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1. Introduction

Recently, the PDs with high available radio-frequency (RF)
power under intense optical power excitation and high dc bias
voltage attract lots of attention [1]. An accurate equivalent-circuit
model for such high power photodiode (PD) under large-signal
operation is thus very important in their applications, such as the
resonating matching circuit design for fiber radio wireless
communications systems, and trans-impedance amplifier circuit
design [2]. In general, the frequency response of PD is affected
by the bias voltage under high optical power excitation. Therefore,
it is necessary to establish an equivalent model of PD under
different optical power and dc bias voltages. In this paper, the
bias-dependent and power dependent equivalent model was
extracted to characterize the bandwidth degradation under low
bias voltage and high photocurrent generation of an evanescently
coupled PD (ECPD) with partially p-doped photo-absorption layer,
which has demonstrated excellent current-bandwidth product
(920mA-GHz) and responsivity (1.01 A/W) performance [3]. By
incorporating the conventional model which includes the RC time
limitation and transit time limitation, with the space charge screen
effect in this small-signal radio frequency equivalent circuit [4],
the simulated results fitted well to the measured frequency
response of such device under varied bias voltage and different
input power level in a broad frequency range 40 MHz to 40 GHz.

3. Equivalent Circuit

Fig. 1 presents the cross-sectional view of the evanescently
coupled photodiode  with  0.5um  partially  p-doped
photo-absorption layer and 150pm? active area. Such figure also
shows what relation between the equivalent circuit components
and the physics parameters of the ECPD, where Rc is the
p-electrode contact resistance, R; is the resistance of P*-InGaAs
layer, and the parameter R is the resistance which indicate the
summation of R. and R;, ; Cjis the reverse bias junction
capacitance, Cy, is the capacitance between the interconnected
p-metal and n-electrode pad, and C, is the p-electrode pad
capacitance; L is the inductance of air-bridge from p-contact to
p-electrode pad, Lg is the inductance induced by the n-electrode
pad as an CPW ground pad, and the parameter L is the inductance
which indicate the summation of Lg and Ls. The arranged
equivalent circuit includes three bandwidth- limiting factor, which
are RC delay time constant (fxc), transit time (f;), and the space
charge screen effect (fcs) respectively, and the total 3-dB
bandwidth of the ECPD can be represented by Eq. (1).
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Fig. 1 The cross section of evanescently coupled photodiode with
partially p-doped photo-absorption layer. The equivalent circuit
elements are related to the ECPD parameters as shown.
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Fig. 2 Small-signal ration frequency model of ECPD that involves
the parasitic elements, carrier transit-time effect, and the
space-charge screen effect.

The limitation of RC delay time is described by the parameters
that mentioned in Fig. 1. Regarding to the carrier transit time
limitation, it is approximated by the R,C; delay time as shown in
region 1 of Fig. 2. The parameter Cs. is used to describe the
degradation of frequency response that induced by the space
charge screen effect. The ac photocurrent flow out to the external
parasitic circuit was controlled by the ac voltage Vgr across the
R.C; and C,. equivalent circuit. Therefore, the voltage controlled
current source is represented as gnVgrr, Where g, is a constant
adjusted to the opto-microwave conversion quantum efficiency.

3. Measurement Results

A standard measurement process flow was performed to find
out the exact values in this equivalent circuit. On the purpose of
de-embedding the influence of passive RF pads and extract the
parameters of active device precisely, the inductance L and the
capacitance C,, and Cg, Which are determined by the electrode



pad and the dielectric constant of passivation material respectively,
were extracted through measuring the S-parameters of the
electrode pad which was patterned on a dummy InP wafer with
BCB passivation by using HP 8510C network analyzer. The same
measurement setup was also performed on ECPD to measure the
S,, parameter with different bias voltages and various input
optical power. Through de-embedding the influence of RF pads
off, the values of junction resistance R, and junction capacitance
C; were obtained. One can see from Fig. 3, where the trace of
open circle means the measurement result and the solid line means
the fitting trace. The model has a good curve fitting to the
measured S, parameter which was acquired by network analyzer
under -3 V bias voltage. Finally, the frequency response was
measured with different input power level and bias voltage by the
heterodyne beating setup [2, 3] and through the use of the
extracted RC-delay time model as discussed above, the parameters
of R, C, and C4 can be derived from fitting the traces of
frequency responses.
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Fig. 3 Measured and calculated S, versus frequency (from 40
MHz to 40 GHz) of ECPD on Smith chart.
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Fig. 4 The measured and calculated optical-microwave conversion
parameters Sy of ECPD with 150 pm? active area (a) under
three different bias voltages (-1,-3, and -5V) and 4 mA
photocurrent generation, and (b) wunder three different
photocurrent generations (0.2, 2, and 4 mA) and -1 bias voltage.

Fig. 4(a) shows the frequency responses under different bias
voltages (-1, -3, and -5) and fixed photocurrent (4mA), and Fig.
4(b) shows the frequency responses under different photocurrent
(0.2, 2, and 4 mA) and fixed bias voltage (-1 V), which both are
obtained by measuring the ECPD with 150 pm? active areas
through heterodyne beating setup, and the fitting traces of
frequency response that simulated by the extracted equivalent
circuit. It was found from this plot that we can get good fitting
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traces by choosing the value of Csc properly in this equivalent
circuit. Fig. 5 shows the optimized fitting value of Csc versus the
bias voltage under various photocurrents. This result clearly
shows that the device speed performance won’t degrade under -5
V bias voltage due to the elimination of space-charge capacitance.
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Fig. 5 The parameter Csc which determined by fitting the
frequency response versus the bias voltage under different power
level.

4. Conclusions

In summary, an equivalent circuit model of high performance
ECPD that includes the space charge screen effect, carrier transit
time, and RC delay time is demonstrated to fit with the measured
frequency response under different input power level and bias
voltages. By concerning the relationship between the influence of
bias voltage and photocurrent in the equivalent circuit-model of
high power PD, such model is more convenient for systems and
circuits integration especially under high RF power applications.
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