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Modeling of Waveguide PIN Photodetectors
Under Very High Optical Power

Joseph Harari, Frédéric Journet, Omar Rabii, Guanghai Jin, Jean Pierre Vilcot, and Didier Decoster

Abstract—In this paper, the behavior under very high optical
power of waveguide PIN photodetectors grown on InP substrate
is simulated. The problem is solved using a pseudo-bidimensional
Drift-Diffusion model which describes the electrical behavior of
the device including the effects of the external circuit. The optical
behavior of the device is analysed using FD 2D and 3D Beam
Propagation Method. First, we present the optical behavior of
the device when the illumination conditions change. Influence of
device structure, spot width, spot position and injection angle on
the quantum efficiency of the photodetector is so studied. Second,
the whole modeling is validated using experimental results given
in the literature. Three typical multimode structures which allow
a high cut-off frequency as well as a good responsivity are
then modeled and compared. The smaller one has a cut-off
frequency of 75 GHz in small signal conditions and the main
effect decreasing the microwave output signal when the optical
input power increases is the carrier effect in the depletion region
of the photodetector. The maximum microwave power of each
photodetector is calculated in typical conditions of use.

1. INTRODUCTION

PTICAL links can be an interesting way to carry high
Opower microwave signals. Some works have already
been carried out to analyse the behavior of photodetectors
under high power modulated optical signals. Concerning top
illuminated PIN photodiodes, theoretical [1] as well as experi-
mental works [2]-[4] have already been reported. The maximal
cut-off frequency of such devices is around 20 GHz when
a high quantum efficiency (>70%) is achieved. Concerning
Metal-Semiconductor-Metal photodetector on GaAs or InP
substrate, theoretical works have also been made [5], [6], for
frequency range around 20 GHz. It could be then interesting
to analyse the behavior of photodetectors under very high
optical power in the 60-GHz frequency range. In this case,
the waveguide PIN photodetector is a good candidate [7].
Experimental studies have already been made [8]-[11]. Wake
et al. [11] observed saturation effect but the effects of the
device structure on this phenomenon are not known. This is
why we present the modeling of such a device including the
external circuit under very high optical modulated power.
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II. MODELING

The simulated waveguide PIN photodetector (PD) is grown
on InP substrate. An example of structure is given in Fig. 1.
The light is injected on the side of the photodetector and the
size of the optical spot must be small if we want to get a high
responsivity. Generally a lensed fiber is used [7], [11], which
gives a spot width in the order of some micrometers. In such
conditions, Kato et al. [7] measured a spot width of 1.3 pm.
We consider in this paper values between 1.3 and 4 ym which
are much smaller than the spot width issued from a classical
cleaved monomode fiber. In such a multilayered structure,
the propagation of the injected light is complicated because
the optical energy is redistributed during the propagation.
This drove us to study precisely the propagation of the
light in the photodetector with a Beam Propagation Method
(BPM). Moreover, an electrical monodimensional modeling is
not sufficient for this photodetector, so we used a pseudo-
bidimensional model.

A. Analysis of the Optical Behavior:

Considering a cross-sectional index profile n(z.y,z) and
in the paraxial limit, we must solve the scalar paraxial wave
equation [12]. In the case of gaussian beam injection in the
photodetector, we consider the propagation of the light from
the air-semiconductor interface (4 = 0 pm), to the end of the
waveguide PD (Z = 12 pm). There is no frontal reflexion of
the light during the propagation inside the waveguide, so it is
not necessary to use a bidirectionnal Fast Fourier Transform
(FFT) BPM [13]. We used the Finite Difference (FD) scheme
and realized two algorithms (3D and 2D FD BPM) whose
principle is described in [14] and calculation time smaller than
those of equivalent FFT BPM algorythms [14].

The 3D analysis that we made shows that there is no lateral
effect (Y direction) if the spot width do not exceed the rib
width, so the distribution of the optical energy inside the
waveguide can be calculated with a 2D algorithm. For this
reason we mainly used the 2D FD BPM algorithm which is
less time consuming and coupled it with the electrical model,
but some results of 3D BPM will be presented in this paper.

Monomode or Multimode Waveguide PIN Structure?: In
order to obtain a high cut-off frequency device, the low doped
absorbing layer must be very thin to decrease the carrier
transit time in the depletion region: the studied undoped layer
thicknesses are 0.2, 0.4 and 0.6 pm. The device surface has
also to be small in order to decrease the capacitance effect (we
chose a rib width of 5 ym and a device length of 12 pm).
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Fig. 1. Example of structure of waveguide PIN photodetector grown on InP substrate. The GalnAsP is transparent at the wavelength of injected light.

TABLE I -
‘WAVEGUIDE PIN PD STRUCTURES INTRODUCED IN THE CALCULATION.
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structure 1 structure 2 structure 3
rib width (gem) 5 5 5 )
length (#m) 12 12 12

InP cap layer (P+)
GalnAsP (P+)

0.4pm, 108 cm—3
0.6pum, 10*#cm—3

0.4pm, 108cm=3
0.6pm, 10'8cm—3
0.4pm, 1033¢m—3
0.6pm, 10*¥¢cm—3

0.4pm, 10'8cm—3
0.6pm, 10*8cm=3
0.6pm, 1045cm—3

" 0.6um, 10'8cm—3

GalnAs (I) 0.2um, 10*%cm—3
GalnAsP (N+) 0.6pm, 10'8cm—3
InP (N+) ~, 1018cm—3

From the optical point of view, the structure can be sym-
metric or asymmetric, monomode or multimode and the top

metallization can have a great influence on the optical behav- .

ior. In our work, we chose to simulate symmetric structures
but we do not forget that the results presented by Kato et
al. [15] and Wake et gl. [11] demonstrated the possibility to
obtain also a high quantum efficiency with assymmetric ones.
The refractive indexes introduced in the calculations are from
[16], [17]. ,

The waveguide PIN structure is made multimode by grow-
ing around the GalnAs layer two transparent P+ and N+

GalnAsP layers (A, = 1.3 pm). This increases the thickness

of the waveguide. We studied the behavior of multimode
and monomode structures. A representative example follows.
The distributions of the optical energy in the waveguide PIN
photodetector for the two cases are presented in Fig. 2. This
shows the typical behavior of each type of structure.

For the monomode structure (identical to structure 2 of
Table I but the quaternary layers are replaced by InP ones),
a certain part of the injected light is lossed into the InP
substrate and in the InP cap layer and by this very fact not
absorbed. The quantum efficiency which can be obtained with
such a structure is 0.72 (0.50 if we take into account the air-
semiconductor reflexion at the input of the waveguide). On
the contrary, the diagrams concerning the multimode structure
in Fig. 2 show that the quaternary. epilayers confine the light
in the GalnAs layer during propagation. The optical energy
first injected in InP and GalnAsP is progressively redistributed
in the absorbing layer and absorbed during propagation. This

~, 1018cm—3 ~, 10%%cm—3
Y Multimode structure
X _ .
— — oy e
[l =YD N
L=
Z=0um Z=3pm Z=7pum

Monomode structure

=

Z=3um

&

Z=7um

Z=0pum

Fig. 2. Distribution of the optical energy during propagation for a monomode
and a multimode waveguide PIN photodiode structure. The multimode struc-
ture is given in Table I (structure 2) and the monomode one is the same but
the GalnAsP has been replaced by InP. The spot width at e~ is 2 pm.

allows a quantum efficiency as high as 0.92 (0.64). This
comparison shows that the multimode structure is by far the
best.

Influence of Spot Size and Position: We continued the.
study by changing the illumination conditions. The quantum
efficiency obtained with the monomode and the multimode
structure when the spot width increases is presented in Fig. 3.
The typical behavior of the monomode structure makes it very

_sensitive to this parameter. On the other hand the confinement

of the optical energy in the multimode structure leads to a
decrease of only 0.2 (0.14) of the quantum efficiency when the
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Fig. 3. Influence of the spot width on the quantum éfﬁciency of the
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Fig. 4. Influence of the spot vertical position for different spot widths:
continuous: 1.3 um, dashed line: 2 pm, pointed line: 3 pm. When X increases
the light is progressively injected into the substrate.

spot width increases from 1.3 to 4 pum. The influence of the

spot width and also of the spot position (X direction) for the .
monomode and the multimode structure is presented in Fig. 4.

We finished this study with the influence of the injection
_angle (Fig. 5). We considered the modification of the quantum
efficiency for two spot widths 1.3 and 2 pm. The multimode
structure is the more sensitive to this parameter. This is due to
the fact that the propagation distance where absorption occurs
is smaller in the monomode structure (=4 pm) than in the
multimode one (=6 um, leading so to a smaller dependance
on injection angle. , ;

As a conclusion from this optical study, it is shown that
the confinement of the multimode structures allows a higher
quantum efficiency in all cases (see Figs. 3-5). The following
parts of this paper are so focused on-multimode structures
which are listed in Table I. .

Influence of the Metallization: Concerning now the effects
of the metallization, we studied two types of ohmic contact
on InP P+: the alloyed Au-Zn and Au-Be contacts and
the multilayered P-+GalnAs/Ti/Pt/Au contact which allows
a small contact resistance [18] on InP. We simulated the
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Fig. 5. Influence of the injection angle for two spot widths: continuous line:

1.3 pm, dashed line: 2 pgm. The injection plan is (X, Z) and when the angle
increases, the light is injected toward the substrate.

following contact structure: GalnAs(2000 A)/Ti(100 A)/Pt(300
A)/Au(1600 A).

The results showed that the multimode structure is less
sensitive to the influence of ohmic contact than the monomode
one. This is due to the fact that this structure better confines the
light. Moreover, in order to minimize contact absorption (at a
value lower than 2%) in multimode structures, the thickness
between the GalnAs layer of the waveguide and the contact
has to be higher than 1 pm.

Optical Behavior of the Structures Studied in this Paper: For
each structure listed in Table I, we calculated the decrease of
the optical energy during propagation due to its redistribution
and its absorption in the GalnAs layer. The spot width at e ! is
2 pm. The quantum efficiency obtained for a device length of
12 pm is 0.87, 0.92 and 0.92 (0.61, 0.64 and 0.64) respectively
for the structures 1, 2 and 3. For all these structures, the
quasi totality of injected light is absorbed at Z = 6 pm but
the absorption of the thinner structure (structure 1) is more
progressive. The generation rate in the absorbing layer has
been calculated following this method:

—in order to use a bidimensional approach (X,Z), we
approximated the gaussian light distribution versus Y as
a constant value over a distance of the spot width W

-W/2 <Y < W,/2 Popt = cte
Y > Ws/2 Popt =0

—we assumed the generation rate constant with the direc-
tion X in the absorbing layer
—with the direction Z, we have

1 dP(2)
h-v Ws ‘ VVGa.InAs dz

G(X7Z)<:

where G(X,Z) (cm~3/s) is the electron or hole generation
rate at (X, Z), P(Z) the optical power at Z calculated with
the BPM, and Wgaimas the absorbing layer thickness. The
generation rate distributions obtained for the three simulated
structures (Fig. 6) and for an optical input power of 1 uW
allow to observe that there is a decrease of the generation
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Fig. 6. Distribution of the generation rate in the structures 1, 2 and 3. The
spot width is 2 pm and the input optical power is 1 uW.

rate around Z = 8 um due to the very small optical energy
present in the absorbing layer at this place. Thus, as it can
be expected, the thinner the absorbing layer is, the higher the
generation rate is. As an example, for Z = 4 pm, we have

G(X, 4 ,Um)structure 122 G(X7 4 /J/m)structureZ
=3 G(X7 4 ﬂm)structurei}-

Moreover the conditions of illumination are of great impor-
tance. The effect of different spot widths is shown in Fig. 7
for the structure 2. The comparison between the Figs. 6 and 7
permits to conclude that, concerning the behavior under high
optical power, the influence of the structure and those of the
illumination conditions are of the same order. This is why, in
a first- step, we set the spot width to 2 pm, value which can be
experimentally obtained with a lensed fiber in order to present
results as typical as possible for this type of photodetector. In
a second step, we studied the effects of the spot size on the
behavior of the structure 2 under high optical power.

B. Electrical Analysis

We used a complete Drift-Diffusion model [19] coupled
with an algorythm which includes the external circuit. Know-
ing the electrical structure of the waveguide PD (Fig. 1), we
assume that there is no carrier displacement in the direction of
light propagation Z. We neglected the transport phenomena
which could occur due to the variation of generation rate
versus Z (see Fig. 6) which leads to the variation of carrier
densities versus Z. So, we separated the photodetector in 10
slices (versus Z) where the generation rate is assumed to be
constant and constituted a pseudo 2D electrical modeling. The
values of conduction and valence band discontinuities at the
different heterointerfaces have been taken from [16], [20] and
the carrier velocities from [1], [21]. The external circuit is
introduced as a relation between the total DC circuit bias
voltage Vi,ias and the total photocurrent ¢4. A schematic view
of the whole modeling is presented in Fig. 8. The external
circuit is represented by the following equations which are
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Fig. 7. Distribution of the generation rate in the structure 2 with the influence
of the spot width. The spot width is successively 1.3, 2, 2.5, 3, 3.5 and 4 pm
and the input optical power is- 1 uW.

solved at each time step:

1
Udzc—l-/il'dt+R1'i1

di
vg = Lo d2 + Ry - 4o + Vias
iq = 11 + i

where iy is the microwave part of the photocurrent and ¢y
the CW part. C; and L. are the components of the bias tee
allowing a good behavior at 60 GHz.

Moreover, the effects of temperature are not important in our
case because the carrier densities obtained under high optical
power in the absorbing layer of the photodetector do. not
exceed 10'® cm—3, which has no influence on the absorption
coefficient of bulk material and on the current flow in the
structure. '

III. WAVEGUIDE PIN PD BEHAVIOR UNDER
VERY HIGH OPTICAL MODULATED POWER

To validate the model, we modeled the waveguide PIN PD
used by Wake et al. [11]. Then the structures 1, 2 and 3 have
been simulated in typical conditions of use. The bias voltages
are 0 V and —1 V for structure 1, —1 and —2 V respectively for
structures 2 and 3. These bias voltages are sufficiently high to
obtain a good dynamic responsivity at 60 GHz in small signal
conditions but not too high to avoid breakdown. The input
optical signal has the following form:

Pt)=Py-(1—=m: cos (2-m- f-t))

where f is the modulation frequency and m the modulation
depth (in this work, m = 1).

For each structure, using the temporal response calculated
with the model at different average optical input powers
and applying the Fast Fourier Transform, we obtained the
microwave response at 60 GHz.

A. Comparison with Experimental Results

The structure used by Wake et al., given in [22], has a 0.13-
pm-thick GalnAs layer and the low doped region is 0.23 ym
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Fig. 8. Schematic view of the whole modeling.
thick. The rib width is 5 ym and the device length 10 ysm. The 10 - .
measurements performed with a lensed fiber lead to an external @ 5 f 4-m -" ' o4
quantum efficiency of 40% without AR coating. Our modeling & ot . g
leads to a smaller value (36%) if the spot width is around 1 pum. 3 5 F =
This difference can be explained by the fact that the real input $ 10 3 e "3
light beam is convergent, while the beam introduced in the % a5 F =1
calculations is parallel. The modulation depth of the optical 3“ 20 | 7 ~
input signal is equal to 1. The microwave response of the Z 25 o 2
photodetector at 30 GHz obtained with our model is compared , 5 30 F 7
to experimental values in Fig. 9. The simulated curve is lightly S 35 /
under the experimental one but they are in good agreement. = 40 V |
The saturation phenomenon is due to the very high carrier 45 ‘1 — ” i IH]‘.O
0.

density in the depletion region of the PD, which decreases
the electric field. For higher voltage (—2 V), we obtain a
breakdown around 10 mW due to the very high electric field
at the GalnAsP P+/GalnAs N— heterointerface.

B. Behavior of the Structures 1, 2 and 3

The calculated cut-off frequency of the structures 1, 2 and
3 is respectively 75, 68 and 56 GHz. The main interest
of using a 0.6-um photodetector whose cut-off frequency is
lower than 60 GHz is its lower carrier density compared to
a thinner one. The microwave responses of the three PD’s at
60 GHz are presented in Figs. 9 and 10. The behavior of each
photodetector under very high optical power is due to three
differents phenomena

—the increase of the carrier density in the undoped absorb-
ing layer of the PD
—the modification of the PD voltage vs due to the external
circuit
these both phenomena are cumulative and lead to a decrease
of the electric field in the device, which becomes too small to
allow a good behavior at 60 GHz.

—the increase of the electric field at the GalnAsP
P+/GalnAs N— heterointerface.

The increase of the maximum heterointerface electric field
with optical power is presented in Fig. 11 for each case. The
critical value of electric field in GalnAs is 200 kV/cm [23].

The structure 1 leads to saturation near 20 mW input
optical power at 0 V. There is no breakdown in this case

Average optical power (mW)

Fig. 9. Microwave responses at 60 GHz . 1) experimental results of Wake er
al., 2) Our results. 3) structure 1: 14,,.¢ = 0 V and 177, = 2 um, 4) structure
1: Vhiae = —1 Vand TV, = 2 pm, 5) structure 3: Ve = —2 Vand W =
2 pum. The breakdown conditions are shown with dashed lines.

(Fig. 11) because the bias voltage is low, which demonstrates
that unbiased structures are interesting. On the other hand,
for a 1-V reverse bias voltage, this structure allows a higher
microwave signal, due to higher electric field in the depletion
region but breakdown occurs around 20-mW input optical
power. As a conclusion for this structure, the maximum output
microwave power which can be obtained at 60 GHz is near
5 dBm but the conditions of use are difficult because the
breakdown is not far. The high sensibility to breakdown of
such structures when a reverse bias voltage is applied is due
to the fact that when the carrier densities are very high in the
depletion region, the electric field is redistributed toward the
P+/N— heterointerface. so it increases quickly with reverse
applied voltage.

The structures 2 and 3 have together a similar behavior
without saturation of the output microwave power but with
breakdown. Their responsivity is lower than the structure 1
with —1 V reverse bias voltage due to the GalnAs thickness
and the used bias voltage, but they allow respectively an output
microwave power of 0 and —5 dBm without breakdown.
When it occurs, it is also due to the GalnAsP P+/GalnAs N—
heterointerface electric field. The microwave power which can
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be obtained with these two biased structures are in the same
order as those obtained with the unbiased structure 1 (Figs. 9
and 10).

Considering now the effects of the spot width, the mi-
crowave responses of the structure 2 for 2 and 4 pm spot
width presented in Fig. 10 (and the heterointerface electric
field in Fig. 11) allow to observe that the responsivity is lower
in small signal condition when the spot width is 4 ym due to
the lower quantum efficiency obtained for this value, but the
smaller generation rate in the structure (Fig. 7) and so, the
smaller carrier density in the depletion region, allows a better
microwave level under very high optical power. Moreover, for
a 2 um spot width, the breakdown occurs near an optical power
of 25 mW, while it occurs theoreticaly at optical power higher
than 100 mW for a 4 zm spot width. This permits to conclude
that the illumination conditions are of great importance: the
smaller the carrier density in the depletion region is, the
higher the achievable output maximum microwave power is.
As consequence, there is a compromise due to the fact that a
Jarger spot avoids breakdown while it decreases the quantum
efficiency.
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IV. CONCLUSION

We have presented the results of the modeling of PIN
waveguide photodetectors under high optical modulated power
taking into account the external circuit. At first, the optical
analysis using FD BPM demonstrated the interest of the
multimode structures. Because they confine the light very well,
these structures are less sensitive to the different conditions of
illumination: spot width, spot position and injection angle, and
they allow to obtain the higher quantum efficiency in all con-
ditions. Second we validated our modeling using experimental
results presented in the literature and studied the behavior
of three different waveguide PIN structures (the GalnAs
absorbing layer thickness is successively 0.2, 0.4 and 0.6 um)
at 60 GHz under high modulated optical power. At first, our
calculations showed the interest of thin unbiased structures:
they allow as high as —5 dBm microwave output power
without breakdown. Second, this study showed the interest
of structures with thick absorbing layer because they allow to
use larger spot size without a strong decrease of the quantum
efficiency and the carrier densities in the device are lower for
the same input optical power, which avoids breakdown. These
structures permit to get up to 5-dBm microwave output power
and the optical input power which leads to this microwave
power is in the order of 50 mW.
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