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Abstract—A novel approach is presented for incorporating the
transient solution of one-dimensional semiconductor drift-
diffusion equations within a general circuit simulation t
This approach allows simple representation of localized carri
transport models of simulated devices through equivale
circuit elements such as voltage controlled current sources a
capacitors. It also lends itself to mixed-mode transient simulati
of devices and circuits. The utility of the new simulati
approach in state-of-the-art device design is demonstrated by
the transient response analysis of a GaAs heterojunction p—i—j
photodiode, and by the time-domain analysis of an integrabdd
photoreceiver circuit.

L. INTRODUCTION

CCURATE SIMULATION of transient electrical behay

ior of optoelectronic devices under realistic operating
conditions is becoming an increasingly important concern in
OEIC (Optoelectronic Integrated Circuit) design and optimiza-
tion. Device-level simulation of novel structures ideally allows
the detailed investigation and analysis of complex phenomena
that cannot be achieved through experiments or through simple
analytic models. It also provides valuable insight into the
physical mechanisms which ultimately determine the opera-
tional performance of the device. A number of semiconductor
device simulation tools have been developed over the years
[1]-[3], and are being widely used for device developmefnt
tasks. Most of the existing device simulators are based an
the drift-diffusion (DD) description of carrier transport, and
employ specialized techniques to obtain the one-, two-, or
three-dimensional solutions in time domain.

The simulation of optoelectronic devices, however, presents
some specific challenges that are not well addressed by th
existing device simulation tools. One important requirement js
that the local absorption and photo-generation (light-induced
carrier generation) effects should be explicitly representable at
any point within the device. The simulation tool should enable
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simple modeling of photodetectors which has localized optical
absorption in specific regions, and should be capable of fast
transient response simulation. Besides, the tools should allow
simple integration of circuit-level and device-level simulation
tasks, especially for the analysis of integrated circuit response
under various conditions. Finally, simple extraction of device
and circuit model parameters is desirable, to aid the develop-
ment of compact simulation models for novel optoelectronic
devices.

The advantages of mixed device/circuit simulation capabil-
ity are quite obvious. There exists a growing consensus that
process, device and circuit simulation tools used as separate
entities need to be integrated into a combined simulation envi-
ronment for efficient design and optimization of semiconductor
devices and integrated circuits. Such integration will shorten
the development cycle for new technologies by providing
accurate predictions of various physical phenomena on the
device and circuit level and by allowing the investigation
of detailed device behavior within the circuit environment.
The majority of the proposed tool integration approaches seek
either to create specific mixed-mode simulation environments
[4]-{6], or to combine specialized device and circuit simulation
tools through user-friendly interfacing environments [7], [8].

In this paper, a novel approach is presented for incorporating
the transient solution of one-dimensional semiconductor drift-
diffusion equations within a general circuit simulation tool,
which eliminates the need of interfacing various device and
circuit simulation environments. This approach allows for the
simple representation of localized carrier transport models of
simulated devices using equivalent circuit elements such as
voltage-controlled current sources and capacitors. The avail-
ability of local photo-generation models at every grid point
enables accurate transient simulation of various opto electronic
devices, without any restrictions on light absorption and carrier
generation characteristics. The approach is conceptually simple
and very easy to implement in many existing circuit simulation
environments, with only moderate amount of additional effort.
Besides the inherent advantage of providing mixed-mode
device and circuit simulation capability embedded in a circuit
simulator, this approach can also be used for extracting the
device- and circuit-level model parameters to match measured
data through optimization.

In the following two sections, the discretization of the
time-dependent semiconductor equations, a detailed deriva-
tion of model parameters, and the implementation of the
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drift-diffusion model using equivalent circuit elements are
presented. The application of the new approach is discussed in
Section IV with several device and mixed mode device/circuit
simulation examples.

II. DISCRETIZATION OF SEMICONDUCTOR EQUATIONS

Carrier transport in semiconductors is described by three
coupled partial differential equations, namely, the Poisson’s
equation, the electron-current continuity equation and the hole-
current continuity equation. Assuming that the carrier flow and
the potential distribution within a semiconductor structure are
confined to one dimension (), the normalized carrier transport
equations are given as follows.

O L p+NamNpl=0 M
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The electron and hole current densities J,, and Jpare defined
as

To= i 22, XA TR) @
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Here, the normalized variables V, n and p represent the
local electrostatic potential, the electron concentration and the
hole concentration, respectively. The parameter r represents
the normalized dielectric constant, R and G represent carrier
recombination and generation rates, respectively. Two poten-
tials V,, and V, are also introduced as band parameters to
account for the bandgap variations in heterostructures, and are
defined as follows,

PA%A :x—xr+kT1n<NC) ©6)
Ncr

Ve = _[X_Xr"I'EG_EGr_len(NV )] )]
N Vr
where N¢ and Ny are density of states for conduction and
valence bands, respectively, x is the electron affinity, and
subscript r denotes the reference material.

To obtain the solution of the semiconductor equations
(1)-(3) by using the finite difference method, the equations
need to be discretized on a nonuniform one-dimensional grid
(Fig. 1). Usually, the discretization of the time-dependent
semiconductor equations is carried out both in time-domain
and in space-domain [10]. In the following, the dependent
variables will be discretized with respect to the space (position)
variable z, but they will be left continuous in time, resulting
in a semi-discrete form. The goal of this formulation is to
facilitate a simple implementation of the device model within

VG). ¥, (). ¥, O)

n+ type ntype ptype

Fig. 1. Partitioning of a p — » — nt structure on a one-dimensional
nonuniform grid.

the circuit simulation environment. Three new local variables
are defined as z1(5) = V(j), z20) = V(i) — ¥a()),
and z3(j) = -V () + ¢»(s) where the normalized variables
V, 9¥n, and ¢, represent the local electrostatic potential,
the electron and hole quasi-Fermi potentials, respectively.
The Scharfetter-Gummel approximation has been used to
express the current densities .J,, and Jj, in terms of the carrier
concentrations [9]:

1 B An(9) [n(f + 1) exp(An(5)) — n(5)
Yy Yo [ o D(An)) — 1 ]
(t)]
1 e Be(0) [p( 4 1) exp(Ap(3)) — p(4)
POt )= [ D (A7) — 1 ]
®

where
Aa() =V +ValG) - VG +D) -ValG+1)  (10)
A(G) =V +1) = V(i +1) = V() - V(). (D)

The carrier concentrations, n and p, are related to the local
potential variables as

n(]) = exp [V(]) + Vn(]) - wn(.j)]

= exp [22(4) + Va(j)] 12)
p(j) = exp [ = V(4) + V,(j) + ¥p(3)]
= exp [z3(j) + V3 (4)]. (13)

Substituting (8)—(11) into the device equations (1)—(3), a set
of time-dependent space-discretized equations are obtained on
a nonuniform one-dimensional grid.

Here, (14), shown at the bottom of the next page, corre-
sponds to the discretized Poisson’s equation at the j;, grid
node, and (15) and (16), also shown at the bottom of the next
page, correspond to the electron continuity and hole continuity
equations, respectively. In (14)—(16), the variation of electron
and hole mobilities as a function of doping and local electric
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field is being taken into account by a suitable local mobility
model based on carrier velocity saturation. The introduction of
band gap parameters V,, and V,, allows simple representation
of the band gap variation effects in heterostructures [16].
Notice that a photon-induced carrier generation term G is
available at every grid point x;, and it can be represented
by an independent current source. The extension of this
approach for two-dimensional semiconductor equations is also
straightforward. Assuming a rectangular space-grid structure,
the Poisson’s equation, the electron continuity equation, and
the hole continuity equation can easily be discretized at each
grid point. In this case, each discretized equation contains the
electrostatic potential and Fermi potential variables of the four
(instead of two) neighboring grid points, as well as those of
the grid point itself. Thus the resulting set of time-continuous
and space-discretized equations will again be characterized by
next-neighbor relations in the space domain.

The carrier generation/recombination rate at any grid point
is assumed to be a function of two basic mechanisms, i.e.,
trap-related phonon transitions and photon transitions. The four
partial processes involved in phonon transitions are: 1) electron
capture from the conduction band by an unoccupied trap, 2)
hole capture i.e., release of an electron from an occupied trap to
the valence band, 3) electron emission from an occupied trap
to the conduction band, and 4) hole emission, i.e., electron
capture from the valence band by an unoccupied trap. The
well-known Shockley—Read—Hall model accounts for the total
generation/recombination rate due to phonon transitions listed
above [10].

n(f)p() —1
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where n(j) and p(j) represent the electron and hole concentra-
tions at the jth grid point, and 7,, and 7, represent the carrier
lifetimes.

The photon transitions on the other hand, are assumed to
be exclusively in the form of optical generation of carriers,
described as an electron gaining energy from incident photons
and moving from the valence band to the conduction band.
This process is represented by the photon-induced carrier
generation term G at each grid point.

Next, the time-domain solution of these discretized drift-
diffusion equations will be examined in detail.

II. IMPLEMENTATION OF THE MODEL

The semi-discrete. carrier transport equations (14)-(16) de-
scribe the transient behavior of the electrostatic potential and
the Fermi potentials at any grid point. Using the Shock-
ley-Read-Hall generation/recombination model, R; can also
be expressed in terms of electrostatic potential and the Fermi
potentials at the jth grid point, as follows [10], [11]

R = exp(z2 + Vo) exp(zs + V) — 1
77 rp(exp(zz + Vi) + 1) + To(exp(zs + V3) +p12i8)

Thus, (8)—(10) assume the following general form.

flz(G +1),21(5 = 1), 22(5), 3(5), Va (5, Vo (5)]-
19

z1(j§) =

It is seen that the electrostatic and Fermi potentials at any
grid point are described by three coupled nonlinear differential
equations in time domain which involve the corresponding

R; = . _ (17) potential variables as well as the neighboring grid node poten-
7(n(5) + n1) + 7 (p(4) + P1) tials. With a simple variable assignment, the (19)~(21) can be
. h;h; h; + h; . . . .
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+
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exp [z2(j + 1) — 22(j) + 11(j) —m (G + 1)] — 1 }
exp [21(4) — 21(G + 1) + Va(§) = Va(G +1)] -
exp [z2(j — 1) — 22(j) + 71(j) — 21(j - 1)] —

exp [21(4) — 21(5 — 1) + Va(§) - Va(G — 1)] —

15)

exp [z3(j + 1) — z3(j )+z1(1+1) —z1(j)] -
exp [21(j + 1) — z1(J) + Vp(4§) — Vo + 1)] =
exp [z3(j — 1) — 23(j) + z1(j = 1) = 21(j)] —
exp [1(j — 1) — 21(5) + V,(5) - V(G — D] -

(16)
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Fig. 2. The one-dimensional finite difference grid and the equivalent-circuit
representation of the variables associated with each grid point.

represented by an equivalent circuit, which can then be solved
using a conventional transient circuit simulation program such
as SPICE. For a simple equivalent circuit interpretation of
these equations, first let the variables z;, £ and z3 represent
three node voltages. Also, let the right-hand sides of (19)—(21),
i.e., the functions f;, fo and f3 represent the currents of three
nonlinear voltage-controlled current sources. Then, (20) and
(21), shown at the bottom of the page, can be interpreted as
the state equations of linear capacitors with terminal currents
of fo and f3, respectively, while equation (19) describes the
terminal voltage of a unit resistor with a terminal current of
f1. The equivalent circuit diagrams corresponding to (19)-(21)
are given in Fig. 2. It is seen that each space-grid point is
represented by three circuit nodes, where the node potentials
correspond to the electrostatic potential and the two Fermi
potentials associated with the grid point.

The conversion of the semiconductor drift-diffusion equa-
tions into an equivalent circuit representation was first pro-
posed by Sah [12], [13], and later pursued by other authors
[14], [15]. In this classical transmission-line representation of
the one-dimensional semiconductor equations, the equivalent
circuit consists of a ladder-like structure of connected non-
linear capacitors and current sources. The electrical coupling
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Fig. 3. An example of classical transmission-line representation of the
semiconductor equations (after [13]). Note the nonlinear bridging capacitors
at every grid node complicating the simulation.

of adjacent grid nodes is accomplished by capacitive current
components in the equivalent transmission-line circuit. An
example of the classical transmission-line equivalent circuit
structure proposed by Sah [13] is shown in Fig. 3. The
presence of bridging, nonlinear capacitors between nodes,
however, results in a strongly-connected network topology,
which may ultimately complicate the numerical solution.

In the modeling approach presented here, in contrast, the
local circuit nodes representing grid points are linked through
node voltages only. The new formulation approach also elimi-
nates the bridging capacitors and the nonlinear capacitors used
in previous circuit element representations. The modularity of
the new modeling approach can also be utilized for adjusting
the grid point density of the simulated structure [17]. The
boundary conditions are established assuming purely ohmic
contacts at both external boundaries {10]. The electrostatic
potential at the boundary is determined by the externally
applied bias voltage, which, in turn, depends on the external
load circuit. It is assumed that no voltage drop occurs at the
boundary. The conditions for the carrier concentrations at the
ohmic boundaries are established by increasing the surface
recombination rate. This is accomplished by gradually reduc-
ing the electron and hole lifetimes in the Shockley—Read-Hall
recombination term by three orders of magnitude for the grid
points in the immediate neighborhood of the boundaries.

The calculation of currents is also carried out using the
equivalent circuit representation. The total conduction current
component across the device is found as the sum of electron
and hole currents J,, and J,.

J. = Jn(l‘j) + Jp(xj). (22)
The displacement current component is calculated as
Jg= —lC i iV (23)
d = A jnct dt space—charge

where Cj,.: represents the junction capacitance, and the
space-charge voltage is found by integrating the local carrier
densities. The displacement current component for given grid
node can be computed directly by taking the time derivative

31‘20 )

5 =2 [2109), 21 + 1), 2105 = 1), 22(3), w2(5 + 1), 220 - 1), 23(5), G(3), Vp(5), Va (), Vald = 1), Va (G + 1)] (20)

Oz3(j)

2L = a3, 21+ 0,30 — 1, 23(0),20 + 1), 830 = 1),2209), GG), Vald), Vo), Vold = 1, Ve + 1] 21)




of the local electric field.

d
Jg=—¢ th
where ¢ is the dielectric permittivity. In the presented model,
electrical field is obtained by the difference of the electrostatic
potential in the neighboring nodes and time derivation is
implemented by a simple circuit involving a voltage source
and a capacitor. At every time step, therefore, we readily have
all the current components and the total current.
Alternatively, the displacement current can also be evaluated
by integrating the time derivative of carrier concentrations in
the depletion region.

_ Cinag [ v [dp(z,t) On(z,t)
Jqg = A /0 dy/0 [—at 5 dx. (25)

(24)

This formulation is particularly useful when the transient
variation of electrostatic potential is difficult to evaluate. In
the present model, we utilize direct calculation of the drift
current at a given grid node using (24).

Given the device structure, grid spacing and the relevant
model parameters, the equivalent circuit representation of the
semiconductor drift-diffusion equations can thus be readily
generated. A conventional circuit simulation program is then
used to solve these equations in time domain and to obtain the
variation of the electrostatic potential and the Fermi potentials
at each grid point. As such, the approach proposed here also
makes full use of the numerical stability and efficiency of the
well-established circuit simulation routines.

The exponential terms which appear in the space-discretized
Poisson’s equation (14), and the electron and hole continuity
equations (15) and (16) essentially possess the same charac-
teristics as the compact diode model or the BJT Ebers—Moll
model equations, which are handled quite well numerically in
most conventional circuit simulators. The Bernouli equation
appearing in (15) and (16), which has the general form

f(=)

T

- exp(z) - 1’ 26)

presents a challenge in numerical evaluation for very small
values of z, which is encountered in neutral regions, because
the numerator and the denominator approach zero in this case.
However, since the function does not possess a singularity at
z = 0, the problem can easily be circumvented by assigning
the function its known limit value, f(0) = 1, for z values
smaller than a certain lower boundary [17]. The availability
of absolute value function for nonlinear controlled sources
in SPICE provides the alternative option in which (26) is
modified as

|z| + 6

o) = [exp(z) — 1] + 6

1))
where 6 is a small positive number. The value of § (typically
107% — 1078) can be arbitrarily set to control the precision
of the equations. A more detailed numerical error analysis
is not presented here mainly because the error analysis results
derived for conventional circuit simulation tools can be applied
directly in this case.
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Fig. 4. The proposed mixed-mode device/circuit simulation environment.
No additional software tools are required for integration of device and circuit
simulation environments.

The simple equivalent circuit representation allows detailed
modeling of the internal device structure by locally specifying
the physical device parameters. This model allows the investi-
gation of the transient behavior of optoelectronic devices using
the local photo-generation term G; [17], [18].

It was already mentioned that mixed device/circuit simula-
tion capability using the same simulation tool is very desirable
for accurate and realistic assessment of novel devices and
integrated circuits. Since the external voltage and current
conditions of the simulated device are available at any time
point ¢, and since the discretized semiconductor equations
are being solved using circuit simulation routines, the device
simulation approach presented here lends itself to mixed-mode
simulation of devices and circuits by directly linking device-
level and circuit-level models. The device simulation model
described above has been implemented and tested success-
fully in SPICE and two SPICE-like general-purpose circuit
simulation programs. Fig. 4 shows the major components of
the combined device/circuit simulation environment.

To facilitate initial dc convergence during the simulation of
some semiconductor structures, a simple ramping scheme is
used. During preliminary studies [17], the entire structure is
initially defined as having the same uniform doping density,
with zero potential drop across its external terminals. The dc
convergence for this uniform structure can be easily achieved,
since the local electrostatic potential and the electron and hole
densities will be constant and equal at all grid nodes. Next, the
local doping densities and the external boundary conditions are
gradually changed (ramped) in time domain, until they reach
their actual levels intended for the semiconductor structure.
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At this point, the system is in steady-state, and the actual
excitation can now be applied either as an electrical or optical
pulse waveform.

For the implementation in SPICE [19], dc convergence for
a p—n junction can be achieved without any pre-conditioning
or ramping, for moderate doping densities and applied bias.
Although there is no formula for the maximum allowable
values, and they are usually interdependent, typical numbers
are in the order of 107cm~3 and 50kT for doping and
applied bias, respectively, for a p—n junction. In case of failure
to achieve dc convergence, ramping of one or more device
parameters can be utilized.

It was also found that abrupt changes in electrical or optical
excitation waveforms occasionally cause numerical conver-
gence problems during simulation. To avoid such problems,
a “precursor” pulse several orders of magnitude smaller than
the actual excitation pulse may be applied first. This small
excitation ensures that the carrier density levels rise sufficiently
above the steady-state levels, so that the subsequent excitation
pulse does not cause numerical problems. Since the magnitude
of the precursor pulse is very small, it does not influence the
transient response of the device in any significant way. We
also noted in SPICE that, if the rising edge of the optical
pulse has a staircase structure of arbitrarily small time step
size, convergence is assured. In this scheme, pulses with very
small rise time (sub-ps) can be accurately represented.

IV. SIMULATION EXAMPLES

The applications of the proposed device simulation ap-
proach will be demonstrated in this section by simulation
examples. Demonstration of this model was initially carried
out in SPICE-like general-purpose circuit simulation programs
[17]. Recently, the model was also implemented in SPICE
[19], and we have noted improved capabilities. The examples
presented here were repeated in several different simulation
environments, the results presented are obtained using SPICE
version 3F2.

The first example investigates the drift and diffusion of
excess carriers generated by a localized light pulse in an n-
type semiconductor sample. The semiconductor sample has a
length of L = 2 ;zm and a doping concentration of Np = 1016
cm™3. A voltage of 501‘;_,‘I is applied across the sample,
and a light pulse focused on the mid-point of the sample
is used to generate excess carriers (Fig. 5). Note that this
arrangement corresponds to the well-known Haynes—Shockley
experiment for the measurement of carrier drift mobility in
semiconductors. Fig. 5(b) shows the excess hole concentration
within the sample as a function of position and time. It is
seen that the generated excess carriers diffuse away from
the mid-point and recombine, while the concentration peak
moves (drifts) toward the negative-biased end of the sample
under applied electric field. This example demonstrates that the
equivalent circuit models introduced in Section II accurately
represent the transient drift and diffusion behavior of carriers
in the semiconductor sample.

The next example investigates the drift and diffusion of
excess carriers generated by a localized light pulse in a GaAs

n-type sample

Excess carriers generated
in this narrow region

(2)

x 105/
~
8T
/ I~
5641
s
€ / 74 I~
8411 > /g “\\
5 T AN\ T
o L] 2222 F2h e OO\ ™
8241 e 2SO NN
= S e
0

[=N=)
Vi

Distance(microns) 2

()

Fig. 5. (a) Uniform n-type semiconductor sample being subjected to a
localized optical pulse excitation, leading to excess carrier generation in a
parrow region. (b) Simulated variation of hole concentration as a function
of position and time. Generated excess carriers diffuse away from the
narrow generation region, while the concentration peak drifts toward the
negative-biased end of the sample under applied electric field.

hv

Vbias

Np=5x10'¢ Np=5x10'* | N,=5x10'6

l n+ n p

Fig. 6. The simulated GaAs p—i~n photodiode structure.

p—i—n diode structure (Fig. 6). The total thickness of the device
is L = 1.5pum and low doped normally depleted region is
1um thick. A total of 50 grid points were taken with variable
spacing, i.e., finer grids at the metallurgical junctions. A small
voltage of 10XZ is applied across the sample to reverse-bias
the diode, and a light pulse with 0.1 ps rise- and fall-times
and 50 ps duration is focused on the depletion region of the
diode.
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Fig. 7. Simulated variation of electron concentration in a GaAs p-i-n
photodiode as a function of time and position.

3 3 8 8

Logarithmic Hole Concentration

L
3

Distance(microns)

Time(ns)

Fig. 8. Simulated variation of hole concentration in a GaAs p~i-n photo-
diode as a function of time and position.

For the demonstration of the concept, uniform optical gen-
eration is assumed to take place in the 0.5-um-thick region
located in the middle of the depletion region. Assuming a
40% quantum efficiency (typical for 0.5-um GaAs absorber),
the optical excitation corresponds to 5 x 10?! photons/cm?s
(ie., 1 kW/cm?). Although the power density seems to be
extremely large, the corresponding total power is in the order
of 10 mW for a 30 x 30 pm device, and for the given pulse
duration, total energy per pulse is only 50 fI.

Figs. 7 and 8 show the variation of electron and hole
concentrations, respectively, within' the sample as a func-
tion of position and time. As can be seen from the carrier
concentration plots, the optical generation is large enough
to create electron-hole densities comparable to those in the
neutral regions demonstrating the large signal capability of
the presented model. A comparison of transient variation of
electron and hole concentrations reveal much smaller transit
times of electrons due to higher mobility.

In this example, field dependence of the material parameters
were taken into account as dynamic variables. To demonstrate
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0 0
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Fig. 9. Simulated variation of electrostatic potential in a GaAs p—i-n
photodiode as a function of time and position.
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-
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0.05

o 15
Fig. 10. Variation of electric field in a GaAs p~i—n photodiode as a function
of time and position.

Time (ns)

the importance of transient consideration of material prop-
erties, such as mobility, Figs. 9 and 10 show the time and
space dependence of the electrostatic potential and electric
field, respectively, under the same optical excitation for the
photodiode. For the given excitation level, the variation of
electric field during the pulse is very prominent. Therefore,
the corresponding variation in carrier dynamics, especially in
the electron mobility, is very significant. Our model includes
an accurate representation of mobility-field dependence for
electrons and holes [19].

As described in the previous section, the terminal current for
the photodiode is calculated at every time step using dedicated
circuits inside the circuit equivalent device model. The pho-
tocurrent response of the GaAs p—i—n photodiode described
above is shown in Fig. 11 for two different absorption profiles.
The excitation is a 20 ps, 1 W square pulse. The photocurrent
with faster response time corresponds to absorption closer to
the p-contact (~ 0.15 um from the depletion edge) resulting
in a shorter distance to transit for holes than that for electrons.
In this case, the rise and fall times of the current are 8 and
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o

photocurent (mA)
o~

0.05 0.1 0.15 02
. time(ns)
Fig. 11. The current response of the GaAs p—i—n diode shown in Fig. 6 for
two different absorption profiles. The faster response (solid line) corresponds
to absorption closer to p-type contact region, and the slower response is for
absorption closer to n-type contact. Dashed line shows the optical excitation
in arbitrary units.
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Fig. 12. Detail of the photocurrent displaying transient behavior of displace-
ment (dotted-line) and conduction (dotted-dashed line) components. Dashed
line shows the generation term.

9 ps, respectively. Therefore, a photodetector with such an
absorption profile will have a flat response up to 50 GHz and
a bandwidth approaching 100 GHz. In contrast, for absorption
at the opposite end of the depletion region (~ 0.15 um from
n-region) the photocurrent response has a fall time of 40 ps
due to the longer transit time of holes.

Fig. 12 shows the conduction and displacement current
components for the absorption profile at the n-side of the
depletion region. The delay between the optical pulse and the
conduction current is due to long transit time for hole. Besides,
a significant fraction of the holes generated in the proximity of
the depletion edge diffuse into the neutral n-region as shown in
Fig. 8. For an absorption profile close to n-region, therefore,
the response speed is further limited by the slow diffusion
process.

As discussed in Sections II and HI simulating optoelec-
tronic devices in a circuit simulator allows for mixed mode

GaAs p-i-n Photodiode

Fig. 13. The simulated photoreceiver circuit composed of a pin diode and-a
single transistor amplifier. The circuit parameters are Ry = 2k Q,R2 = 1
k Q@ =, RRc = 100 ©,C = 70 {F, and relevant parameters in the SPICE
model for BIT are 85 = 500, I, = 1071* A, Cj.= 30 fF, C;c = 30 fF,
Cjs =20fF, 1. = 10Q, 1, = 50 Q, and 77 = 0.01 ns.

device/circuit simulation. This capability is demonstrated with
the following example of a simple photoreceiver circuit con-
sisting of a GaAs p—i—n photodiode and a single transistor
BIT amplifier circuit (Fig. 13). The supply voltage V. is 2.5
V and the bias circuit is adjusted to reverse bias the photodiode
and saturate the BJT. In this example, the detailed device
level model of the photodiode is combined with the circuit-
level lumped models for the rest of the photoreceiver circuit.
Since the device-level simulation of the p—i—n photodiode is
carried out using the circuit simulator, the link between the
device- and circuit-level simulation results is automatically
established. The time-dependent carrier concentrations and the
local potential yields the terminal current of the simulated
device. The transient current-voltage characteristics of the pho-
todiode is combined with the external circuit, and the voltage
boundary conditions are evaluated at every time point by
solving the entire OEIC self-consistently. This self consistent
solution yields the true large signal response of the device and
the OEIC. Fig. 14 shows the simulated photocurrent of the
photodetector and the variation of the detector bias under a
50 ps pulse when approximately 0.5 mW is absorbed in the
middle of the depletion region.

Fig. 15 shows the transient variation of the base current and
collector voltage of the transistor in the photoreceiver circuit.
Note that all the circuit variables are evaluated simultaneously
with the local device variables. Therefore, the device perfor-
mance can be tested in realistic bias conditions. Besides, this
mixed-mode device/circuit simulation capability enables the
circuit designer to easily and accurately investigate the effects
of various subtle changes in device geometry and/or material
parameters upon circuit performance, while this task would be
difficult or impossible using circuit-level device models only.

V. CONCLUSION

In this paper, a novel approach has been presented for
incorporating the transient solution of one-dimensional semi-
conductor drift-diffusion equations within a general circuit
simulation environment. This approach allows simple repre-
sentation of localized carrier transport models of simulated
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Fig. 14. The transient response of the photoreceiver circuit obtained by
mixed-mode device/circuit simulation. (a) Diode current (solid line) and
photogeneration (dashed line, in arbitrary units). (b) Transient variation of
the photodiode terminal potential.
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Fig. 15. The transient response of the photoreceiver circuit obtained by
mixed-mode device/circuit simulation. Transient variation of base current (a)
shows the reversal of bias current under optical pulse. The variation of the
collector potential from saturation to nearly to the supply voltage demonstrates
the large signal capability of the model.
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devices through equivalent circuit elements such as voltage
controlled current sources and capacitors. The availability of
local photo-generation models at every grid point enables
simple simulation of various optoelectronic devices. As the
device-level simulation is carried out by the circuit simulator
using an equivalent circuit representation, this approach also
lends itself to mixed-mode simulation of devices and cir-
cuits, by a single simulation tool. The mixed-mode simulation
capability of the new approach has been tested for the time-
domain analysis of a photoreceiver circuit. It has been shown
that the transient characteristics of one-dimensional device
structures operating within a realistic circuit environment
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can be simulated without requiring dedicated software tools.
The device-level modeling approach introduced in Sections
II and III can easily be extended for mixed two-dimensional
device and circuit simulation. The device simulation model
presented in this paper has been implemented and tested in
SPICE version 3F2 and also two SPICE-like general-purpose
circuit simulation programs. The implementation of the model
requires no modifications within the internal structure of
the circuit simulator. Thus, it can be implemented quickly
and easily on a number of different computation platforms.
The versatility of the circuit equivalent representation of the
device equations should enable the incorporation of additional
differential equations describing other physical phenomena.
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