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Abstract—Monolithic  optoelectronic integrated circuits
(OEICs) are seen as key enabling technologies for future
terahertz communications and upcoming beyond-5G networks.
Co-design of monolithic OEICs requires computationally
efficient compact models compatible with existing
methodology/tool/design flow for timely and cost-effective
realization of OEICs. This paper, inherently multidisciplinary,
describes the first compact model for Uni-Traveling Carrier
photodiodes (UTC PD), a key component for OEICs. Its
equations capture the electronic transport and frequency
response along with the photocurrent of the UTC PD under
various applied optical power. It also dynamically computes the
device junction temperature, accounting for self-heating effect.
Excellent agreement between model and measurements as well as
model scalability have been demonstrated.
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I.  INTRODUCTION

With the growing demands of speed, next generation
communication systems are required to cater to a wide range
of applications such as social, medical, security, space and
internet of things (IoT). When the minimum required
bandwidth is expected to reach several tens of GHz, an even
higher carrier frequency in the THz range (0.1-10 THz) is
seen as the best potential solution [1]. With ‘Beyond-5G’
networks on the horizon, robust and intelligent system design
is mandatory, which will be easy to manage, secure and able
to support billions of devices. Anticipating the evolution of
communications systems in the upcoming years (2020-2025)
[1-2], heterogeneously integrated optoelectronic circuits are
being seen as one of the key enabling terahertz technologies
that are achievable through monolithic integration (Fig. 1 (a)).
Such integration consists of photonic (such as UTC
photodiodes) and electronic modules (such as trans-impedance
amplifiers) on InP substrate along with the transmitting
antenna in the same die, (Fig. 1 (b)), to minimize the losses as
well as enhance the speed of operation as far as possible [3-4].
Thus, OEICs can support beyond 5G communications due to
the cost-efficiency of on-chip integration, state-of-the-art
photodiodes for photomixing, the speed and power-handling
capacity of cutting-edge III-V electronics and high-directivity,
power efficient antennas [1].
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FIG. 1: (a) Schematic of Optoelectronic Monolithic chip; (b) Monolithic
integration of the photodiode and the DHBT based amplifier on InP substrate.
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UTC photodiodes operate on the separation principle of the
absorption and the space charge region thereby allowing only
photo-generated electron transport, thus overcoming the
limitation of carrier transit time due to hole transport [5].
Hence, UTC photodiodes demonstrate better performance in
speed and power handling than the conventional PIN
photodiodes. In addition, the bandwidth of UTC photodiodes
may reach a value greater than 600 GHz [4] thereby making
them one of the most promising photomixing candidates for
terahertz applications and OEICs [1, 3-4, 6]. Like all emerging
technologies, design of such hybrid circuits requires
computationally efficient as well as physics-based carrier
transport models for both electrical and photonic parts.
Additionally, it is mandatory to unify different multi-
disciplinary (electronic, optical, thermal) aspects under one
design environment using either additional design/software
tools or a systematic assembly of existing software tools [7],
to optimize design time and costs. At present, no such
equivalent design tools/compact models truly exist for
optoelectronics, despite the modelling efforts for UTC
photodiodes [8-9].

As a first step towards developing a unified modelling
solution, the first multi-physics and versatile Verilog-A
compact model has been developed and validated for UTC-
PDs, based on the equations of its carrier transport. The
analytical model equations accurately capture -electronic
transport, frequency response and photocurrent behaviour
under optical illumination. For simulation of thermal effects,
especially at higher optical power and bias, the model



dynamically recalculates the internal device temperature to
describe temperature dependence of the device characteristics
using an additional fictitious node. Model validation has been
performed on three available UTC-PD geometries and good
model accuracy and scalability have been achieved under
different bias, temperature and optical power conditions.

II.  ANALYTICAL MODEL DEVELOPMENT

In addition to basic diode physics, the model equations take
into account the effect of optical power on the photo-current.
Effectively, the total photocurrent expression is formulated
based on the equations of carrier transport in UTC-PD [5, 10]
while considering the DC photocurrent as a voltage dependent
current source with the input optical power coupled at the light
port as a voltage source. The equivalent circuit of UTC-PD is
represented in Fig. 2 (a). In Fig. 2 (b), the UTC-PD structure is
shown depicting different epitaxial layers and their layouts,
while Fig. 2 (c) visualizes the equivalent circuit elements as
well as different components of the diode current within the
UTC-PD structure. The equivalent circuit is represented by the
intrinsic diode consisting of the diode current source Ip and
the junction capacitance Cjo. A shunt resistance Rg, is added in
parallel to the diode to take into account the resistance of the
reverse biased P-N junction. The DC photocurrent (as a
function of the optical power) is added as a current source for
the reverse bias operation of the photodiode under
illumination. Finally, external elements, such as a series
resistance is added to the anode terminal and parasitic
inductances and capacitances are also introduced to account
for the effect of the pads for dynamic simulation.
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FIG. 2: (a) Equivalent circuit representation for the compact model; (b)
Schematic of the UTC-PD; (c) elements of the equivalent circuit.

The behavior of a photodiode can be macroscopically
described by,

I=1Ig(e" ™" —1)=1 (1)
Where Is is reverse saturation or dark current, Vg4 is the diode
voltage and I,y is the generated photocurrent. The first term on
the right side of the equation is the conventional diode current,
Ip. The basic diode equations based on the semiconductor
physics are employed for describing the intrinsic diode
behavior with the total diode current Ip represented by five
components (Fig. 2 (c)):

Iy=1 41+ Ly + 1, +1y (2)
Ir being the forward bias current is given as
I, = Area~JS(T)|:exp[N;?T)j—l},Vd >-5NV,

Here N is the emission coefficient, Js is the reverse saturation
current (dark current) density, Vg is the applied forward bias
across the photodiode and V; is the thermal voltage. The
reverse bias current has four components including the reverse
saturation current Irs, reverse breakdown current Irg and Igv
and reverse leakage current Iry that uses an expression similar
to that of an interface generation leakage current in SOI PIN
diodes [11]. Note that the temperature dependence of the
parameters is included within the current equations. Also, all
currents are defined in terms of current densities to make the
model scalable. The individual expressions for the reverse
current are as follows [12]:
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Here, BV is the reverse breakdown voltage, and Eg is the
bandgap of the InGaAs absorption layer, Vi is the junction
built-in potential and Vi is the threshold value of reverse bias
that governs the dominance of the component Irr. The
depletion/junction capacitance of the photodiode is written as,
v, J (5)

V(1)
With Cjo being the zero bias junction capacitance, V; being the
junction potential and M being the grading coefficient of the
P-N junction. The temperature effects in model parameters
such as Cj, Js and V; have also been taken into account.
Besides, the temperature dependence of the energy gap E, has
to be taken into account as well.

Additionally, the expression for the photocurrent,
Iphoto, 1s formulated as an external current source in parallel to
the diode current, Ip, which is controlled by the input optical
or impinging power, Poy. First, the optical power in dBm
(P(light)dBm) is converted into watts to be used within the
model. Next, the DC photocurrent density, Jyn, is modeled by,
Jph = P_ xXResponsivity/Area , Where, the Responsivity is a

opt
measure of the external quantum efficiency of the photodiode,
measured in A/W. While Responsivity is a function of the
wavelength, however, for model simplicity we have kept it as
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a model parameter, since we have always used a wavelength
of 1.55 pm, corresponding to the minimum wavelength
dispersion widely used in fiber optic communication. We have
also normalized the photocurrent with respect to the diode area
to incorporate photocurrent scalability. The total photocurrent
density can be essentially written using three components, Ji,
J» in the absorber layer and J; in the collection layer that can
be written as [10],
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Where, Wa and W¢ are widths of the absorber and collection
layers, respectively, which are used as model parameters. z4 is
the electron travelling time and tz is the dielectric relaxation
time in the absorption layer, whereas z¢ is the transit time in
the collection layer. FEina is the self-induced field in the
absorption layer responsible for change in electron transport
from diffusive to drift, p, is the electron mobility and ng is
photo-generated minority electron concentration. The time
constants, 74, 7c and 7z can be written as [5],

S rWe ;o & (7)
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Where, D, is the diffusion coefficient of electron, vy, is the
thermal velocity in the absorption layer, v, is the saturation
velocity in the collection layer, un is the hole mobility and po
is the doping hole density in the absorption layer. The final

expression of the photocurrent used in the model is given as,
1 o = Area-(J1+J2+J3) (8)

Finally, to take into account the effect of dynamic self-
heating at high electrical power and temperature as well as
high optical power, we have incorporated an additional
thermal node in the equivalent circuit (Fig. 2 (b)) that
dynamically calculates the junction temperature as a function
of the bias conditions as well as intrinsic temperature using the
thermal resistance, Rru. A thermal capacitance, Crn, is also
used in the equivalent circuit to represent the dynamic
behavior of thermal impedance. This is of high importance for
improving the model accuracy at more extreme operating
conditions (temperature rise in 150-250°C range) due to high
inherent heat dissipation in the UTC-PDs. The calculation of
the junction temperature, Tj, uses the following expressions,

T T 7:2'6\) + RTHPdms s WIth PdlSS - [TutalV (9)

The temperature dependence of the thermal conductivity has
also been taken into account in the UTC-PD compact model.
The expression of the junction temperature in (9) is used to
dynamically recalculate the temperature dependence of all
model parameters at different operating bias conditions.

III. MODEL VALIDATION

Model validation was done using UTC-PD measurements
performed at the ultrafast photonics laboratory at the
University College London. Three UTC-PD geometries were
used with active areas of 3x15, 4x15 and 7x15 um?. The
epitaxial structure of the UTC-PDs has a 120 nm thick p-

doped Ings3Gaop47As absorption and a 300 nm thick n-doped
InP collection layer [13]. Initial DC and S-parameter
measurements were performed on unilluminated UTC-PDs at
three different temperatures (15, 25 and 35°C) under different
forward and reverse bias conditions. Fig. 3 shows I-V
characteristics of the three geometries of the UTC-PDs in the
forward and reverse bias operating conditions measured at 15,
25 and 35°C (temperature is maintained using a Peltier
system). Excellent model accuracy and scalability as well as
temperature dependence of model parameters can be observed.
Note that under reverse operating conditions, for a more
accurate description of the UTC-PD behavior, the leakage
current equation in (4) is essential.
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FIG. 3: Scalable model comparison: I-V characteristics of UTC-PDs with
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FIG. 4: Measured (symbol) and simulated (line) input impedance (Z11)
showing its real (a)-(c) and imaginary parts (d)-(f).

The one-port S-parameter (S11) up to a frequency of 67 GHz
is measured for the three UTC-PD geometries from which the
input impedance Z11 is extracted. Due to the absence of de-
embedding structures, Short-Open-Load calibrations were
done till the probe tips and the effect of the pad parasitics were
taken into account by introducing the series resistance, Rgeries,
and the parasitic inductance and capacitance, Lp and Cp, into



the external sub-circuit of the model. The real and imaginary
parts of the one port Z-parameter, i.e. the input impedance,
Z11, extracted from S-parameter measurements, are shown in
Figs. 4 (a)-(f) for the three UTC-PD geometries. The real part
represents the resistance and the imaginary part represents the
capacitive reactance of the input impedance of UTC-PDs.
Note that the asymptotic nature of the real part at higher
frequencies converges to the series resistance value, typically
5-10 Q, whereas the reactance becomes more inductive at
higher frequencies. The developed compact model accurately
describes these effects and it accurately simulates the input
impedance of the UTC-PD for the entire frequency range for
all the geometries. A good description of the bias-dependence
and scalability of the depletion capacitance is captured in the
model in the entire bias range used.

Next, the measurements carried out with the UTC-
PDs under illumination for a wide range of optical power (6 to
15 dBm) are validated against the UTC-PD compact model
results. The illumination of the UTC-PDs was done using a
CW Laser wavelength 1.55 pm (linewidth 100 kHz) guided
through an optical fiber and focused through a lens at the end
of the fiber. The optical signal is focused on the absorption
layer of the UTC-PD through the optical wave guide (trench)
fabricated on the sides of the test structures. Adjustment of the
fiber position was done to obtain maximum photocurrent
intensity for each optical power. Fig. 5 compares the simulated
and measured photocurrents for all geometries under optical
powers in the range 6 to 15 dBm. The model simulation shows
an excellent agreement between the measurement and
simulation at all reverse bias voltages and optical powers for
all geometries, owing to the physical description of UTC-PD
photocurrent through analytical egs. (6)-(8).
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The measured frequency responses of the UTC-PDs at a Pop; of
6 dBm are compared to model simulation in Fig. 6 for the three
UTC-PD geometries. Excellent agreement is also observed in

this case. Moreover, the 3 dB cut-off frequencies are also well
described by the model. Since the 3 dB cut-off frequency is an
indicator of the UTC-PD bandwidth, the values are coherent
with the UTC-PD area: larger area implies bigger capacitance
thus increasing the RC delay product and thus resulting in a
smaller bandwidth. These results are in very good agreement
with the results reported in [19].

IV. CONCLUSIONS

In this work we report the first electrical compact model for
UTC-PDs. The compact model is developed based on the
UTC-PD transport physics and the model equations accurately
capture the behavior of the photocurrent as a function of the
optical power and temperature. Model scalability is also
demonstrated which is essential for circuit designers.
Moreover, the developed verilog-A compact model is fully
compatible with commercial electronic circuit simulation
tools, and thus facilitates a single simulator based co-
designing of photo-electronic systems. This marks the first
step towards realizing a unified and holistic (electronic,
photonic, thermal) design environment for optoelectronic
monolithic integrated circuits which will ultimately aid
designers of next generation communication technologies.
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