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Photon recycling is examined as an explanation for the observed large carrier lifetimes in
an InP/InGaAs photodiode. This effect extends the effective carrier lifetime within a
device by re-absorbing a fraction of the photons generated through radiative band-to-
band recombination events. In order to predict the behavior of this carrier generation,
photon recycling has been added to our two-dimensional macroscopic device simulator,
STEBS-2D. A ray-tracing preprocessing step is used to map all of the possible
trajectories and absorption of various wavelengths of emitted light from each
originating node within the device. The macroscopic simulator uses these data to
determine the spatial location of the re-absorbed radiation within the geometry of the
device. By incorporating the ray tracer results with the total quantity and spectral
content of recombined carriers at each node within the simulation, the recycled
generation rate can be obtained. A practical application of this model is presented where
the effects of photon recycling are used as a possible explanation of the discrepancy
between the theoretically predicted and experimentally observed radiative recombina-
tion rate in a double heterostructure photodetector.
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1. INTRODUCTION

It is often observed that radiative band-to-band
transitions are the dominant recombination mec-
hanism in many high quality direct gap semiconduc-
tors. Those carriers which recombine radiatively
conserve energy through the liberation of a photon
with a characteristic energy near the semiconductor

bandgap. Photon recycling is the reabsorption of
this emitted light elsewhere in the device to produce
additional electron-hole pairs. Thus, photon recy-
cling can be described as an additional generation
mechanism which is tightly coupled to the total
amount of radiative recombination over the range
of the device. The effectiveness of photon recycling
depends on many factors such as the dominance of
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the radiative recombination mechanism and the
light confinement properties of the structure.
The influence of photon recycling on the per-

formance ofmany devices has been investigated [1
3], and in several cases it has been shown that
neglecting this effect leads to improper analysis
of the carrier transport. Therefore, a general model
including the influence of photon recycling should
be included within advanced macroscopic device
simulators. Unfortunately, many ofthe models used
to analyze photon recycling have relied on either
one-dimensional or analytical approximations to
estimate the distribution of the generated carriers,
and general multi-dimensional models don’t exist.
The primary impetus behind this study is to

develop a fully numerical, general two-dimensional
photon recycling model which can be directly
coupled into the STEBS-2D [4] macroscopic device
simulator. To achieve the desired result, ray
tracing techniques are employed to monitor the
trajectories and absorption of light propagating
through the device geometry. Since the optical
properties of the devices of interest are spatially
inhomogeneous, and since the generated light from
the recombination events has a non-uniform
spectral content, the ray tracer must be used to
map the absorption of light originating from any
point in the device over a range of wavelengths.
As an example of the utility of the model, an

InP/InGaAs double heterostructure photodiode
[5] is examined to determine whether the photon
recycling phenomenon can be used to explain the
discrepancy between theoretically predicted and
experimental lifetimes. Experimentally, the lifetime
is measured by monitoring the magnitude of the
collected current as a light source is moved across
the top of the device. Clearly from the geometry of
the structure and the nature of the experiment,
one-dimensional or analytical models are insuffi-
cient and a two-dimensional analysis is necessary.

2. NUMERICAL MODEL

The overall goal in the implementation of photon
recycling is the mapping of the emission of
photons at one point to their absorption at all

other points in the simulation domain. This
requires a discrete approach at the positional as
well as the spectrum level. The spatial discretiza-
tion of the simulation domain follows that of the
electrical model, while the continuum of emitted
wavelengths is broken into several discrete energy
ranges representative of the wavelengths which
could originate from a given material.
Ray tracing techniques are used here to model

the propagation of light through the crystal. A
general purpose, three dimensional, ray tracing
algorithm based on the idea of constrained
volumes is used to provide the mapping of light
emission to absorption [6]. The emitted rays are
tracked from volume to volume, and the distance
through each is used to determine the total
absorption at each node. As the rays move
between volumes of differing material, they are
refracted and secondary reflected rays are gener-
ated. Implicit in this model are features such as
wavelength dependent refraction, critical angle
calculation, wavelength and angle dependent
transmission coefficients, and various surface
reflection models including antireflection coatings.
The ray tracing itself is fairly straight forward.

From each node, a large number of rays are
emitted in random directions. The path of each ray
is followed until either the ray is attenuated or is
coupled out of the device without possibility of
return. For each initiating point, the detailed
absorption within the device is catalogued. This
process must be repeated for each simulated
wavelength owing to the differing absorption and
refraction indices. These data are arranged as a set
of cross-referenced lists relating the initiating point
of emission, the points contributing to the absor-
ption, and the amount of attenuation.
The information from the ray tracing is in-

corporated into the source term of the current
continuity equations of the macroscopic simulator
as seen in the flowchart given in Figure 1. Within
each iteration, the spectrum of the spontaneously
emitted light is obtained for each node, (x, y). The
energy dependent spontaneous emission rate, R, is
estimated through the use of the van-Roosbroeck
Shockley relation given by Eq. (1)
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Perform ray tracing for each initiating point
and wavelength

Generate re-absorption map correlated list

Determine spectral content of spontaneous
emission at each node

Determine radiative recombination rate at each
node

Map radiative recombination to photon
recycling generation rate in whole device

Add generation to macroscopic simulator and
solve iteration

FIGURE Flowchart depicting steps within the applied
photon recycling model.

the output from the ray tracer, the total photon
recycling generation rate at any point, (l, k) can be
determined by:

G(l,k) Z RRAD(x,y)
V(l,k) Y,

x,y A

(3)

where r is the ray tracer results describing the
fraction of the absorbed power at (l, k) due to
emission at (x, y) for wavelength A and V(x,y) and
V(z,k) are the control volume areas for the
originating and absorbing elements.
The macroscopic model used in this study is the

drift-diffusion subset of the hydrodynamic simu-
lator. Here, Poisson’s equation is coupled to the
current continuity equations for inhomogeneous
materials [4]. By including the generation rate
from. Eq. (3) into the continuity equations and
iterating until a self consistent solution is obtained,
the effects from photon recycling may be fully
included into the device simulation.

87r(hv)2n(v)2a(v)R(x,y)(v)dv
h2c2 exp{hv-zxe(x’yl’’

k, j-l]
(1)

where AEu is the current estimate of the difference
between the electron and hole quasi-Fermi levels,
and a and n are the wavelength dependent
absorption and index of refraction [7]. Next, an
estimate of the total radiative recombination rate
at the node is determined by:

RRAD(x,y) B(n(x,y)P(x,y) n2i (2)

where the radiative constant B is taken to be the
integral of Eq. (1) divided by n/2. The normalized
spectrum produced from Eq. (1) is divided into
non-overlapping energy ranges centered around
the discrete wavelengths simulated by the ray
tracer. The fraction, Jx,y,), of the overall spon-
taneous rate for each wavelength is taken to be
the integral of Eq. (1) over each energy range nor-
malized to the integral of the total spectrum. Using

3. SIMULATION RESULTS

The aforementioned model, included in the macro-
scopic device simulator, is used to examine the
affect of photon recycling upon the performance of
the device sketched in Figure 2. For this device,
excess carriers are produced from a 1.3 micron
monochromatic light source ten microns in dia-
meter moved laterally across the top surface. This
light is absorbed exclusively in the InGaAs with an
internal quantum efficiency of 97 percent. For
the device in question, the measured minority
carrier lifetime is approximately three times
larger than that predicted from the theoretical
radiative recombination rate. Photon recycling is
conjectured here to be a possible cause of this
discrepancy.
The two-dimensional device simulator cannot

accurately capture the inherent three-dimensional
nature of the diffusion of excess carriers in the
original experiment. Therefore an assumption
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FIGURE 2 Illustration of device geometry and doping
profiles for the photodiode under investigation. The device is
nominally reverse biased to five volts and carrier excitation is
through photogeneration from the laterally moving light
source. All dimensions are in microns and doping in cm-3.

must be made upon the value of the non-simulated
third dimension of the device. The calculated
output current is first made to agree with the
reported results using the experimentally obtained
lifetime by adjusting the level of carrier injection
by an appropriate choice of length for the third
dimension. Once this control is established, the
simulation is again performed using the lower,
theoretically predicted, lifetime. The results of this
simulation are shown by the dashed curve in
Figure 3 for two different light intensities. Com-
parison of the experimental results to the calcula-
tions made neglecting photon recycling with the
theoretical lifetime clearly show that the output
current is greatly underestimated. The simulation
is also performed with the inclusion of photon
recycling. The curve marked with the solid squares
in Figure 3 shows the calculated photocurrent
including photon recycling assuming the theore-
tical carrier lifetime. Comparison of the experi-
mental results to the calculations including photon
recycling shows that the inclusion of the additional
photon recycling generation rate increases the
magnitude of the collected current to a value
clearly resembling that of experiment. From these
results, it is observed that photon recycling
provides the mechanism to describe the disparity
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FIGURE 3 Calculated and experimental collection currents
for the double heterostructure photodiode under 2 tW and 100
tW incident optical power. Each case illustrates the calculated
current both with and without the inclusion of photon
recycling.

between the experimental and theoretical lifetimes
observed in this device.

4. CONCLUSIONS

This paper describes a general purpose model used
to include the effects of photon recycling into a
macroscopic device simulator. A three-dimen-
sional ray tracer is used to predict how sponta-
neously emitted light propagates and is absorbed
within a semiconductor device. These data are
then coupled to a two-dimensional macroscopic
device simulator and are used in conjunction with
the quantity and spectral content of the radiative
recombination rate to predict the total carrier
generation due to photon recycling. As an example
of the model, the effect of photon recycling is
examined in a double heterostructure InP/InGaAs
photodiode where it is observed that the inclusion
of photon recycling within the InGaAs restores the
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agreement between the experimentally and theore-
tically obtained values of carrier lifetime.
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