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Material absorption-based carrier generation

model for modeling optoelectronic devices
Liang Chen* and Hakan Bagci

Abstract

The generation rate of photocarriers in optoelectronic materials is commonly calculated using the Poynting vector

in the frequency domain. In time-domain approaches where the nonlinear coupling between electromagnetic (EM)

waves and photocarriers can be accounted for, the Poynting vector model is no longer applicable. One main reason is

that the photocurrent radiates low-frequency EM waves out of the spectrum of the source, e.g., terahertz (THz) waves

are generated in THz photoconductive antennas. These frequency components do not contribute to the photocarrier

generation since the corresponding photon energy is smaller than the optoelectronic material’s bandgap energy.

However, the instantaneous Poynting vector does not distinguish the power flux of different frequency components.

This work proposes a material absorption-based model capable of calculating the carrier generation rate accurately

in the time domain. Using the Lorentz dispersion model with poles reside in the optical frequency region, the

instantaneous optical absorption, which corresponds to the power dissipation in the polarization, is calculated and

used to calculate the generation rate. The Lorentz model is formulated with an auxiliary differential equation method

that updates the polarization current density, from which the absorbed optical power corresponding to each Lorentz

pole is directly calculated in the time domain. Examples show that the proposed model is more accurate than the

Poynting vector-based model and is stable even when the generated low-frequency component is strong.

Index Terms

Auxiliary differential equation, generation rate, optoelectronic devices, optical absorption, photoconductive de-

vices, photovoltaic devices, terahertz photoconductive antenna.

I. INTRODUCTION

Photoconductive devices (PCDs) and photovoltaic devices (PVDs) are important classes of optoelectronic de-

vices [1]–[3]. These devices are widely used in industries. For instance, PVDs are used as solar cells and photosen-

sors [3], and PCDs include terahertz (THz) photoconductive antennas (PCAs) and photodetectors. Simulation tools

are indispensable in the development of these devices in the past decades. The recent development of nanostructured

devices, such as plasmon-enhanced [4]–[7], metasurface-integrated [7], [8], and nanostructure-textured devices [9],

[10], calls for advanced numerical approaches that could accurately account for the nonlinear interactions between

electromagnetic (EM) waves and carriers. The carrier densities in these devices are usually high such that the

EM wave propagation and carrier dynamics are tightly coupled together [11], [12]. Modeling these devices requires
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solving a coupled system of Maxwell equations and carrier transport model, most frequently the drift-diffusion (DD)

model [2], [3], and the solution should be carried out in the time domain due to the strong nonlinearity [11]–[14].

One crucial mechanism in PCDs and PVDs is the generation of photocarriers upon absorption of the incident

optical wave, which happens when the photon energy of the optical wave is high enough to excite electrons (typically

larger than the bandgap energy of direct bandgap semiconductor materials) [1]–[3]. In device simulations, this

mechanism is phenomenologically described by a generation rate model that depends on the optical power flux [1]–

[3]. The generation rate can be estimated by the optical intensity, transmittance, and absorption coefficient in simple

devices [1]–[3], [15]–[20]. For complicated devices, the optical field distributions are inhomogeneous, and full-wave

EM wave simulations are required. In this case, the generation rate can be calculated from the magnitude of the

time-averaged Poynting vector, and it is done mostly in the frequency domain in the literature [9], [21]–[32].

However, this approach is inadequate for more rigorous time-domain simulations that take into account the

nonlinear couplings. The main reason is that the photocurrent resulting from freely moving photocarriers radiates

low-frequency EM waves out of the optical source spectrum. Such low-frequency components can be strong in

many devices, such as THz PCAs that are designed for converting optical energy to THz radiations [33]–[37],

but their photon energy Eph = hν is not high enough to excite photocarriers, where h is the Planck constant

and ν is the frequency. Physically, the corresponding absorptance of the optoelectronic material is high at optical

frequencies but negligible at low frequencies [38]–[40]. However, the time-dependent Poynting vector contains

the power flux of the low-frequency components. Hence, the generation rate calculated from the Poynting vector

is overestimated. Furthermore, the excessive photocarriers produce stronger low-frequency EM waves, leading to

regenerative feedback.

In this work, we propose a new approach to calculate the space-time-dependent generation rate of photocarriers

in optoelectronic materials. First, the optoelectronic material is modeled with the Lorentz dispersion model [41] that

accounts for the optical absorption. The Lorentz model is formulated with an auxiliary differential equation (ADE)

method in which the polarization current density is directly updated in the time integration. Then, the photocarrier

generation rate is calculated using the instantaneous power dissipation expressed in terms of the polarization current

density [42]. In the coupled Maxwell-DD system, the polarization current and photocurrent, which are responsible

for the photon absorption and the low-frequency EM wave radiation, respectively, are updated separately in the

ADE and the DD model. PCD simulation examples show that the proposed approach is more accurate than the

Poynting vector-based model and is stable even when the generated low-frequency component is strong.

The rest of this paper is organized as follows. Section II introduces the proposed generation rate model, the

modified ADE method for the Lorentz dispersion model, and the corresponding time integration scheme. Sections

III presents numerical examples that validate the accuracy of the proposed model and demonstrate its applicability

in PCDs. The reason for the failure of the Poynting vector-based model is also analyzed. Section IV provides a

summary of this work.
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II. FORMULATION

A. Generation Rate Model

The optical response and semiconductor carrier dynamics in PCDs and PVDs are commonly modeled with

Maxwell equations and the DD model [9], [21]–[32]. In the literature, Maxwell equations are solved for optical

field distributions, which are then used for calculating the carrier generation rate in the DD model [9], [21]–[32]. This

two-step approach ignores moving carriers’ influence on optical fields and fails to capture saturation effects when

the carrier density goes high [14]. To model the nonlinear couplings, we consider the fully-coupled time-dependent

Maxwell-DD system [11]–[14]

ε0ε∞∂tE(r, t) = ∇×H(r, t)− JP(r, t)− JD(r, t) (1)

µ0µr∂tH(r, t) = −∇×E(r, t) (2)

q∂tnc(r, t) = ±∇ · Jc(r, t)− q[R(ne, nh)−G(E,H)] (3)

Jc(r, t) = qµc(r){[E(r, t) + Es(r)]nc(r, t) + E(r, t)nsc(r)} ± qdc(r)∇nc(r, t) (4)

where ε0 and µ0 are the vacuum permittivity and permeability, ε∞ is the permittivity at the infinity frequency, µr

is the relative permeability, E(r, t) and H(r, t) are the electric and magnetic fields, JP(r, t) = ∂tPP(r, t) is the

polarization current density, PP(r, t) is the polarization density, JD(r, t) =
∑
c Jc(r, t) is the DD current density,

subscript c ∈ {e, h} represents the carrier type and the upper and lower signs should be selected for electron

(c = e) and hole (c = h), respectively, nc(r, t) is the carrier density, Jc(r, t) is the current density due to carrier

movements, R(ne, nh) and G(E,H) are the recombination and generation rates, µc(r) and dc(r) are the field-

dependent mobility and diffusion coefficient [43], respectively, Es(r) and nsc(r) are the steady-state electric field

and carrier density resulting from the bias voltage and the doping profile [12], [43]. Here, Es(r) and nsc(r) are

assumed valid in the transient stage since the boundary conditions for Poisson and DD equations, e.g., the Dirichlet

boundary conditions on the electrodes, do not change [43], [44] and the variation of EM fields due to photocarriers

(including the DC response) is fully captured by solving Maxwell equations [14]. In (4), Es(r) is the main driving

force of the photocurrent, which produces THz radiations in PCAs [12], [33], while E(r, t) mainly causes local

high frequency oscillations of photocarriers in the center of the device.

In (3), G(E,H) describes the generation rate of photocarriers upon absorption of optical EM wave energy [1]–[3]

G(E,H) = ηΦ(r, t), Φ(r, t) =
P abs(r, t)

Eph
(5)

where η is the intrinsic quantum efficiency (number of electron-hole pairs generated by each absorbed photon),

Φ(r, t) is the photon flux per unit volume, P abs(r, t) is the absorbed power density of optical waves, Eph = hν

is the photon energy, h is the Planck constant, and ν is the frequency of the optical wave. According to the

photoelectric effect, ν must be high enough such that Eph is large enough to excite electrons, e.g., usually Eph

should be larger than the bandgap energy Eg in direct bandgap semiconductors [1]–[3].
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In conventional devices, the optical pulse enters the semiconductor layer through a simple air-semiconductor

interface, and P abs(r, t) can be estimated as [1]–[3], [15]–[20]

P abs(r, t) = P0Tαe
−αdf(r, t) (6)

where P0 is the peak power flux of the optical pulse, T is the transmittance at the air-semiconductor interface, α

is the absorption coefficient (sometimes the imaginary permittivity is used instead [22], [23]), d is the penetration

depth, and f(r, t) accounts for the spatial distribution and temporal delay of the optical pulse.

More frequently, complicated wave scatterings are involved in the optical wave propagation, one needs to solve

the EM field distribution in the device and the Poynting vector (or equivalently in terms of |E|2) is used to calculate

P abs [9], [21]–[32]

P abs(r, t) = α|S̄(r)|f(t) (7)

where S̄(r) = <(Ē× H̄∗)/2 is the time-averaged Poynting vector, Ē and H̄ are the phasors of electric and magnetic

fields, < and ∗ denote taking the real part and complex conjugate, respectively, f(t) accounts for the envelope of

the source signal [2], [22], [23], [32]. In [32], −∇· S̄(r) is used instead of α|S̄(r)|. Note that since S̄(r) is defined

in the frequency domain, saying that at frequency ν0, f(t) should be a slowly varying function as compared to

ν0. This means S̄(r)’s of all frequencies in the narrowband associated with f(t) are approximated by that of ν0

(usually chosen as the center frequency of the source). In PVDs, usually a wide frequency band is considered, and

P abs(r, t) is calculated at each sampling frequency, with f(t) = 1, and weighted by the solar radiation spectrum [9],

[25]–[31].

In practice, photocarriers strongly influence the EM fields, e.g., they induce a high conductivity that blocks the

optical wave entering the device [14], and the photocurrent also radiates EM fields [14], [33]. S̄(r) calculated in

the frequency domain cannot take into account such coupling effects [14], [22]. To calculate P abs(r, t) in the time

domain, one may directly use the time-dependent Poynting vector

P abs
α (r, t) = α|S(r, t)| (8)

where S(r, t) = E(r, t)×H(r, t), provided that a narrowband source is used [12]. However, the main issue in the

time-domain calculation is that S(r, t) contains the power of all frequency components, including the low-frequency

waves radiated from the photocurrent. For low-frequency waves, Eph is smaller than Eg, such that their power

should not contribute to the generation rate of photocarriers.

To calculate P abs(r, t) corresponding to the optical frequency only, we consider the Poynting theorem for the

system (1)–(4) [45]

∇ · S(r, t) + ∂tW (r, t) + PD(r, t) + PP(r, t) = 0 (9)

where W (r, t) = (ε0ε∞|E|2+µ0µr|H|2)/2 is the sum of electric and magnetic energy density (including that stored

in the linear polarization and magnetization [45]), PD(r, t) = E(r, t)·JD(r, t) and PP(r, t) = E(r, t)·JP(r, t) are the

power density associated with the conduction current density and the polarization current density, respectively [45].

It is easy to show that PD(r, t) represents the conduction power loss [45], in which JD(r, t) is calculated in the

DD model (analogous to Ohm’s law). For a dispersive material, PP(r, t) contains both the energy storage and
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dissipation in the polarization process. The power dissipation corresponds to the imaginary part of the permittivity,

which is exactly the optical absorption in the case the positive imaginary permittivity is in the optical region.

To calculate the generation rate from the optical absorption, it is essential to separate the power dissipation from

the energy storage in PP(r, t). In the following, we consider a multipole Lorentz model with poles reside in the

frequency range of interest

ε(ω) = ε0

(
ε∞ +

N∑
n=1

ω2
p,n

ω2
o,n − ω2 − iγnω

)
(10)

where ωo,n, ωp,n, and γn are the resonant frequency, plasma frequency, and damping constant, respectively, N is

the number of poles. The corresponding electric flux density can be expressed as D(r, t) = ε0ε∞E(r, t)+PP(r, t),

where the polarization density PP(r, t) =
∑
nPn(r, t), and Pn(r, t) satisfies

∂2tPn(r, t) + γn∂tPn(r, t) + ω2
o,nPn(r, t) = ε0ω

2
p,nE(r, t). (11)

Expressing E(r, t) in terms of Pn(r, t), and with JP(r, t) =
∑
n Jn(r, t), Jn(r, t) = ∂tPn(r, t), PP(r, t) is divided

into two parts

PP(r, t) =

N∑
n=1

1

2ε0ω2
p,n

∂

∂t

(
|Jn(r, t)|2 + ω2

o,n|Pn(r, t)|2
)

+
γn

ε0ω2
p,n

|Jn(r, t)|2 (12)

where the first time derivative term is the time rate of change of the energy storage, which can be combined into

∂tW (r, t) in (9), and the second term, being positive and proportional to γn, is the power dissipation [42], [45],

[46]. Moreover, the power dissipation associated with each pole can be calculated separately

P abs
n (r, t) =

γn
ε0ω2

p,n

|Jn(r, t)|2 (13)

and P abs(r, t) =
∑
n P

abs
n (r, t). Thus, the generation rate can be calculated as

G(E,H) =

N∑
n=1

Gn(E,H), Gn(E,H) = η
P abs
n (r, t)

Eph
(14)

B. Time Integration

The ADE method for the Lorentz model has been well-studied in the literature, for example, see [41], [47] and

references therein. Here, to directly calculate the power absorption, we define a slightly different ADE method that

uses Jn(r, t) as the auxiliary variable. Equation (11) is rewritten as

∂tPn(r, t) = Jn(r, t) (15)

∂tJn(r, t) + γnJn(r, t) + ω2
o,nPn(r, t) = ε0ω

2
p,nE(r, t). (16)

Equations (1)–(4) and (14)–(16) form the final system to be integrated over time. Due to the time-scale difference,

the Maxwell system (1)–(2) and (15)–(16) and the DD system (3)–(4) are updated separately with independent

schemes [12]. The low-storage five-stage fourth-order Runge-Kutta (RK) time integration scheme [48] is used for

the Maxwell system

for (i = 0; i < 5; i++) {
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E
(i)
rhs = [∇×H(i−1) − JD −

N∑
n=1

J(i−1)
n ]/(ε0ε∞);

E(i)
res = A(i)E(i−1)

res + ∆tE
(i)
rhs;

H(i)
res = A(i)H(i−1)

res −∆t∇×E(i−1)/µ0;

for (n = 0; n < N ; n++) {

P(i)
n,res = A(i)P(i−1)

n,res + ∆tJ(i−1)
n ;

J(i)
n,res = A(i)J(i−1)

n,res + ∆t[ε0ω
2
p,nE

(i−1) − ω2
o,nP

(i−1)
n − γnJ(i−1)

n ];

}

E(i) += B(i)E(i)
res; H(i) += B(i)H(i)

res;

for (n = 0; n < N ; n++) {

P(i)
n += B(i)P(i)

n,res; J(i)
n += B(i)J(i)

n,res;

}

}

where ∆t is the time step size, A(i) and B(i) are RK coefficients, JD is solved from the DD solver. With the updated

Jn, P abs
n (r, t) and Gn(E,H) associated with each pole can be calculated readily at the end of the above RK loop.

The DD system (3)–(4) is integrated in time using a third-order total-variation-diminishing RK scheme [49]. Since

JD responses much slower than electromagnetic fields, the time step size for the DD system can be much larger [12].

The averaged generation rate G̃n(E,H) =
∑M
m=1G

m
n (E,H)/M is used in the DD solver, where M is the ratio

of the time step size between the DD and the Maxwell solver.

C. Comments

It should be noted that, since Eph in (5) and (14) explicitly depends on the frequency, it is not feasible to directly

calculate the photon flux of a wideband optical pulse. In PCD simulations, this is not a problem since the source

is rather narrowband (less than 1%) with its center frequency ν0 satisfying hν0 ≈ Eg. One can use hν0 or Eg to

calculate the photon flux. For PVDs, usually, the frequency range of interest covers the full visible spectrum. Like

in frequency-domain methods, one can run multiple simulations with different narrowband sources to cover the full

frequency range. With the method proposed above, one can reduce the number of simulations using a wideband

source together with a dispersion model consisting of multiple non-overlapping (in the frequency spectrum) poles,

with each pole covering a narrow band. Note that one can also include other poles or dispersion models in other

frequency ranges, however, only those poles contributing to the photoelectric effect (e.g., with Eph
p ≥ Eg) should

be included in (14).
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III. NUMERICAL RESULTS

A. Optical Absorption

To validate the proposed generation rate model, we first verify the calculation of optical absorption through

P abs
n (r, t) in an optoelectronic material. The model is shown in Fig. 1. An LT-GaAs layer of thickness 500nm is

placed in air. Here, we focus on the optical properties of LT-GaAs, and the DD model is not considered. Periodic

boundary conditions (PBCs) are used in the x and y directions and perfectly matched layers (PMLs) [50]–[52] are

used in the z direction. The relative permittivity of air is 1.0. The Lorentz model is used to fit the experimentally

measured permittivity of LT-GaAs [38] in the frequency range [0, 600THz]. A single Lorentz pole, with parameters

ε∞ = 5.79, ωo = 4.67× 1015, ωp = 1.06× 1016, γ = 4.56× 1014, yields relative errors of 0.49% and 0.66% for

the real and imaginary permittivity, respectively. All materials are considered nonmagnetic.

Consider a monochromatic plane wave with frequency ν = 375 THz, and linearly polarized in the x direction,

normally incident on the LT-GaAs layer. At 375 THz, the complex relative permittivity is 12.69 + 0.457i. The

corresponding absorption coefficient is 1.01×106m−1. Fig. 2 (a) shows P abs
1 (r, t) calculated from (13), Sαz (r, t) =

αSz(r, t), and PP(r, t) = E(r, t) · J1(r, t) at r0 = (0, 0, 0). It shows P abs
1 (r, t) is always positive, while Sz(r, t)

and PP(r, t) are oscillating between positive and negative values. Here, Sx = Sy = 0, and the negative value of

Sz(r, t) means the instantaneous power flux is pointing to the negative z direction. This is due to the reflection on

the interface at the z = 250 nm. When the scatterer is removed, Sz(r, t) stays positive. The oscillation of PP(r, t) is

due to the reactive power. Nevertheless, the time-averaged power flux of P abs
1 (r, t) and PP(r, t) should be the same

since the power dissipation is totally included in PP(r, t). Indeed, after reached the steady state, the time-averaged

power density calculated from P abs
1 (r, t), P abs

α (r, t), and PP(r, t) are 6.57× 102 W/m3, 4.80× 102 W/m3, and

6.57× 102 W/m3, respectively. This validates that P abs
1 (r, t) correctly extracts all dissipated power from PP(r, t).

It also indicates P abs
α (r, t) can approximate the power dissipation, however, it is less accurate than P abs

1 (r, t). Note

that, in (8), the magnitude of S(r, t) is used for P abs
α (r, t).

The same test is performed with a wideband pulsed source. A Gaussian pulse signal

f(t) = e−(t−t0)
2/τ2

sin(2πνt)

X
Z

Y

-250nm

Plane wave

-2000nm

4000nm

250nm

LT-GaAs

PML

Air

PML

-4000nm

Fig. 1. Schematic illustration of the model used in the optical absorption validation example.
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Fig. 2. (a) P abs
1 (r, t), PP(r, t), and Sαz (r, t) at r0 under a monochromatic source excitation. (b) P abs

1 (r, t), PP(r, t), and Sαz (r, t) at r0

under a Gaussian pulse source excitation. (c) Instantaneous absorbed power in the LT-GaAs layer under a Gaussian pulse source excitation.

PP(r, t) is scaled for better observation (see the legend in each figure).

February 15, 2021 DRAFT



9

in which ν = 375 THz, τ = 10 fs, and t0 = 3τ , is used. Fig. 2 (b) shows P abs
1 (r, t), Sαz (r, t), and PP(r, t)

recorded at r0. Again, P abs
1 (r, t) stays positive during the simulation while the other two models produce negative

values. The accumulated power density (summed up over time) calculated from P abs
1 (r, t), P abs

α (r, t), and PP(r, t)

are 2.45 W/m3, 2.01 W/m3, and 2.45 W/m3, respectively. Furthermore, the total absorbed power in the LT-

GaAs layer is shown in Fig. 2 (c), where V and S are the volume and surface of the LT-GaAs layer, respectively,

and n is the outward pointing unit normal vector on S. From the Poynting theorem, both −
∫
V
∇ · S(r, t)dr

and −
∮
S
n · S(r, t)dr give the instantaneous net value of the power entering the volume V , and

∫
V
PP(r, t)dr

corresponds to the mechanic work in the polarization process. All of these three quantities are oscillating due to

the reactive power. Their negative “tails” at the late time signifies the the physical process that the pulse energy

gradually leaves the LT-GaAs layer. More importantly, P abs
1 (r, t) is always positive, and, the total absorbed energy

calculated from all those four expressions are the same (4.80× 10−18 J). This example shows Equation (13) works

for wideband excitation as well.

B. Carrier Generation in PCDs

Next, the proposed method is used to model a PCD. The device is illustrated in Fig. 3. The photoconductive layer

LT-GaAs and the substrate SI-GaAs have thickness 500 nm, and their interface is located at z = 0. A bias voltage

Vbias is applied on the electrodes. The distance between the electrodes along the x direction is 5 µm. For LT-GaAs,

the EM properties are the same as those in the previous example, and the semiconductor material properties are the

same as those in [12]. The relative permittivity of SI-GaAs is 13.26. Here, we focus on the optoelectronic response

and use a unit-cell model described in [13], [14]. First, the steady state of the semiconductor device under the

bias voltage is solved from a coupled Poisson-DD system [43]. For Poisson equation, a potential-drop boundary

condition is used along the x direction to mimic the bias voltage, PBCs are used along the y-direction, and a

homogeneous Neumann boundary condition is used in the z direction. For the stationary DD model, PBCs are used

in both x and y directions, and a homogeneous Robin boundary condition is used on the surfaces of the LT-GaAs

layer in the z direction [53], [54]. The obtained steady-state electric field and field-dependent mobility are used

as inputs in the transient Maxwell-DD solver [12], [14]. In the transient simulation, PBCs are used in x and y

directions for Maxwell equations and the DD model. In the z direction, PMLs are used for Maxwell equations, and

a homogeneous Robin boundary condition is used for the DD model. More details about the unit-cell model can

be found in [14].

The PCD is excited by a continuous-wave source with two lasers operating at 374.5 THz and 375.5 THz and with

x axis linear polarization. The magnitude of photocarriers varies with the beat frequency 1 THz, which leads to the

radiation of THz EM waves. At low bias voltages and low power laser excitation, the models (6), (7), and (8) have

been validated very well and found to agree with each other [12], [20], [22], [55]. Firstly, the proposed model is

checked with a relatively low bias voltage Vbias = 20 V and a small laser power density 100 mW/cm2. The time-

dependent carrier densities calculated from the proposed model (13) and model (8) recorded at r1 = (0, 0, 480) nm

are shown in Fig. 4 (a). It shows the carrier densities calculated from these two models are on the same level. Fig. 4

(b) shows the corresponding instantaneous absorbed power density at r1 in these two models. The observation is

February 15, 2021 DRAFT



10
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LT-GaAs
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Fig. 3. Schematic illustration of the PCD. The gray box indicates the domain of the unit-cell model. Note that, in practice, the size of the THz

antenna attached to the electrodes is much larger than the gap distance between the electrodes.
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Fig. 4. (a) Electron density ne and (b) instantaneous absorbed power density at r1 calculated from P abs
1 (r, t) and P abs

α (r, t) under Vbias = 20

V.

similar to the optical absorption shown in Fig. 2. Both models give similar results; however, the generation rate

calculated from model (8) is less smooth (see the data near t = 1.5, 2.5, and 3.5 ps) because of taking the magnitude

of the Poynting vector.

The photocurrent density depends on both the bias voltage and the power strength of the laser. Upon excitation

with a higher power laser, which generates more photocarriers, and/or a higher bias voltage, which provides a larger

drift force, the photocurrent becomes stronger and radiates stronger THz waves. Since the Poynting vector contains
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the THz wave power, the generation rate in model (8) is overestimated. To see this problem clearly, the same

simulations as above are performed under a higher bias voltage Vbias = 40 V and with the same laser power. Fig. 5

(a) shows the power absorption calculated from both models. In model (8), the absorbed power keeps increasing and

eventually becomes larger than the laser power. Apparently, this is unphysical since the source power is unchanged

during the simulation. In the proposed model, the generation rate performs as expected. It stays at a stationary level

after the laser power entered the device is stable.

(a)

(b)
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15
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e
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16

(c)

Fig. 5. (a) Instantaneous absorbed power density, (b) x component of the electron field, and (c) electron density ne at r1 calculated from

P abs
1 (r, t) and P abs

α (r, t) (with and without coupling) under Vbias = 40 V.
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Fig. 5 (b) shows the electric field at r1 under Vbias = 40 V. Clearly, the electric field contains a strong low-

frequency component, which makes the mean value deviate from zero [14]. The low-frequency component is the

radiation field resulting from the photocurrent [14]. The power absorption calculated from (8) follows the electric

field, including the low-frequency parts. As discussed in Section I, physically, the low-frequency EM fields do not

contribute to the carrier generation. The overestimated generation rate produces more low-frequency waves, which

again leads to a higher generation rate in model (8). Fig. 5 (c) shows the carrier density produced by model (8)

keeps increasing and eventually diverges.

For comparison, an “uncoupled” simulation, where the DD current density JD(r, t) in (1) is removed, is done

under the same settings as above using the model (8). The corresponding results are also shown in Fig. 5. In this

case, no low-frequency EM waves are radiated and the power absorption calculated from (8) stays stable. This

verifies that the previous unsaturated behavior in model (8) is a result of that the Poynting vector includes the

power of low-frequency components.

In contrast, in Fig. 5, the power absorption calculated from the proposed method acts as expected. The material

dispersion model only takes into account the optical absorption, which corresponds to the experimental permittivity

that the absorptance of LT-GaAs at low-frequency is negligible. Meanwhile, the THz radiation resulting from the

coupling can be modeled correctly. This provides us the ability to analyze the radiation field screening effect in

PCDs [14], [33]–[37]. Even for the uncoupled simulation, as has been shown in the previous example, the proposed

model is more accurate than the Poynting vector-based model.

Fig. 6 (a) and (b) show the spatial distributions of [G(E,H)−R(ne, nh)] at 2 ps under Vbias = 40 V calculated

from the proposed model and model (8), respectively, and Fig. 6 (c) and (d) show corresponding electron densities.

In the proposed model, the solutions decay smoothly as propagating in the negative z direction. This is expected

since the optical wave is absorbed by the material and screened by the photocarriers. The solutions calculated from

model (8) are less smooth and, at this instant of time, the carrier density is higher near the bottom. From our tests,

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

Fig. 6. (a) [G(E,H)−R(ne, nh)] at 2 ps calculated from P abs
1 (r, t) and (b) from P abs

α (r, t). (c) Electron density at 2 ps calculated from

P abs
1 (r, t) and (b) from P abs

α (r, t). Vbias = 40 V is used.
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finer meshes are required for stability in the Poynting vector-based model, especially when the carrier density is

high.

IV. CONCLUSION

The strong nonlinear coupling between electromagnetic (EM) waves and photocarriers in optoelectronic devices

calls for a time-domain numerical approach. A crucial step in the time-domain simulation is calculating the carrier

generation rate from the optical EM fields. Because of the low-frequency EM field radiation from the photocurrents,

the Poynting vector-based generation model overestimates the carrier generation and leads to an unsaturated carrier

density.

This work proposes a material absorption-based generation rate model. First, the optoelectronic material is

modeled with the Lorentz dispersion model with poles reside in the optical frequency region. Then, the carrier

generation rate is calculated using the instantaneous optical absorption expressed in terms of the polarization current

density. The ADE method for the Lorentz dispersion model is formulated such that the generation rate contributed by

each Lorentz pole is updated efficiently in the time integration. PCD examples show that the proposed model is more

accurate than the Poynting vector-based model and is stable even when the generated low-frequency component is

strong. This model can be used for time-domain simulations of a wide range of optoelectronic devices, e.g., solar

cells, photosensors, and photodetectors. Moreover, as the generation rate corresponding to each Lorentz pole can be

calculated independently, a wideband simulation can be performed in the time domain using a multipole Lorentz

model.
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