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Abstract: High-speed, high power-handling photodiodes with sufficiently low amplitude-to-
phase (AM-to-PM) conversion coefficients are critical components in the systems that generate
ultra-stable microwave signals. This paper reports the AM-to-PM conversion in modified uni-
traveling carrier photodiodes (MUTC-PDs) with 20 um and 40 pm diameters. The contributions of
AM-to-PM conversions from the carrier transit-time and impedance were quantified systematically
based on a photocurrent-dependent nonlinear equivalent circuit model. It is found that the
AM-to-PM conversion in 40 um PD is dominated by the nonlinear impedance, while for 20 um
PD, the transit-time impacts the AM-to-PM conversion more significantly. These results imply
that, for large PDs, the nonlinearity of the PDs’ photocurrent-dependent impedance is the critical
reason causing AM-to-PM conversion.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

High-speed high-power photodiodes (PDs) are critical devices for microwave photonic applications
such as opto-electronic oscillators [1,2], photonics-based coherent radar [3], photonic analog-
to-digital convertor [4], and optical communications [5,6], which takes advantage of the large
bandwidth and ultra-low phase noise of opto-electronically generated microwave signals. Among
the noise sources, the electronic phase noise due to the conversion of relative intensity noise
(RIN) of the laser can significantly deteriorate the timing precision of the microwave signals
[7-11]. In many cases, this amplitude-to-phase (AM-to-PM) conversion can overwhelm the other
noise sources in the microwave signal [12]. The AM-to-PM conversion coefficient o has been
characterized with microwave phase bridge and impulse response methods. It was found that
there are AM-to-PM “null” points at some specific photocurrents, where this coefficient is zero
[7-9,13,14]. Similar AM-to-PM behavior has also been reported in a silicon p-i-n photodiode
[15]. In principle, operating at the “null” point of o would be ideal for the photonic generation of
low phase noise microwave signals which eliminates the dependence of phase noise on the RIN
of a laser.

Theoretical studies on AM-to-PM conversion have been reported recently. Yue Hu et al.
calculated the AM-to-PM conversion in a modified uni-traveling carrier PD (MUTC-PD) from
Fourier transform of impulse response and attributed these “null” points to the nonlinear transit-
time that changes with the average photocurrent [7]. X. Xie et al. experimentally investigated the
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impact of nonlinear transit-time on AM-to-PM conversion without considering nonlinearities in
the impedance on a 10 um diameter charge-compensated MUTC-PD [9,16]. Downscaling the
diameter of the PD is essential to minimizing the impedance RC-time constant in order to boost
the speed of the PD [17]. However, for the generation of high power and low-noise microwave
signals, photonic systems require high power handling capability of the PD, which needs large
diameter PD with low AM-to-PM conversion coefficient [18]. It has been found that phase
change in PD originates from the nonlinear carrier transit time and device impedance dependency
on photocurrent [16,19]. Therefore, an accurate PD model including nonlinear mechanisms of
both carrier transit-time and impedance is necessary to understand and achieve a zero AM-to-PM
conversion. To the best of our knowledge, no specific model including both effects has been
reported on the AM-to-PM conversion.

In this paper, we studied the AM-to-PM conversion of MUTC-PDs with different diameters
under various photocurrent and bias conditions. A photocurrent-dependent nonlinear equivalent
circuit model including both carrier transit-time and impedance effects was used to fit the
experimental results. We found that the AM-to-PM conversion of 40 um diameter PD originates
mainly from nonlinear impedance dependency on photocurrent, while for 20 um diameter PD,
the nonlinear effect of both carrier transit-time and impedance could contribute AM-to-PM
conversion.

2. Structure of MUTC-PDs

The epitaxial layers of our MUTC-PD were grown on an InP substrate, as shown in Fig. 1.
From bottom to top, it is composed of the n*-InP n-contact layer, n lightly doped InP drift layer,
n-doped InP cliff layer, n lightly doped InGaAsP quaternary bandgap “smooth” layer, n lightly
doped InGaAs absorption layer, graded p-doped un-depleted InGaAs absorption layer, p™ doped
InGaAsP quaternary bandgap “smooth” layer, p* InP electron blocking layer, and p* InGaAs
p-contact layer. The depletion region includes a 150-nm-thick narrow bandgap absorbing region
and a 980-nm-thick wide bandgap non-absorbing region. The InGaAs absorption layer with a
graded doping profile is designed to create a quasi-electric field so as to accelerate the electron
transport. A 50 nm-thick n-doped InP cliff layer is inserted in the InP drift layer to enhance the
electrical field in the depleted absorber layer [20], which facilitates electron transportation at the
heterojunction interface, especially under high photocurrent. The MUTC-PDs with diameters
20 pm and 40 pm were processed with standard photolithography and dry etching process and
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Fig. 1. Schematic cross-section of the MUTC-PD.
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characterized. At a bias voltage of -5V, the dark currents of the MUTC-PDs are less than 0.17
HA, and the responsivity is about 0.35 A/W at 1550 nm wavelength without anti-reflection coating
for the front-illumination device.

3. Experiment setup and measurement results

Figure 2 shows the schematic diagram of the experimental setup to measure S-parameter with the
LCA (Keysight N4373D). The EDFA and a mechanical VOA were used to vary the optical power
launched into the device under test (DUT), where the DUT was mounted on a thermal-electric
cooler with the temperature maintained at 20 °C.

LCA
e Optical signal
1 1
Port2 |  Vector network | Portl 1
1 analyzer : Microvave signal
1 1
1 1
1 1
1 1550nm 1
: CW Laser v : EDFA VOA
1 1
1 i >
1 1
1 1
1 1
1 1
DUT
<

Y

Fig. 2. Experimental setup to measure PD’s amplitude and phase response. LCA: lightwave
component analyzer; MZM: Mach-Zehnder modulator; EDFA: erbium-doped fiber amplifier;
VOA: mechanical variable optical attenuator.

Bias tee

The 3-dB bandwidth (f34p), output RF power compression and relative phase change ¢ of the
20 um PD and 40 um PD at various photocurrents are plotted in Fig. 3 and Fig. 4, respectively.
Here the RF power compression is defined as the deviation of the measured output RF power
from the ideal linear output and is given by Gemp[dB] = Py [dBm]- Pigea[dBm], where Gepp is
the RF power compression, Poye and Pigear is the output RF power and the ideal RF power under
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Fig. 3. (a) The measured 3-dB bandwidth and output RF power compression, and (b)
relative phase at 10 GHz versus photocurrent for the 20 um PD.
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certain photocurrent, respectively. In Fig. 3 and 4, the compression G¢pp is normalized to the
maximum value [16]. As shown in Fig. 3(a) and Fig. 4(a), the trends of f33g and Gcp curves
vary with photocurrent very similarly under different reverse bias. Along with the increase of
photocurrent, firstly the f3qp increases to peak value and the Genp approaches 0 dB, after that the
f3dB decreases and the Gepp drops. For the 20 um diameter device and under bias of -5 V, the
f34p reaches a maximum value of 20.8 GHz at photocurrent of 18.1 mA, while for the 40 um
diameter device, the peak f34p is 11.2 GHz at 33.1 mA. Because of larger diameter, the 40um PD
shows lower bandwidth and larger photocurrent before reaching compression. Figure 3(b) and
Fig. 4(b) show how the relative phase varies with photocurrent for both devices. It is noted that
the 3-dB bandwidth, RF compression value and relative phase reach the peak value at almost the
same photocurrent under various reverse biases for both devices.
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Fig. 4. (a) The measured 3-dB bandwidth and output RF power compression, and (b)
relative phase at 5 GHz versus photocurrent for the 40 um PD.

4. Analysis and discussion
4.1. Bandwidth and phase response

In order to investigate the origin of AM-to-PM conversion, we study the influences of carrier
transit-time and impedance on bandwidth and phase at various photocurrents with the equivalent
circuit model shown in Fig. 5 in this section. As shown in Fig. 5, region I of the circuit model is
composed of a resistor R, and a capacitor C;, which is used to model the effect of the carrier
transit-time, while region II is used to model the device RF impedance. Here in region II, we
used a higher order circuit model [21,22], which includes two cascaded resistors (Rj; and Ryp)
and capacitors (C;; and Cjp) parallel circuits corresponding to the two depleted regions (depleted
absorption region and wide bandgap non-absorption region). Moreover, R3 represents the bulk
resistance which consists of a 700nm undepleted (graded p-doped 5x10'7cm™3 ~ 2x10'8cm™3)
InGaAs absorption layer, a 30nm p-doped (2x10'8cm~3) InGaAsP quaternary bandgap “smooth”
layer and a 100nm p-doped (1.5x10'8cm~3) InP electron blocking layer. R4 represents the p- and
n-contact resistance. C, is the p-electrode parasitic capacitance. L. and C. are the inductance
and capacitance of the metallic co-planar waveguide pad, respectively. All these parameters
in the circuit model can be extracted by fitting the experimental measured Sy, and S, data of
photodiodes with different photocurrents and reverse biases. As shown in Fig. 6, the Sy, and Sy
parameters are fitted very well with experimental data in the frequency range from 50 MHz to 40
GHz at each photocurrent value.

Given the excellent fitting in Fig. 6, the impedance RC-limited 3-dB bandwidth (f, model),
carrier transit time limited 3-dB bandwidth(f mode1) and total 3-dB bandwidth(fot,mode1) can be
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Fig. 5. Schematic diagram of the circuit model of the MUTC-PD, VCCS: voltage-controlled
current source.

15.19 mA

Increasing
Photocurrent

S22 phase (deg)
&
3

$21 magnitude (dB)
$22 magnitude (dB)

Measured Simulated Measured Simulated
Ofszoma
15.19mA O —_

21.42mA

Measured Simulated

A2t lsomA O 5.70 mA Orls7oma O
1519mA O —_ 15.19mA O f—
A4} 21.42mA 21.42mA

5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
Frequency (GHz) Frequency (GHz) Frequency (GHz)

Fig. 6. Measured (symbol markers) and simulated (solid lines) S parameters of the 20 um
PD at -5V bias. (a)magnitude of Sy, (b) magnitude of Sy, (c) phase of Sp;.

calculated as shown in Fig. 7. It is noted that the total 3dB bandwidth predicted by the circuit
model fits well with experimental measured 3dB bandwidth for all these devices with different
diameters under various bias and photocurrent conditions. It is also noted that the fomodel Of
the 20 um PD is primarily limited by f moder Up to the highest photocurrent measured as shown
in Fig. 7(a) and 7(b), while for 40 um PD, the fiotmodel is limited by both f; model and firmodel-
Moreover, as shown in Fig. 7, f, model first increases and then decreases as the photocurrent
varies. The photocurrent dependent f, model is due to the variation of the PDs’ impedance as the
photocurrent varies [23]. In Fig. 8, the extracted values of the circuit elements are plotted at
various photocurrents. In Fig. 8(a), the capacitance C;j; remains almost constant for different
photocurrents. However, the capacitance Cj, increases as the photocurrent increases as indicated
Fig. 8(b). The changing trend of capacitances (C;j; and Cjp) is determined by the width of the
depletion region, which will be confirmed in electric field analysis later. Figure 8(c) shows
the extracted values of the resistance Rj at various photocurrents for the 20 um PD and the
40 um PD. Moreover, the parameter C, in the circuit model does not change significantly as
the photocurrent varies and the parameters R4, L. and C. do not change as the photocurrent
increases. In our front-illuminated PDs with ring electrodes, the nonlinearities of f, model can
be mainly attributed to the resistance R3 [24], while other circuit parameters in Region II can
also influence the f, model. The value of the resistance R3 is dependent on the potential drop
and spatial distribution of the carriers. As shown in Fig. 8(c), the value of Rj first decreases,
which implies a reduction in the time constant of the impedance, leading to an improvement in
the f, model. When the photocurrent is further increases, the value of R3 tends to increase. In
Fig. 8(c), for the 20 um PD under a bias voltage of -5V, the value of R first decreases from 142
Q to 0.8 Q as the photocurrent increases from 5.7 mA to 15.5 mA and then increases when the
photocurrent further increases. This behavior is very similar to f, medel behavior as shown in
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Fig. 7. The increase of R3 at large photocurrent may be due to load effect, which increases the
potential drop.
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Fig. 7. The measured, simulated transit-time-limited, impedance RC-limited, total, and
TCAD-simulated bandwidth of the 20 um PD under (a) —4 V bias, (b) -5V bias, and the
40 um PD under (c) —4 V bias, (d) =5 V bias versus photocurrent. (model: circuit model).
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Fig. 8. Extracted (a) capacitance Cj, (b) capacitance Cjp and (c) resistance R3 versus
photocurrents under different reverse biases for the 20 um PD and 40 um PD. The solid lines
are fitting results using the symbol markers.

We used the same equivalent circuit to extract the relative phase at different photocurrents.
The carrier transit time limited, impedance RC-limited, and total relative phases of the 20 um PD
and 40 um PD are plotted in Fig. 9. The trend of the relative phase ¢, model iS very similar to
fzmodel- As shown in Fig. 9, ¢, model first increases and then decreases. In Fig. 9(a) and 9(b), for
20 um PD the ¢, model peaks at a slightly different photocurrent from that of total phase ¢iot.models
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since the contribution of ¢ model is more significant in the PD with small diameter. However, for
40 pum PD, it is noted that the ¢, model dominates the relative phase @it model, and they peak at the
same photocurrent value.
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Fig. 9. The measured, simulated transit-time-limited, impedance RC-limited, total, and
TCAD-simulated relative phase responses of the 20um PD at 10 GHz under (a) -4V
bias, (b) —5 V bias and the 40 um PD at 5 GHz under (c¢) —4 V bias, (d) —5 V bias versus
photocurrent. The symbol markers are measured and simulated data, and the solid lines are
the corresponding fitting curves using the symbol markers. (model: circuit model).

In order to further verify the accuracy of region I in the circuit model, Silvaco TCAD model
based on the drift-diffusion equation was used to study both the carrier transit-time limited
bandwidth fi; Tcap and transit-time induced phase ¢ rcap as well. It is noted that the transit-time
limited bandwidth fi; model and transit-time induced phase ¢ model based on the circuit model
match very well as that from the TCAD model as indicated in Fig. 7 and Fig. 9. Since propagation
speed of the modulated microwave signal depends on the carrier transit velocity and the number
of carriers, the transit-time induced phase ¢ tcap has a similar behavior as the f rcap [14]. In
the TCAD model, the fundamental reason of how the transit time limited bandwidth f Tcap
changes with photocurrent was uncovered, which is due to the self-induced electric field in the
un-depleted absorption layer [16]. This is confirmed by the electric field distribution of the
PD at different photocurrents in Fig. 10. As shown in the inset of Fig. 10, in the un-depleted
absorption region, the self-induce electric field increases with the photocurrent. Moreover, it is
found in Fig. 10, the high electric field in the InGaAs depleted absorption region remains at high
photocurrent, therefore the capacitance Cj; remains almost constant for different photocurrents.
However, the collapse of the electric field in the InP drift region takes place as the photocurrent
increases, which explains the phenomena that the capacitance Cj, increases as the photocurrent
increases as shown in Fig. 8(b).
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Fig. 10. Distribution of electric field in the 20 um PD under —5V bias at different
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4.2. AM-to-PM conversion

The AM-to-PM conversion coefficient o is used to characterize the amplitude-variation-induced
phase change, which is define as below. Here A¢ is the phase change caused by the relative
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Fig. 11. Calculated AM-to-PM conversion coefficient versus photocurrent for the 20 um
PD at 10 GHz under (a) —4 V bias, (b) —5 V bias and the 40 um PD at 5 GHz under (c) -4 V
bias, (d) =5V bias. (model: circuit model).
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optical power (AP/P) or photocurrent (AI/T) variation.

_ AP _ AP

Y= APP T AIJI M

Moreover, we can separate the total phase change into two parts, one is the phase change due to
carrier transmit time variation A¢y,, the other is the phase change due to the impedance variation
A¢,. Similarly, we can also define the corresponding AM-to-PM conversion coefficient o and
a,, and the total AM-to-PM conversion coeflicient is the sum of oy and .

Figure 11 shows the results of the AM-to-PM conversion coefficients due to different mech-
anisms. These simulated results |0t model| agree with the experimental results very well. As
shown in Fig. 11(a), for 20 um PD, the “null” point of o, mede; Occurs at 14.66 mA under —4V
bias, which is 0.59 mA lower than the “null” point of |atmeasure|, sSimilarly, at =5V as indicated in
Fig. 11(b). The difference between the “null” point of 0, model and the “null” point of |dmeasure| 1S
due to the contribution from Ol moder for the 20 um PD, where the internal transit-time contributes
to the total phase increase and pull the “null” point to a higher photocurrent. In contrast, for
the 40 um PD, the “null” points of 0, model and |Otmeasure| Match very well, which indicates that
impedance induced AM-to-PM conversion dominates for the device with large size.

5. Conclusion

We have measured and studied the AM-to-PM conversion in MUTC-PDs for the 20 um and 40
um diameters. A photocurrent-dependent equivalent circuit considering both carrier transit-time
and impedance effects was developed to model AM-to-PM conversion. It is found that the
AM-to-PM conversion for 40 pum PD is mainly induced by the impedance change as photocurrent
varies, while for 20 pum PD, both carrier transit-time and impedance should be considered for
the AM-to-PM conversion. These analyses suggest that the nonlinearity performance of the
photocurrent-dependent impedance is critical and should be taken into account for the AM-to-PM
conversion.
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