (under an energy cutoff) the size of the problem is substantially

reduced as compared with the used of the full x, y, z or spatial basis. This mode space

formulation produces similar results that the full 3D spatial discretization [28].

The kinetic energy in the H is written in the effective mass approximation for

general ellipsoidal band structures and the potential energy is given by the electrostatic

potential. Equations (1) and (2) are solved in conjunction with Poissons equation. This

last equation is necessary in order to calculate the electrostatic potential from the charge

density and boundary conditions.

3. Results

3.1. DFT Results

In this section we focus on the effect of the charge distribution of a dopant impurity

in the performance of a GAA NWFETs. The impurity atoms charge distribution from

DFT is compared with that of a point charge. The Si and GaAs NWFETs have a [100]

core, gate oxide is 0.8 nm thick. Both source and drain are doped at 1020 cm−3, the

channel has a single dopant impurity and is 6 nm long. The results are split into two

sections, firstly, calculations of the electronic densities for DFT results and lastly the

current voltage characteristics of devices with different dopant cases and models are

calculated using a NEGF based device simulator.

The results of the electronic structure calculations performed on a single donor in

Si and GaAs each with a 512 atom supercell are shown in figure 1a and figure 1b. Only

one size of supercell is shown as we are interested in the electron distribution around the

impurity, changing the supercell size will affect the energy, but the wavefunction less so.

As we are comparing two models, the dopant was placed in the centre of the channel.

This location maximizes the impact on transfer characteristics [29]. The isovalues were

chosen to display the tetragonal symmetry of each lattice.

We have calculated the Kohn-Sham orbitals of the donor impurity in both cases.

figure 2 shows the distribution of the Kohn-Sham orbitals with and without relaxation,

where there is a more noticeable confinement of the distribution and both structures

exhibit a similar distribution.

The radial probability, figure 2, has been computed by evaluating the wavefunction

around the site containing the donor and acceptor impurity, plotted against radial

distance from donor site. The radial probability is large below 0.2 nm. The radial
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(a) (b)

Figure 1: Group V donor in silicon where the electron density of the HOMO in the 512

atom supercell is centred on the phosphorous donor, (b) Silicon donor in GaAs where

the electron density of the HOMO in the 512 atom supercell is centred on the Si atom.

(a) (b) (c) (d)

Figure 2: The probability density (|Ψ|2) for the donor electron. The wavefunction has

been calculated using a supercell of 512 atoms. (a) Si unrelaxed, (b) Si relaxed, (c)

GaAs unrelaxed and (d) GaAs relaxed. Si isovalue = 0.062, GaAs isovalue = 0.38.

probability for silicon below 0.2 nm is 17.16% when unrelaxed and 15.99% when

relaxed. Unrelaxed GaAs has a probability of 16.94% unrelaxed and 8.33% relaxed.

Using DFT we have calculated the electron density around Si and GaAs using both

acceptor and donor impurities, these results are used in the next section to describe the

dopant impurity and compare with that of a point charge. The corresponding acceptor

impurity radial probabilities are shown in figure 3(b) for Si and GaAs, only unrelaxed

are shown. However, our transport simulations do not show differences between relaxed

and unrelaxed.



DFT/NEGF study of discrete dopants in Si/III-V 3D FET 7

0 0.2 0.4
Distance From Dopant (nm)

0

0.2

0.4

0.6

0.8

R
ad

ia
l P

ro
ba

bi
lit

y Si
Si Relaxed
GaAs
GaAs Relaxed

(a)

0 0.2 0.4
Distance From Dopant (nm)

0

0.05

0.1

0.15

0.2

0.25

R
ad

ia
l P

ro
ba

bi
lit

y Si
GaAs

(b)

Figure 3: Ψ2 as a function of the distance from the dopant, of the electrons ground

state for Si and GaAs. The maximum of the probability has been normalized to one (a)

Donor (b) Acceptor (unrelaxed).

3.2. NEGF Results

In this section, a comparison between the point charge and DFT distributed charge has

been made for the NWFET. The current voltage characteristics of a nanowire transistor

with a dopant in the middle of the channel have been studied. All simulations are

performed at a 0.4 V drain bias. We considered four different cases: (i) Silicon NWFET

with a donor, (ii) silicon nanowire NWFET with an acceptor, (iii) GaAS with a donor,

(iv) GaAs NWFET with acceptor. We calculated the percentage change in drain current

due to different dopant charge models.

The point charge model distributed the donor or acceptor charge by 0.2 x 0.2 x 0.2

nm3. The DFT charge density is extracted from the square of the wavefunction obtained

from the post-processing utility DENCHAR, bundled with SIESTA. The square of the

wavefunction and it’s associated volume were transferred to the mesh used in the NEGF

simulator as a charge density; this was normalized to one electron charge in the NEGF

discretization volume, therefore the total charge density adds to the charge of one

electron. In all simulations we have used the finite volume discretization.

The ID-VG characteristics for the GaAs and Si transistors for the donor impurities

are shown in figure 4. The semi-log plot shows the behaviour on the NWFETs in the

sub-threshold region. At low gate bias, 0.2 V, the current of the GaAs device with point

charge is 2.5 times larger as compared to the distributed charge. The precise value of

the current at this bias are 6.89x10−10 A and 2.679x10−10 A, for point and distributed

charges respectively. This result is related with the fact that a point charge seems to be

more efficient in lowering the source drain barrier and therefore producing large current.

At high bias, 0.7 V, the difference between models is negligible. However, in Si the large

mismatch between the transversal wave functions dominates and the current is larger
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Figure 4: ID-VG characteristics of Si and GaAs GAA nanowires with point/distributed

(DFT) charge density, Vd = 0.4 V, cross-section = 2.2 x 2.2 nm2 (a) donor impurity (b)

acceptor impurity

for the distributed charge case, even if the barrier is higher for the distributed charge

model as compared to the point charge case. The distributed charge model produces a

larger current of 5% and 20% for low and high gate bias respectively, compared to the

point charge. If the overlap between transversal states is ignored then the current for

the point charge case is large (I = 1.22 x 10−7 A) than the corresponding distributed

charge case (I = 3.20 x 10−8 A) as expected. This implies that the height and width of

the barrier is not the only factor influencing the current. For the GaAs cases, the height

of the barriers seems to be the dominant effect. At high gate bias, the barrier is affected

by electrostatic self-consistency, as a substantial amount of electrons are attracted to

the channel. It should be noted that due to the short channel length a large amount of

electrons cross the barrier by tunnelling.

For the case of an acceptor impurity at low gate bias, 0.2 V, the current is lower for

both cases using the point charge. In this case the use of point charge model substantially

increases the barrier high at low gate bias producing a decrease in current respect to

the DFT case. In GaAs, the current is 96% larger and in Silicon is 66% larger than the

current using the point charge model. It is also important to realize that there is source

to drain tunnelling which also affects the electron transfer through the dopant barrier.

Figure 5, shows the first subband profiles for all the cases studied along the channel of

the device at 0.2 V gate bias. Comparing the donor cases for Si and GaAs we see that Si

shows a more asymmetric well for the same bias condition as there is a large threshold

voltage for the GaAs devices (see figure 4). The barrier height is approximately 0.2 V

and 0.3 V for Si and GaAs respectively. However, for both cases the barrier is large for

the distributed donor as explained before. For the case of the acceptor in Si, figure 5c.

the top of the two barriers differ by 10 meV which is enough to produce a substantial



DFT/NEGF study of discrete dopants in Si/III-V 3D FET 9

0 5 10 15 20 25 30 35
Device Length (nm)

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

E
ne

rg
y 

(e
V

)

Point
Distributed

(a)

0 5 10 15 20 25 30 35

Device Length (nm)

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

E
ne

rg
y 

(e
V

)

Point
Distributed

(b)

0 5 10 15 20 25 30 35

Device Length (nm)

-0.4

-0.2

0

0.2

0.4

0.6

0.8

E
ne

rg
y 

(e
V

)

Point
Distributed

(c)

0 5 10 15 20 25 30 35

Device Length  (nm)

-0.4

-0.2

0

0.2

0.4

0.6

0.8
E

ne
rg

y 
(e

v)
Point
Distributed

(d)

Figure 5: Comparison of the lowest energy subband between a point and distributed

charge model, Vg = 0.2 V (a) Si donor, (b) GaAs donor (c) Si acceptor (d) GaAs

acceptor.

difference as the current goes exponential with the bias.

Figure 6 shows the corresponding current spectra along the Si device with the donor

impurity. The tunneling current is calculated by integrating equation 4 up to the top of

the sub-band energy. In both cases, punctual and distributed, there is a large tunnelling

current. This tunnel current is 1.37 x 10−8 A and 1.61 x 10−8 A respectively, 61% and

68% of the total current respectively. The subbands corresponding to the three X valleys

in silicon are shown. A shift larger than 0.1 eV is observed between the first and second

valleys, therefore the main contribution is given by the first valley as the thermal energy

is roughly 26 meV.

Figure 7a shows a 1D cut of the current spectrum for Si devices with the punctual

and distributed donor cases. All current under the maximum value is tunnelling current,

this confirm the large tunnelling in these devices. However, tunnelling is larger in the
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(a) (b)

Figure 6: Energy-resolved current spectra for Si and sub-bands corresponding to three

Valleys of Si, the lowest energy sub-band contains the first two degenerate valleys

(a) Point (b) Distributed. (Vg=0.2 V).

distributed device close to the top of the barrier due to better matching of the cross-

sectional wave functions. For the GaAs case shown in figure 7b the current is larger for

the point charge as the barrier is higher, figure 5b, and the mismatch plays a lesser role.

Note the resonant peak in the figure.

On the other hand, for acceptor cases the current is larger than for the distributed

case as the barrier height is smaller. In this cases as there are no resonant structures

(see figure 5c and 5d), the current increases as the source-drain barrier decreases.

The corresponding 1D cuts of the current spectrum are shown in figures 7c and 7d

for Si and GaAs respectively. In general, the barrier is larger for the point charge

and therefore the current is reduced as compared with the DFT charge distribution.

However, as mentioned before there is substantial tunnelling and reflection induced by

the mismatch of the transversal wave functions, so it is very difficult to quantise each

of these phenomena.

Finally, the density of states (DOS) along the channel for devices with a distributed

donor impurity are shown in figure 8. In Figure 8a the low sub-band which appears

corresponds to 4 equivalent valleys in Si which has longitudinal and transversal masses

in the plane of the cross-section. The other two valleys have only transversal masses in

the plane of the cross-section. As the transversal masses are smaller these two valleys

appear higher in energy. However in the direction of transport, these valleys have a

large mass (longitudinal) and therefore have closer DOS fringes. Similarly, the four low

energy valleys have a small mass (transversal mass) in the transport direction which

makes the fringe more separated. The resonant level at the middle of the channel is

clearly visible. In GaAs, figure 8b,the gamma, X and L valley are all shifted respect

to each other for details of the energy wavector dispersion see [30]. From low to high

energy, the valleys are L,X and Γ.
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Figure 7: Comparison of the current spectra between a point and distributed charge

model (a) Si donor, (b) GaAs donor (c) Si acceptor (d) GaAs acceptor. (Vg=0.2 V).

4. Conclusion

In this work, a combined DFT/NEGF method has been deployed to produce an

accurate description of dopants in small nanotransistors with Si and GaAs cores. DFT

calculations were carried out and charge distributions for donors and acceptors were

extracted from the wave-functions. The calculation shows that the charge distribution

in Si is less extended than for the GaAs device, however this difference is very small, the

charge is 50% more distributed when relaxed for GaAs, but in Si this remains similar.

The DFT extracted charge distributions were introduced in a middle of a channel of

a GAA NW transistor in order to mimic the effect of the electron distribution around

the impurities. Current-Voltage characteristics for a Si and GaAs devices with donor

or acceptor were calculated using the DFT charge distribution and the commonly used

punctual model. We found that in the case of acceptors, the DFT charge produced a

larger current in both Si and GaAs; the off current is 66% and 96% larger and the on
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(a) (b)

Figure 8: DOS of a device with a DFT donor impurity for (a) Si (b) GaAs. (Vg=0.2

V).

current is 20% and 0.9% larger for Si and GaAs respectively. For the donor cases the

situation is more complicated as the overlap between transversal states plays a strong

role in the Si device. This mismatch of transversal states for the punctual case cause

strong reflections lowering the transmission and therefore the current. For the case of

GaAs donors, this effect is less and the height of the barrier dominates, producing large

current for the punctual distribution. In general, we have demonstrated that for small

nanotransistor an accurate description of the off current and on current will required a

more sophisticated model for dopants beyond the simple point charge model.
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