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Abstract 

In recent years, analog photonic links (APLs) have emerged as promising alternatives to all-

electrical coaxial cable systems as they can provide low loss, broad bandwidth, immunity to 

electromagnetic interference (EMI), and reduced size and weight. With these advantages, APLs 

have been widely investigated in broadband wireless access networks, radio-over-fiber, and 

phased-array radar systems. The microwave range is the primary operating frequency for these 

systems due to its broad bandwidth and high data transmission rate. Photonic generation of 

continuous wave (CW) and pulsed microwave signals can provide widely tunable carrier 

frequency range with low phase noise and reduced system cost by eliminating the expensive 

electronic components. In these systems, the photodiode must be able to deliver very high 

photocurrent and, thus high radio frequency (RF) output power to improve link gain and signal-to-

noise ratio, while maintaining high linearity. However, at present, the bottleneck in increasing the 

dynamic range and signal-to-noise ratio in these optical links is the power handling capabilities of 

the photodiodes. 

Based on that, the primary focus of this work is to address some of these issues by 

demonstrating high-power photodiodes and their performance in microwave analog photonic links. 

High-power V-band charge-compensated modified uni-travelling-carrier (CC-MUTC) 

photodiodes at 1550 nm were developed and characterized. The devices were flip-chip bonded to 

diamond with high-thermal-conductivity for improved heat dissipation. The output power of 18 

μm- and 24 μm- diameter devices was 22.3 dBm and 24.3 dBm at 50 GHz and 41 GHz, 

respectively. Compared to previous results with active cooling, the output RF power improved by 

more than 57% and the failure power density increased by more than 36%. 



XI 

 

I also demonstrated photonic microwave generation of high-power pulsed signals in the X-, 

Ku- and K-band using the CC- MUTC photodiodes. The impulse photoresponse without 

modulation showed a maximum peak voltage of 38.3 V and full-width at half-maximum (FWHM) 

of 30 ps. High-power pulsed microwave signals at 10, 17 and 22 GHz with peak power up to 44.2 

dBm (26.3 W), 41.6 dBm (14.5 W) and 40.6 dBm (11.5 W) were achieved, respectively. The 

record high peak power is desirable in radar and wireless applications. 

In addition to work at 1550 nm, I have also designed, fabricated, and characterized high-power 

and high-linearity photodiodes at 1064 nm. Two groups of devices were designed and investigated. 

For the 1st design, the photodiodes with 15 µm and 18 µm diameters achieved 18.6 dBm RF output 

power at 55 GHz and 19.4 dBm RF output power at 41 GHz, respectively. The dark currents of 

these devices were typically below 10 nA at -8 V bias. The bandwidth was analyzed with 

parameters obtained from S-parameter fitting. There was good agreement between measured and 

calculated bandwidth. Based on the analysis, the redesigned 2nd group showed 48% higher 

bandwidth efficiency product (BEP). The RF output powers of photodiodes with diameters of 10 

µm and 20 µm were 15 dBm at 60 GHz and 21.7 dBm at 39 GHz, respectively. The measured 

third-order intercept point (OIP3) showed a high linearity of 33 dBm at 40 GHz. A circuit analysis 

based on Z-parameter extraction indicates that voltage-dependent and photocurrent-dependent 

capacitance components are the primary nonlinear mechanisms for these photodiodes at high 

frequency. 

Finally, using the same epitaxial wafer, I designed balanced photodiodes that delivered powers 

of 17.7 dBm, 19.8 dBm, 20.7 dBm and 22 dBm at 38 GHz, 29 GHz, 27 GHz and 24.5 GHz, 

respectively. High common-mode rejection ratio (CMRR) of 25 dB and good linearity with an 

OIP3 of 34 dBm were measured at 38 GHz for 10 µm-diameter balanced photodiodes. I 
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demonstrated two analog photonic links with different noise reduction techniques without 

electronic amplification. In the first link, I used balanced detection with a quadrature-biased Mach–

Zehnder modulator (MZM) for noise cancellation. Link gain of 6.8 dB, noise figure (NF) of 25.8 

dB and spurious free dynamic range (SFDR3) of 114 dB·Hz2/3 at 38 GHz were achieved. The 

second link worked at low bias modulation for improved signal-to-noise ratio with a single 

photodetector. Record-high gain (19.3 dB at 26 GHz and 17 dB at 38 GHz) and low noise figure 

(14.5 dB at 26 GHz and 17 dB at 38 GHz) were demonstrated. 
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Chapter 1 Introduction 

With the development of low-loss fiber, fiber optic links have proved to be advantageous 

compared to traditional coaxial cable systems for broad applications areas in terms of low loss, 

high EMI immunity and large bandwidth [1-3]. It is now possible to transmit massive amounts of 

information at record-high speeds, with minimal loss and interference [4]. The speed and volume 

of information transmission have paved the path for innovations in telecommunication, network 

and other data transmission industries [5]. 

 

1.1 Photonic Generation of CW Microwave Signal 

Microwave refers to electromagnetic waves with frequencies between 300 MHz and 300 GHz. 

This frequency range is between the radio waves and infrared waves. The majority of applications 

for microwave technology are wireless networking and communications systems, security systems, 

radar systems, environmental remote sensing, and medical systems [6-8]. 

Microwave is extensively used for telecommunications due to its broad bandwidth and high 

data transmission rates. Wireless networks, such as Bluetooth and the IEEE 802.11 specifications 

used for Wi-Fi operate at 2.4 GHz [9, 10]. The frequency bands used for 5G (between 3 GHz to 

28 GHz), which achieves download speeds in the gigabit per second (Gbit/s) range [11, 12] also 

fall within this spectrum. 

Compared to visible and infrared light, microwaves have longer wavelength, which allows 

microwave radiation to penetrate through cloud cover, haze, dust, and rainfall [13, 14]. This 

property enables detection of microwave energy under almost all weather and environmental 

conditions [15]. 
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Figure 1-1. Environmental remote sensing system architecture [15]. 

It is beneficial to generate the microwave carrier signals of good quality for high-speed and 

high-power applications. Various solid-state devices have been developed as millimeter sources 

such as Gunn diodes [16], IMPATT diodes [17], TUNNEL diodes [18]. However, these electrical 

methods are limited by low-power output and high phase noise. Photonic microwave generation 

can provide broad, tunable bandwidth with low loss and suppressed phase noise compared with 

electrical generation methods [19, 20].  

Photonic generation microwave signals is typically achieved by one of two methods [21, 22]. 

In the first method, optical signals from two different laser sources are heterodyned on a 

photodetector. A beat signal with a frequency equal to the spacing of these two wavelengths is 

generated at the output of the photodetector. In addition, the phases of the two laser sources can be 

locked to generate a signal with low phase noise and high stability. In the second method, 

microwave signals are created with an external modulation technique. The external modulator can 

be either an electrooptic intensity modulator or a phase modulator. For high-speed operation, a 

frequency-doubled or -quadrupled electrical signal can be optically generated by biasing the 

intensity modulator to suppress the even-order optical sidebands [22]. 



3 

 

The frequency response and power handling capability of photodiodes are essential 

performance parameters in these systems because they determine the speed and RF power of the 

output signal. Further, post amplification using a low-noise amplifier can be eliminated if the 

photodiode can handle high power. Therefore, developing a high-power and high-speed 

photodiode is desirable to meet these requirements.  

 

1.2 Optical Generation of Pulsed Microwave Signal 

There have been numerous papers devoted to the generation of CW microwave signals based 

on optical heterodyne and external modulation [23-25]. Analog photonic links also need to be able 

to generate high-power pulsed RF signals, especially for radar and wireless applications [26]. The 

X (8-12 GHz), Ku (12-18 GHz) and K (18-27 GHz) frequency bands are important and widely 

used for navigation, microwave communications and remote sensing [27]. Photonics-based RF 

waveform generation and RF detection architecture in a radar system is illustrated in Figure 1-2.  
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Figure 1-2. Microwave photonics in a radar system. 

Pulsed microwave signals can be generated electrically using either analog or digital 

electronics, but the frequency is usually limited to several gigahertz [28]. Optical techniques are 

well suited to generate pulsed RF signals with high frequency and low noise. Figure 1-3 shows a 

proposed architecture using a single pulsed laser to generate tunable radar signals and receive their 

echoes [29]. The performance of the fully photonics-based coherent radar exceeds state-of-the-art 

electronics at carrier frequencies above 2 GHz.  

There is another simple way to generate phase-locked laser lines with mode locked lasers [30]. 

The intrinsic phase-locking condition ensures RF signal generation with extremely low phase noise. 

In addition, it has been reported that spatial light modulator (SLM)-based pulse shaping techniques 

can be a promising solution for the generation of high-frequency arbitrary RF waveforms [31]. 

However, the system is bulky and complicated. The frequency-to-time mapping method is also 

promising for arbitrary waveform generation [32]. However, the pulse rate and pulse duration are 
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not flexible. In our work, we have demonstrated photonic generation of high-power pulsed 

microwave signals using a dual- MZM setup.       

 

Figure 1-3. A picture of the field-trial demonstrator. DSP, digital signal processor. 

To realize long detection distance and high resolution of radars, it is important to generate 

high-power pulsed RF signals. The photodiode is the key component to meet these requirements 

since it is the key device that determines the peak power of the entire system. For high-power 

performance, a higher bias voltage is required in order to mitigate saturation. Therefore, at the 

receiver side, a photodiode that has high avalanche breakdown voltage and good power handling 

ability is beneficial for the signal generation.  
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1.3 Analog Optic Link 

 

Figure 1-4. Schematic diagram of analog photonic link. 

Since the invention of fibers, fiber optical links have transformed the telecommunication 

industry. Over many years of development, fiber optics have become the dominate choice for 

ethernet backbone infrastructure, high-speed internet services and networking [33]. Compared to 

electronic approaches, analog photonic links offer large transmission distances in radar 

applications, broad bandwidth in signal-processing and reduced size and weight in numerous 

military platforms [34]. In addition, fiber as a transmission medium offers immunity to 

electromagnetic interference and electrical isolation [35]. As shown in Figure 1-4, the simplest 

analog photonic link consists of transmitter, transmission medium (optical fiber) and receiver. The 

RF signal is applied to the optical signal by an E-O modulator. After the transmission, the 

photodetector is used to convert the optical signal back to the electrical format for further 

processing. 
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Figure 1-5. Calculated (a) RF link gain, (b) RF noise figure and (c) SFDR as a function of DC current. 

For an analog link, the link performance is typically characterized by three key parameters: 

link gain, noise figure and dynamic range [36]. Link gain is the power transfer of the link. Noise 

figure characterizes the signal-to-noise ratio degradation and dynamic range describes the power 

range of the RF signal when the distortions are below the noise floor. Intensity modulation with 

direct detection (IM/DD) using an external optical intensity modulator is a straightforward 

approach and has been widely investigated. Owing to the low loss of fiber, the link performance 

primarily depends on the characteristics of the laser, modulator and photodiode. A high-power 

laser with low noise and a modulator with low modulation voltage are desirable at the transmitter. 

At the receiver side, with high optical power received by the photodiode, high RF power is 

generated. Figure 1-5 shows that link gain increases with increasing photocurrent. Similarly, noise 

figure decreases and dynamic range increases with increasing photocurrent. It can be shown that 
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the small-signal gain for the IM/DD link is proportional to the square of the DC photocurrent and 

inversely proportional to the square of the modulation voltage of the modulator [36]. 

Apart from 1550 nm, the wavelength 1064 nm has been chosen as another optimal operating 

wavelength for photonic link as a result of the availability of high-power and ultra-stable lasers at 

that wavelength [37, 38]. In addition, the Ytterbium-doped fiber amplifiers (YDFA) can boost the 

optical signal, providing the potential to develop a high-power photonic link [39. 40]. However, to 

date, there there have been few reports of links that operate at 1064 nm. One focus of my work 

was to demonstrate a high-performance link utilizing high-power and high-linearity photodiodes 

at that wavelength. 

However, with the increase of photocurrent, APLs will be limited by relative intensity noise 

(RIN) of the laser and amplified spontaneous emission (ASE) noise of optical amplifier [41, 42]. 

To address these issues, I designed balanced photodetectors because balanced detection provides 

cancellation of common mode noise [43, 44]. In addition, balanced detection can double the optical 

power handling capacity of a photonic link. 

 

1.4 Dissertation Organization 

This work focuses on demonstration of high-power and high-speed photodiodes and their 

performance in photonic links. To the best of my knowledge, this Ph.D work has achieved the 

following records: 

• Flip-chip-bonded-on-diamond InP/InGaAs CC-MUTC photodiode with record RF output 

power in the frequency range from 30 GHz to 50 GHz 

• Photonic generation of high-power pulsed RF signal with > 26 W peak power level  

• CC-MUTC photodiode with record peak voltage  

• First high-speed and high-linearity photodiode designed for 1064 nm  
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• Balanced photodiodes with the highest reported output power in frequency range from 25 

GHz to 40 GHz 

• First demonstration of low-bias and balanced analog photonic links at 1064 nm 

Chapter 2 introduces the fundamentals of high-power photodiodes and fabrication processes. 

Chapters 3 describes the realization of MUTC photodiodes with record RF output power in the V 

band. Chapter 4 descibes the photonic generation of high-power pulsed microwave signals. 

Chapter 5 presents high-power and high-linearity photodiodes at 1064 nm. Chapter 6 demonstrates 

balanced photodiodes and analog photonic link at 1064 nm. Chapter 7 is the summary and future 

work. 
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Chapter 2 Fundamentals of Photodiodes 

2.1 Figures of Merit of Photodiodes 

2.1.1 Responsivity 

The responsivity relates the fraction of photons that can produce detected carriers. The 

responsivity of the photodiode is defined as the ratio of generated photocurrent to the incident 

optical power and can be expressed as: 

                                                               𝑅 =
𝐼𝑝

𝑃
                                                                     (2.1) 

where 𝐼𝑝 and 𝑃 are the photo-generated current and incident optical power. 

The external quantum efficiency η is defined as the ratio of the number of photo-generated 

carriers to the number of incident photons. External quantum efficiency depends on the reflectivity 

at the surface, the absorption layer thickness and the absorption coefficient of the material. It can 

be express as: 

                                                   𝜂 = (1 − 𝜌)[1 − 𝑒−𝛼(𝜆)𝐿]                                                   (2.2) 

where 𝜌 characterizes the surface reflectivity, α represents absorption coefficient of the material 

and 𝐿 is the thickness of the absorption layer. It can be observed quantum efficiency is improved 

with a thicker absorption layer for a certain absorption material. The relationship between 

responsivity and the external quantum efficiency is [45]:          

                                                                       𝑅 =  𝜂
𝜆𝑞

ℎ𝑐
                                                                   (2.3) 

where 𝜆, 𝑞, ℎ and c are the optical wavelength, elementary charge, Planck constant and speed of 

light, respectively. 

For surface-illuminated photodiodes, the reflection loss is primarily due to reflection at the 
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air/semiconductor interface. When light travels from a material with refractive index 𝑛1  to a 

material with refractive index 𝑛2, the reflection is given by the following relation:  

                                                             𝜌 =
(𝑛1−𝑛2)2

(𝑛1+𝑛2)2 .                                                                        (2.4) 

For InP substrate (𝑛1=3.5), the reflection loss at 1550 nm is approximately 31 %. To reduce 

the reflection loss, an anti-reflection (AR)  coatings can be deposited. Typically, a λ/4-thick anti-

reflection coating is adopted. The reflection at normal-incident with a quarter wavelength coating 

of refractive index 𝑛0 can be expressed as [46]: 

                                                                   𝜌 =
(𝑛1−

𝑛0
2

𝑛2
)2

(𝑛1+
𝑛0

2

𝑛2
)2

 .                                                                         (2.5) 

For InP substrate, SiO2 (𝑛0 = 1.44) is widely adopted as the coating material because it has 

refractive index close to the optimal value of √𝑛1𝑛2 and it is easy to deposit. If λ/4-thick SiO2 is 

deposited, the ideal reflectivity is 8 %. To further decrease the reflectivity, a double or multi-layer 

anti-reflection coating can be used as shown in [47, 48].  

2.1.2 Bandwidth 

The frequency response of reverse biased photodiodes is similar to that of a low pass filter. 

Bandwidth is used to characterize how fast the photodiodes can operate. The 3 dB bandwidth is 

defined as the frequency where the RF output power decreases by 3 dB from the value at low 

frequency. The bandwidth of the photodiode is primarily limited by the carrier transit time and the 

resistance-capacitance (RC) response time [49].    
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Figure 2-1. Simplified circuit of photodiode 

The simplified equivalent circuit of photodiode is shown in Figure 2-1. The Cpd, Rs, Rp, and 

RL parameters represent the junction capacitance, series resistance, junction resistance and load 

resistances, respectively. Based on that, the RC time bandwidth fRC can be expressed as: 

                                                                  𝑓𝑅𝐶 =
1

2𝜋𝐶𝑝𝑑(𝑅𝑆+𝑅𝐿)
 .                                                               (2.6) 

The junction capacitance, 𝐶𝑝𝑑 is estimated using the expression: 

                                                                      𝐶𝑝𝑑 =
𝜀0𝜀𝑟𝐴

𝑑
                                                                        (2.7) 

where A is the photodiode junction area and 𝑑 is the depletion region width. To achieve high speed, 

we can reduce the capacitance and the series resistance of the photodiode. Cpd is typically the 

dominate factor for the RC-limited bandwidth if the photodiode internal resistance is not 

comparable to the load. A smaller mesa size and thicker depletion region yield lower capacitance. 

The RC-limited bandwidth can be further improved by incorporating an inductor in a 

photodiode circuit. For an RLC circuit, the current-related relative transfer function to the load can 

be written as:      

                                           𝐻𝑅𝐿𝐶(𝜔) =
1

1−𝜔2𝐿𝐶𝑝𝑑+𝑖𝜔𝐶𝑝𝑑(𝑅𝑆+𝑅𝐿)
                                                  (2.8) 

where L refers to the inductance. From this equation, it can be seen that 𝐻′
𝑅𝐿𝐶(𝑓)  = 0 at the 

resonance frequency of 𝑓 =
1

2𝜋√𝐿𝐶𝑝𝑑
. This effect is called inductive peaking [50] and can be used 

to significantly improve the 3 dB bandwidth. Above the 3 dB bandwidth, the RF output power 
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drops more rapidly with increasing frequency. The power output from the RLC circuit drops at 40 

dB/dec compared with 20 dB/dec for the RC circuit. The optimum inductance to achieve a 

maximized RLC-limited 3 dB bandwidth can be derived as: 

                                                                 𝐿 =
𝐶𝑝𝑑(𝑅𝑆+𝑅𝐿)

2
                                                           (2.9) 

Figure 2-2 shows simulated bandwidth of RC and RLC circuit frequency responses for a 40 

μm-diameter photodiode. The capacitance is 150 fF and the optimal inductance is 400 pH. From 

the curves, the RLC circuit with 19 GHz 3dB bandwidth shows 45 % improvement compared with 

RC circuit with 13 GHz bandwidth. 

 

Figure 2-2. Simulated bandwidth of photodiode with and without an inductor 

Since it is impractical to use a lumped inductance at high frequency, a short section of a 

transmission line with a large characteristic impedance can be treated as a series inductor. The 

input impedance 𝑍𝑖𝑛 for a short transmission line with a load can be expressed as [51]: 

                                                        𝑍𝑖𝑛 = 𝑍0
𝑍𝐿+𝑗𝑍0𝑡𝑎𝑛𝛽𝑙

𝑍0+𝑗𝑍𝐿𝑡𝑎𝑛𝛽𝑙
                                                  (2.10) 

where 𝑍0 is the characteristic impedance of the transmission line, 𝑍𝐿 is the load impedance and 𝛽𝑙 

is the electrical length. When the electrical length is smaller than π/4 and characteristic impedance 

of the transmission line is high. Equation 2.10 can be simplified as: 
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                                          𝑍𝑖𝑛 ≈ 𝑍𝐿 + 𝑗𝑍0𝛽𝑙 = 𝑍𝐿 + 𝑗𝜔𝐿                                               (2.11) 

where 𝐿 is the equivalent inductance of the high impedance transmission line. By incorporating a 

high impedance transmission line in the coplanar waveguide (CPW), the device frequency response 

can be dramatically enhanced.   

The carrier transit time is the time required for the photo-generated electrons and holes to be 

collected by the metal contacts after generation in the absorption layers. For a PIN structure, the 

holes determine the transit-time-limited bandwidth because their saturation velocity is much lower 

than that of electrons.  

The transit-time-limited bandwidth can be improved by the UTC structure since only electrons 

need to travel through the whole junction. The transit-time-limited bandwidth of a UTC photodiode 

can be approximated as [52]: 

                                                     𝑓𝑡𝑟 =
𝑊𝐴

2

2𝐷𝑒
+

𝑊𝐴

𝑣𝑡ℎ
+

𝑊𝐷

𝑣𝑒
                                                                   (2.12) 

where 𝑊𝐴, 𝑊𝐷, 𝐷𝑒, 𝑣𝑡ℎ and 𝑣𝑒 represent the absorption width, drift layer width, electron diffusion 

coefficient, thermotic emission velocity and electron velocity, respectively. The transit time 

includes the diffusion time in the absorption layer and drift time in drift layer.  

Assuming the transit-time-limited and RC-time-limited bandwidth have Gaussian responses, 

the overall 3 dB bandwidth, 𝑓3𝑑𝐵, can be approximated as [49]: 

                                                       𝑓3𝑑𝐵 =
1

√
1

𝑓𝑡𝑟
2 +

1

𝑓𝑅𝐶
2

                                                                      (2.13) 

2.1.3 Output RF Power 

RF output power is the amount of AC power delivered to the load. Typically, the output power 

will increase quadratically with the photocurrent before it saturates. The RF compression is defined 

as the deviation of the measured RF output power from the ideal linear output. The RF saturation 
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power is usually adopted to characterize the photodiode and is defined as the point where the RF 

compression drops by 1 dB from its peak value. 

 

Figure 2-3. (a) Band diagram, carrier concentration and (b) electric field of PIN photodiodes 

One of the important limiting factors to achieve high RF power levels is the space charge 

effect, which results from charge screening in the depletion region. Figure. 2-3 shows the carrier 

distribution in a PIN photodiode under high level illumination. When the light is absorbed in the 

intrinsic region, electron and hole pairs are generated and they drift toward the anode and cathode. 

As the optical power increases, the excess charges accumulate near the edges of the depletion 

region, due to the limited velocity of carriers, and create an electric field that opposes bias. 

Therefore, the electric field is distorted by these charges. The space charge field will increase with 

photocurrent. This will cause the total field to collapse. As shown in Figure 2-4, the carriers cannot 

maintain saturation velocity at low field [53]. A low carrier velocity will cause a drop in the output 

RF power of the photodetector. It can also be observed that holes are the primary limitation since 

holes have a much slower velocity. 
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Figure 2-4. Velocity of electrons and holes in InGaAs [53]. 

 

Figure 2-5. (a) Band diagram, carrier concentration, (b) electric field of UTC photodiodes and (c) band diagram, 

carrier concentration, (d) electric field of MUTC photodiodes 

Mitigated space charge and improved performance have been achieved with the UTC 

photodiode, demonstrated by Ishibashi in 1997 [54]. It should be mentioned that the undepleted 

absorber in the UTC structure utilizes graded doping to generate a quasi-electric field to assist 

carrier transport. Since only electrons need to travel through the whole junction, the balance 



17 

 

between electrons and holes transit time can be achieved with dedicated design. The excess hole 

density in the absorption layer decays quickly with the dielectric relaxation time. Since electrons 

have higher velocity, less carriers accumulate in the drift layer and the space charge effect is 

mitigated. 

The performance of UTC photodiodes has been further improved with the MUTC photodiode 

as shown in Figures 2-5 (c) and (d) [55]. By incorporating a depleted InGaAs absorption layer with 

suitable thickness, the responsivity of the photodiodes can be increased without sacrificing 

bandwidth [56]. A cliff layer is inserted to adjust the electric field in the depleted region. The drift 

layer is pre-distorted to partially compensate the electric field collapse caused by the space charge 

effect under high optical illumination [57]. At the heterojunction interface, the grading layers are 

inserted to smooth the bandgap discontinuity which further mitigates the charge accumulation [58].  

Another factor that limits the output power of a photodiode is heat dissipation. As discussed 

above, the electric field in the depletion region should be high enough to guarantee that the 

photogenerated electrons and holes travel at saturation velocity. Therefore, the simplest method to 

mitigate the space charge effect is to increase the bias voltage on the photodiode and thus increase 

the electric field across depletion region. However, the high electric field in the depletion region 

is the source of most of the heat generation in a photodiode. The poor thermal conductivity of 

InGaAs absorption layer (0.05 W·cm-1·K-1) impedes heat transfer from the absorption layer to the 

drift layer and the InP substrate layer [59]. As a result, the device junction temperature increases 

as the optical input increases.  
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Figure 2-6. Electron saturation velocity versus temperature for InGaAs [60]. 

As the Figure 2-6 shows, the electron saturation velocity decreases as temperature increases 

[60]. Therefore, the frequency response and RF output power will degrade at high-power level. 

In addition, an increase in junction temperature results in the reduction of the energy bandgap 

of InGaAs [61]. As a result, the dark current of the junction will increase and lead to further 

increase in the junction temperature. Since the photodiode has a certain heat dissipation ability, the 

cycle of reduced bandgap causing more absorption and heat generation which further reduces the 

bandgap with more heat generation can kill the device.  

A flip-chip bonding technique is adopted to improve thermal dissipation [62-64]. It has been 

shown that higher saturation current and RF output power can be achieved by flip-chip bonding to 

high-thermal-conductivity substrates. Gold pillars are plated on the mesa and the coplanar 

waveguide contact pads are grown on a high-thermal-conductivity submount. Gold is chosen as 

the bonding material because it can be joined at temperatures below its melting point and it 

provides good electrical conductance. A 3D illustration of the flip-chip bonding process is 

illustrated in Figure 2.7. A bonding machine from FINETECH is used to flip-chip bond the chips 

onto the submount. During the process, the Au-Au bond is formed with 2~5 N force at 340 °C by 
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the thermocompression process. For characterization, these photodiodes can be contacted through 

the metal RF pads on the submount. 

                             
Figure 2-7. 3D view of flip-chip bonding process. 

2.1.4 Linearity 

Linearity describes the distortion of the output signal. The photodiode nonlinearity directly 

affects the spurious free dynamic range of an analog optic link [65]. It has been reported that the 

nonlinear behavior of photodiodes results from many physical mechanisms, including carrier 

velocity modulation [66], nonlinear capacitance [67, 68], nonlinear resistance [69], and nonlinear 

responsivity [70]. In addition, device heating [71] and circuit loading effects are also capable of 

producing nonlinear response. Nonlinearity study is a complicated task because most of these 

mechanisms are interrelated. 
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. 

Figure 2-8. Frequency spectrum of a nonlinear system. 

When two intensity-modulated light sources are incident on the photodiode, there should be 

only two fundamental frequencies at the output for a linear system. In the frequency domain, 

second and third-order distortions excited by two input signals are shown in Figure 2-8. Typically, 

the third-order intermodulation distortion (IMD3) is considered as the most troublesome for sub-

octave systems. This is due to the fact that the IMD3s are the largest nonlinear distortion products 

that fall in the vicinity of the fundamental frequencies or the passband of the system [41]. They 

increase with input power three times faster than the signal if there is no linear processing. 

 



21 

 

Figure 2-9. Definition of OIP3. 

The output third-order intercept point is the figure of merit to characterize nonlinear systems 

[72]. From the Figure 2-9, the red line is the output power at the fundamental frequency and the 

blue line is that of IMD3. Output power at the fundamental frequency versus input power increases 

with a slope of 1 while the IMD3 increases with a slope of 3. The intercept power of a linear 

extrapolations of these two lines is defined as the OIP3. In the weakly nonlinear region, the OIP3 

can be calculated by the following: 

                                                     𝑂𝐼𝑃3 = 𝑃𝑓 +
1

2
(𝑃𝑓 − 𝑃𝐼𝑀𝐷3)                                                      () 

where 𝑃𝑓 is the power of fundamental frequency and 𝑃𝐼𝑀𝐷3 is the power of the IMD3, both in units 

of dBm. The photodiode linearity will be studied in Chapter 5. 

2.1.5 S-Parameter 

Scattering parameters (S-Parameters) are used to describe the relationship between different 

ports. For photodiodes, the commonly used S-parameter is S11, which is the ratio of the reflected 

wave to incident wave at the RF output port [73, 74].  
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Figure 2-10. (a) Equivalent circuit in Keysight ADS software; (b) measured and fitting S parameter. 

The parameters can be extracted from the fitting of S11 based on the equivalent circuit of the 

photodiode. Figure. 2-10 (a) shows the circuit model in Keysight Advanced Design System (ADS) 

software. Both the RC equivalent circuit and coplanar waveguide pads are included. During the 

fitting process, the value of resistance, inductance and capacitance of the photodiodes are tuned to 

make the simulated S11 curve coincide with the measured S11 curves. As shown in Figure 2-10 (b), 

the blue curve is the simulated S11 and the red curve is the measured result. They agree well in the 

frequency range from 100 MHz to 67 GHz. 

 

2.2 Fabrication Process Flow 

The fabrication process for the MUTC photodiodes is described in this section. The cross 

section of a back-illuminated photodiode is demonstrated in Figure 2-11(a). The photodiodes are 

fabricated using a double mesa structure. The first mesa stops at the n-contact layer to define the 

p-mesa. The second mesa etches into the semi-insulating InP substrate. SiO2 is deposited on the 

sidewall of the mesa as a passivation layer to reduce surface leakage current. Figure 2.11 (b) shows 

the fabrication process flow, which will be described step by step. 
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Figure 2-11. (a) Cross section of surface-illuminated photodiode; (b) fabrication process flow. 

2.2.1 P-metallization 

The first fabrication step is p-metal deposition on the top of the photodiode. For high-speed 

design, a low contact resistance is always required to achieve a low RC time constant. For our 

MUTC photodiode, we adopt metal layer stacks of Ti/Pt/Au/Ti (10/10/80/10 nm) on the p-type 

InGaAs contact layer. Titanium is used for adhesion to the InGaAs surface layer and the platinum 

layer prevents gold migration into the semiconductor [75]. The gold provides a good electrical 

conductance. 

Before fabrication, the wafer is cleaned with Acetone/IPA and O2 plasma to remove particles 

and contaminates. The metal stack is deposited using E-beam evaporation. The deposition is 

carried out at vacuum level below 10-6 Torr. 
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2.2.2 P-mesa Etch 

 

Figure 2-12. Schematic cross section of (a) patterned photoresist and (b) p-mesa. 

The p-mesa etch step is shown in Figure 2-12. Wet etch, dry etch, or a combination can be 

used to form the p-mesa. The wet etch method can achieve a smooth sidewall, and thus result in 

lower dark current due to less surface leakage. However, it will lead to lateral undercutting because 

the wet etch is isotropic. For our high-speed photodiodes fabrication, we adopt reactive ion etch 

(RIE) and inductively coupled plasma (ICP) etch to eliminate the undercut issue. 

At first, the SiO2 is deposited on top of the p-metal using plasma-enhanced chemical vapor 

deposition (PECVD) as a hard mask since the etch rate is stable and easy to control. During 

lithography, HMDS and AZ 5214 photoresist are spun on the wafers with thickness of 1.5 µm and 

pre-baked at 100 ºC for 2 min before exposure. Then, a Karl Suss MJB4 is used as a contact 

lithography tool for exposure with equivalent dose of 170 mJ/cm2. The wafer is developed in AZ 

300 MIF developer for 30 s. The hard mask etch is done using an Oxford RIE machine with CHF3 

gas. The pattern of the photoresist transfers to the SiO2 after this etch. After cleaning with O2 

plasma to remove the residual photoresist on top of the SiO2, the wafer is put back in the Oxford 
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for further etching. In our experiments, a recipe with Cl2:N2 gas mixture is used to etch III-V 

materials with a 150 W RF power and 1000 W ICP power. We also prepare a dummy SiO2 wafer 

in the chamber to monitor how much of the SiO2 is etched at the same time. The step height of the 

mesa and oxide can be determined by a profilometer. In this way, we can precisely control how 

much III-V we etch away. The wafer is then soaked in bromine: methanol for a few seconds to 

remove some of the surface damage arising from the dry etch in order to reduce the dark current. 

It should be noted that the resistance of the final device will be large if the wafer is over-etched.   

2.2.3 N-mesa Etch 

 

Figure 2-13. Schematic cross section of (a) patterned photoresist and (b) n-mesa. 

The n-mesa etch is done after the p-mesa etch. The n-mesa needs to the defined to isolate the 

discrete devices to each other. The etch should stop at the non-conductive substrate. The RF signal 

pad should be isolated from the highly doped layer to minimize the RF signal loss. For our flip-

chip bonded devices, the isolated n-mesa can reduce the parasitic capacitance due to less overlap 

between the RF pads and the contact layer. 

Like the p-mesa etch, the wafer is cleaned and loaded into the PECVD chamber for another 
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layer of hard mask. This oxide layer also serves as a passivation layer to passivate dangling bonds 

and thus reduce the surface leakage current. We use photoresist AZ 5214 for lithography and 

transfer the pattern to the oxide layer with the RIE etch. The III-V materials are etched with an 

RIE-ICP recipe. The n-mesa can be over-etched as long as not all of the hard mask is consumed. 

The n-mesa fabrication process is shown in Figure 2-13. 

2.2.4 N-metallization 

 

Figure 2-14. Schematic cross section of (a) patterned photoresist and (b) n-metal. 

After standard lithography with AZ 5214, the n metal stacks consisting of AuGe/Ni/Au 

(20/20/80 nm) are deposited by E-beam evaporation as shown in Figure 2-14. The n-contact is 

then formed by a lift-off procedure.  

AuGe/Ni/Au stacks can provide low series resistance and good adhesion on the heavy-doped 

InP contact layer. During the rapid annealing, AuGe alloy with lower barrier height can be formed 

and Ge settles in the indium vacancies as a donor, which leads to low resistance [76]. 
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2.2.5 P-contact Open 

 
 

Figure 2-15. Schematic cross section of (a) patterned photoresist and (b) open p-contact. 

Following the n-metal deposition, the next step is opening the p-contact. Since there is still a 

residual hard mask on top of the metal, the SiO2 layer should be removed to expose the p-metal. 

The lithography in this step is critical because the contact opening is small for high-speed devices. 

If the sidewall of the p-mesa is exposed, the protective SiO2 layer on sidewall will be etched and 

the metal deposited in the following step will short the device.  

The SiO2 etching is conducted in the Oxford. After etching, the device is ready for current-

voltage measurement. 
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2.2.6 Seed Layer and Electroplating 

 

Figure 2-16. Schematic cross section of (a) patterned photoresist and (b) seed layer and electroplating. 

The contact layer is only about 100 nm, which is too thin for flip-chip bonding. Thicker gold 

needs to be plated. As shown in Figure 2-16, two lithography steps are processed in sequence. The 

first lithography creates 1.5 µm-thick photoresist on top of the p-metal. Then, Ti/Au (10/50 nm) is 

evaporated as a seed layer. The second lithography is done on top of the first photoresist to open 

the mesa regions. Then, a gold layer with thickness approximately 2 µm is plated in the open area. 

The top layer photoresist is removed with O2 plasma and the seed layer is etched with gold etchant. 

Finally, lift off is carried out to complete the photodiode fabrication process. 
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2.2.7 Other Steps 

 

Figure 2-17. Wafer before and after dicing. 

After photodiode fabrication, the backside needs to be polished. The purpose of polishing is 

to remove residues and smooth the backside of the wafer for improved responsivity. This is 

accomplished using the Logitech polishing machine. 

Usually, an anti-reflection coating is deposited on the backside of the wafers to reduce 

reflection for flip-chip bonded photodiodes. A Si3N4 or SiO2 layer is deposited using PECVD. The 

thickness of the layer has been discussed in the previous section. 

Following the AR coating, the wafer is diced into 1mm x 2mm chips for further flip-chip 

bonding. As shown in the red box in Figure 2-17, there are two photodiodes and four balanced-

photodiode pairs on each die. Typically, a layer of photoresist is spun onto the top surface of the 

wafer in order to protect the devices from accidental damage during the dicing process.  

The last step is to flip-chip bond the diced chips to a submount with RF pads. 
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Chapter 3 High-Power V-Band Photodiodes Flip-Chip 

Bonded on Diamond 

3.1 Introduction 

Photonic generation of millimeter-wave frequencies has numerous advantages [20，21]. 

Among them, V-band frequencies ranging from 40 GHz to 75 GHz are of particular interest since 

the V-band is license free in many countries and is most often used for wireless backhaul and point 

to point or point to multi-point radio links [77, 78]. 

As discussed in the previous chapter, high power photodiodes are key components in 

photonic generation of microwave signals. The space charge effect and thermal failure are two 

primary limiting factors for generated RF output power. The MUTC structure has been shown to 

effectively suppress the space charge effect. In an InGaAs/InP MUTC photodiode, carriers are 

generated in the InGaAs absorption layer. Since only electrons need to travel through the InP drift 

layer and excess holes quickly decay during the dielectric relaxation time, the effective transit time 

is shorter than for a PIN structure, which has both electrons and holes in the drift region.  

When photodiodes operate at high reverse bias to mitigate the electric field collapse, there 

is a dramatic increase in heat and thermal-related performance degradation. In order to improve 

the thermal handing ability, it is beneficial to flip-chip bond the photodiode to a substrate with high 

thermal conductivity. Initially, photodiodes were flip-chip-bonded on aluminum nitride (AlN) 

submounts with a thermal conductivity of 285 W/mK [63]. Diamond has a higher thermal 

conductivity of about 2000 W/mK. Compared with a 50 μm-diameter device on an AlN submount, 

it has been shown that a device on a diamond submount achieves 80% greater maximum RF output 

power [64]. In this work, chemical-vapor-deposition (CVD) diamond was used as the submount. 
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3.2 Device Structure and Simulation 

The CC-MUTC photodiodes have achieved better performance than other types of 

photodetectors with respect to the figures of merit that are important for analog optical links [54]. 

Therefore, I designed and characterized high-power CC-MUTC photodiodes that operate at V-

band and 1550 nm. Figure 3-1 shows the epitaxial structure of the InP/InGaAs wafer. The growth 

began with n-type doped InP contact layer. 700 nm lightly n-doped drift layer acted as a space-

charge compensation layer where the electric field was pre-distorted to achieve a flat electric field 

profile at high photocurrent [55]. A cliff layer with doping level of 1.6×1017 and thickness of 50 

nm was used to enhance the electric field in the depleted portion of the absorption layer [79]. Two 

15 nm quaternary layers were grown to “smooth” the abrupt conduction band barrier at the 

InGaAs-InP heterojunction interface between InP and InGaAs. This can prevent electrons from 

accumulating at the heterojunction interface. The doping in the p-type absorber was “graded” in 

three steps (5×1017 cm-3, 1.1×1018 cm-3, 2×1018 cm-3) to create a quasi-field that aids carrier 

transport. Finally, the two top layers were a 100 nm 2×1018 cm-3 p-doped InP electron-blocking 

layer and a 50 nm heavily p-doped 2×1019 cm-3 InGaAs contact layer. 
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Figure 3-1. The epitaxial layer design of InGaAs/InP MUTC. 

 

 

Figure 3-2. Simulations of (a) frequency response and (b) saturation current of 28 µm-diameter photodiodes. 

To simulate the bandwidth of the photodiodes, the transit-time limited bandwidth was 

obtained in Ansys Crosslight. The electron and hole saturation velocities in InP were set as 

1.5×107cm/s and 0.45×107cm/s, respectively. For this epitaxial layer structure, the simulated 

transit-time limited bandwidth is 48 GHz at -8 V, where the junction is fully depleted. The RC 

product limitation was calculated based on the equivalent circuit model in the Advanced Design 
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System. When we took both the transit-time and the RC-time into consideration, the overall 

simulated bandwidth is shown in Figure. 3-2 (a). As I stated in a previous section, the 3 dB 

bandwidth can be further enhanced by incorporating a high impedance transmission line. The 

simulated bandwidth for a 28 µm-diameter device with inductive peaking is 37 GHz, which is 55 % 

higher compared to the result without peaking. The frequency response is primarily limited by the 

relatively large RC product.  

From the simulated RF power, the 28 µm-diameter device saturates at 160 mA at 40 GHz, 

where the thermal failure was not taken into consideration. The RF output power increases 

superlinearly with the photocurrent before it saturates due to the space charge effect.  

 

3.3 Device Fabrication 

The MUTC photodiodes were fabricated with diameters from 18 μm to 36 μm. The device 

was defined with a dry-etched double-mesa procedure. AuGe/Ni/Au and Ti/Pt/Au were deposited 

as  n-metal and p-metal contacts, respectively. Au bonding bumps with a diameter of 12 μm and a 

height of 2 μm were plated on the p and n contacts. After back-side polishing, a 250 nm-thick SiO2 

anti-reflection coating was deposited as anti-reflection coating at 1.55 μm. In the flip-chip bonding 

process, a chip with six photodiodes was bonded onto a diamond submount by Au-Au thermo-

compression. Through the Au bonding bumps and CPW pads, the Joule heat generated in the 

junction can be dissipated to the diamond submount. 

 



34 

 

3.4 Device Characterization 

 

 

Figure 3-3. (a) Parameter analyzer for IV measurement; (b) dark current versus device diameter at different bias 

voltage. 

The current-voltage (I-V) relationship is one of the important parameters of a diode. The dark 

current of the photodiode is the current that flows in the diode without light. Low dark current is 

always preferable for low noise. There are three primary sources of the dark current, generation-

recombination inside the depletion region, band-to-band tunneling and surface leakage [80]. 

The IV curve measurement was carried out with an HP 4156B semiconductor parameter 

analyzer. The photo response can also be measured with a lamp. The dark current versus bias 

voltage are shown in Figure. 3-3 (b). Typically, the dark currents are in the range of 10-8~10-7 A at 
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-6 V bias.  

 

 

 

Figure 3-4. (a) LCR meter for CV measurement; (b) Current-voltage curves for devices with different sizes; (c) 

measured and fitted capacitances. 
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The capacitance-voltage (C-V) measurement can characterize the photodiode junction 

capacitance, which can be used for RC-time constant calculation. The CV measurement was 

performed with an HP 4275A Multi-Frequency LCR meter. 

After flip-chip bonding, the photodiode capacitance, which includes junction capacitance and 

parasitic capacitance, was measured at 100 kHz using an LCR meter. The capacitance initially 

decreases and then saturates when the junction is fully depleted after -4 V. The parasitic 

capacitance was extrapolated by plotting the measured capacitances versus areas as shown in 

Figure 3-4(c).  A parasitic capacitance of 43 fF was determined from the intercept of the linear 

fitting. The parasitic capacitance is mainly from the CPW and contact pad. 

 

Figure 3-5. Optical heterodyne setup 

The DC responsivity can be calculated by comparing the optical output power from the 

attenuator with the DC photocurrent read from the source meter. The measured responsivity was 

0.36 A/W at 1550 nm. 

The bandwidth and saturation characteristics were measured with an optical heterodyne setup. 
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Figure 3-5 illustrates the measurement set-up. CW light from two lasers with wavelength near 

1550 nm was coupled through polarization controllers and combined with an optical coupler. To 

achieve 100% modulation depth, the output power of the DFB lasers needs to be matched by 

controlling the injection current. The beat frequency of the two lasers was tuned by changing the 

temperature of one laser. This achieved a wide frequency range. The signal was split into three 

branches. The optical signal was detected by an optical multi-wavelength meter at the first branch, 

which can monitor RF frequency above 50 GHz. For the second branch, the signal was coupled 

into a commercial 50 GHz photodiode followed by an HP8565E electrical spectrum analyzer. 

These monitored the beat frequency lower than 50 GHz. In the third arm, the signal was amplified 

by an erbium-doped fiber amplifier (EDFA), attenuated by a variable optical attenuator and 

focused onto the photodiode with a lensed fiber. The RF output power was detected with a power 

meter after a bias-tee. During the measurement, the lensed fiber was pulled back to the point where 

the photocurrent dropped by half to realize uniform illumination. A computer with a Labview 

program is responsible for controlling the measurement progress. 

As shown in Figure. 3-6, the 18 μm-, 24 μm-, 28 μm- and 32 μm- diameter photodiodes exhibit 

bandwidths of 59 GHz, 44 GHz, 37 GHz and 31 GHz, respectively. The smaller devices work at 

V-band, while the larger diameter photodiodes demonstrate smaller bandwidth due to the increased 

RC-time limitation. Similar to other UTC photodiodes [63, 64], we observe bandwidth 

enhancement at high current levels due to the generated electric field in the undepleted absorber, 

which is beneficial to the carrier transport. For 18 μm-diameter device, the peaking effect from the 

high impedance transmission line is observed at 40 GHz, which improves the power level by 2 dB. 
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Figure 3-6. Bandwidth measurement under -6 V bias voltage of devices with (a) 32 μm-diameter, (b) 28 μm- 

diameter, (c) 24 μm-diameter and (d) 18 μm-diameter. 

The saturation characteristics were then measured to demonstrate the RF output power. The 

saturation current is defined as the value where the RF compression decreases 1 dB from its peak 

value. As shown in Figure. 3-7, the corresponding maximum RF output powers at 28 GHz, 34 

GHz, 40.5 GHz and 50 GHz are 25.5 dBm, 24.5 dBm, 24.3 and 22.3 dBm with saturation currents 

of 150 mA, 130 mA, 105 mA and 90 mA, respectively. The output RF power approaches the ideal 

RF power gradually with increasing photocurrent. This is the well-known bandwidth enhancement 

that originates from the current-induced electric field in the graded absorption layer [81, 82]. As 
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photocurrent increases, the space-charge effect causes an electric field reduction in the depletion 

region, which impedes carrier transport and ultimately leads to saturation. To mitigate the space-

charge effect, the reverse bias voltage can be increased to the point where either thermal failure or 

junction breakdown occurs. 

 

Figure 3-7. Output RF power versus photocurrent for devices with (a) 32 μm-diameter, (b) 28 μm- diameter, (c) 24 

μm-diameter and (d) 18 μm-diameter. 

The output power of the 18 μm-diameter device on diamond submount at 50 GHz is 22.3 dBm 

and that for a similar device on AlN with active cooling (~10℃) is 20.3 dBm [63]. The output RF 
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power improves by 57%. The failure power density, which is defined by the product of the reverse 

bias and the DC current at thermal failure, of an 18 μm-diameter photodiode on diamond submount 

increases by 36% compared with that of a photodiode flip-chip bonded to AlN [63].  

A summary of RF output power versus frequency is plotted in Figure. 3-8. Compared to 

previous results of different types of photodetectors, my CC-MUTC photodiodes achieve the 

record high output RF power in the frequency range from 30 GHz to 50 GHz. They are attractive 

for APLs because they enable high link gain and photonic generation of low-noise microwave 

signals. In addition, these photodiodes permit the replacement of expensive low-noise broadband 

RF amplifier [30]. 

 

Figure 3-8. Summary of RF power versus frequency. 
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Figure 3-9. Two-tone OIP3 measurement setup. 

To characterize the photodiode nonlinearity, the OIP3 was measured using the two-tone setup 

as shown in Figure 3-9. Light from two lasers near 1550 nm was intensity-modulated by two Mach-

Zehnder modulator (MZMs) with the modulation frequencies of f1 and f2, respectively. The 

polarization controllers were used before the MZMs to achieve the largest modulation efficiency 

because the MZM is sensitive to polarization. The optical signal was coupled by a 3 dB coupler, 

amplified by an EDFA and controlled by an optical attenuator. Then, the light was converted to an 

electrical signal by the photodiode. After a bias tee, the power of IMD3 (2f1-f2, 2f2-f1) and power 

levels of the fundamental frequency were measured with an electrical spectrum analyzer (ESA). 

Assuming that IMD3 always increases with the input power at a slope of 3, the OIP3 can be 

calculated according to equation (2.14).  

During the OIP3 measurement, the frequency of the RF signals f1 and f2 needs to be chosen 

properly to make sure that the IMD3 will not overlap with other intermodulation distortion 

products. It should be noted that ESA itself will generate IMD3 due to the nonlinearity of the 

electrical components in the ESA. Typically, the IMD3 generated by the ESA is much stronger 

than that generated by the photodiodes under test. To solve this problem, an attenuator is usually 
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used at the input of the ESA. Since the IMD3 components decrease three times faster than the 

signal at fundamental frequency, the proper attenuation results that the IMD3 generated by the 

ESA is much weaker than the IMD3 generated by the photodiode. Then, the influence of the ESA 

nonlinearity can be avoided. 

 

 

Figure 3-10. Measured OIP3 versus (a) photocurrent at 20 GHz; (b) frequency at 33 mA. 

Figure. 3-10 shows the OIP3 of the CC-MUTC at different photocurrent and frequency for a 

24 μm-diameter device. The peak value of OIP3 is 35 dBm at 6 GHz and 28.5 dBm at 20 GHz. 
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There are four limiting factors for the MUTC photodiode nonlinearity, photocurrent-dependent 

responsivity, voltage-dependent responsivity, photocurrent-dependent capacitance, and voltage-

dependent capacitance [83]. At high frequency, photocurrent-dependent capacitance and voltage-

dependent capacitance are usually the dominating factors, which will be explained in Chapter 5. 

OIP3 varies with the photocurrent as shown in Figure. 3-10 due to the variation of differential 

capacitance. Typically, the photocurrent increase will lead to larger voltage swing on the load 

resistor and thus result in an increase of voltage-controlled capacitance. As a result, the OIP3 value 

decreases with the photocurrent here.  

 

Figure 3-11. The SIMS results of InGaAs/InP wafers. 

To further understand the nonlinearity, we did secondary ion mass spectrometry (SIMS) to 

observe the doping concentration. It can be observed from the SIMS results as shown in Figure 3-

11 that the doping concentration of the depleted absorber is more than one order of magnitude 
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higher than the designed value due to Zn diffusion. Therefore, the doping difference between the 

depleted absorber and the undepleted absorber is not abrupt and thus the voltage-dependent 

capacitance is enhanced, which leads to lower OIP3 compared to the estimation.  

 

3.5 Conclusion 

In this chapter, 22.3 dBm output power at 50 GHz and 24.3 dBm at 41 GHz for flip-chip-

bonded-on-diamond photodiodes without active cooling has been achieved. These CC-MUTC 

photodiodes achieved record high RF output in frequency range from 30 GHz to 50 GHz. The 

output RF powers improve by ~57% and the failure power increase by ~36 % compared to previous 

results with photodiodes bonded to AlN submounts. The measured third-order output intercept 

point showed a linearity of 29 dBm at 20 GHz.
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Chapter 4 Optical Generation of Pulsed Microwave Signals 

4.1 Device Structure 

Photonic generation of microwave signals has attracted great interest for many years in 

application areas, such as satellite communications, 5G communications, optical sensing and 

phased array antennas, due to the low loss, high data rate and high frequency capability [35]. 

Previously, generation of continuous-wave microwave signals based on optical heterodyne [84], 

external modulation [24] and other approaches have been investigated [25]. Photonic generation 

of pulsed microwave signals is desirable for radar and wireless applications [27]. Among them, 

the X (8-12 GHz), Ku (12-18 GHz) and K (18-27 GHz) frequency bands are important and widely 

used for navigation, airport surveillance and imaging [26]. Various techniques including spatial 

light modulator-based pulse shaping [31], optoelectronic oscillation-based pulse phase coding [85] 

and polarization modulator-based signal phase coding [86] have been demonstrated to generate 

high-frequency pulsed radio frequency signals. Recently, Khaldoun et al. reported an optical 

frequency division system using a femtosecond laser frequency comb to generate microwave 

pulses with high spectral purity and stability [87]. However, to realize these applications in military 

platforms, it is important to generate high power pulsed RF signals. The photodiode is the key 

component to achieve this since it usually determines the peak power of the entire system. 

Previously, photonic generation of 1 GHz and 10 GHz RF signals with peak power of 41.5 dBm 

(14.2 W) and 40 dBm (10 W) using MUTC photodiodes have been reported [88]. In that work, the 

peak powers were limited by avalanche breakdown at high reverse bias.  

In this chapter, I describe an optimized MUTC structure that achieved photonic generation of 

pulsed microwave signals at higher frequencies with higher peak power. The epitaxial design of 
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the back-illuminated MUTC photodiode that achieve high avalanche breakdown voltage is shown. 

One of the primary design goals was to increase the voltage at which avalanche breakdown occurs 

relative to the detectors used in Ref. [88]. The impulse response and generated pulsed RF signals 

are demonstrated. The relationship between the maximum peak power and duty cycle has also 

been studied. 

 

4.2 Device Design and Characterization 

The back-illuminated MUTC photodiode structure was grown on semi-insulating InP 

substrate by metal organic chemical vapor deposition (MOCVD). The epitaxial layers of the 

InP/InGaAs wafer are shown in Figure. 4-1(a). The growth began with an n-type InP contact layer. 

An 800 nm lightly n-doped drift layer acts as a space charge compensation layer that pre-distorts 

the electric field in order to achieve a flat electric field profile at high photocurrent. A cliff layer 

with a doping level of 1×1017 cm−3 and a thickness of 50 nm was used to adjust the electric field 

profile in the depleted absorber and drift layer [62]. Two 15 nm-thick lightly p-doped InGaAsP 

quaternary layers were deposited to assist hole collection and block electrons. The doping in the 

p-type undepleted absorber was graded in three steps in order to accelerate the carriers. A 100 nm 

InP layer was used to block the electrons and a 50 nm p-type InGaAs was used as the contact layer. 
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Figure 4-1. (a) Schematic cross section of InGaAs-InP MUTC photodiodes; (b) Photomicrograph of photodiodes. 

The CC-MUTC photodiodes with diameters ranging from 34 µm to 50 µm were fabricated 

using the double-mesa structure. Ti/Pt/Au/Ti and AuGe/Ni/Au metal stacks were used as the p and 

n contacts, respectively. After polishing, a 194 nm-thick Si3N4 layer was deposited on the back of 

the wafer as an anti-reflection coating. The wafer was then diced into chips. In order to improve 

thermal dissipation, the diced chips were flip-chip bonded onto high thermal conductivity diamond 

submounts with coplanar waveguide pads. Figure. 4-1(b) is a photograph of a diamond submount 

with six sets of CPWs on the InP chip. The area with white dashed lines indicates the position of 

the InP chip after flip-chip bonding.  
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Figure 4-2. (a) Simulated breakdown voltage and peak power versus absorber thickness; Simulated electric field 

distribution at (b) -32 V and (c) -44 V when depleted absorber thickness is 350 nm. 

Since pulsed-illumination significantly suppresses the deleterious heating effects, photodiodes 

can be biased at higher voltage to achieve higher peak power compared to CW operation. The 

thickness of the absorber region and the drift layer were optimized using the Crosslight simulation 

tool to achieve high avalanche breakdown voltage as well as suppression of the space charge effect. 

Avalanche multiplication occurs when the electric field in the depleted region exceeds the material 

breakdown electric field. The simulated breakdown voltage is the maximum voltage under which 

the simulated electric field is below the breakdown value. The relationship between the ionization 
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coefficients and electric field of InGaAs and InP can be found in [89-91]. It is worth mentioning 

that the breakdown electric field varies with the layer thickness because the required ionization 

coefficients for multiplication depend on the layer thickness. The 350 nm depleted absorber and 

800 nm InP were adopted to enable a high simulated junction breakdown voltage of -44 V as 

showed in Figure. 4-2 (a), with the corresponding breakdown electric fields of 400 kV/cm in 

InGaAs and 560 kV/cm in InP. The electric field distribution under dark and intense illumination 

condition at -32 V and -44 V are shown in Figure. 4-2 (b) and (c). Impact ionization is most likely 

to occur in the InGaAs layer under low illumination and in the InP layer under intense illumination. 

This is a result of the change in the electric field profile with current. Under high-level illumination, 

excess holes and electrons accumulate in the InGaAs intrinsic region and the electric field becomes 

too low to maintain the saturation velocity of the carriers. Therefore, the device becomes saturated. 

The minimum required electric field in the depletion region to maintain electron saturation velocity 

sets a limit to the intensity of incident light and the maximum generated photocurrent. The 

simulated electric field collapses when the generated average photocurrent is 68 mA and the duty 

cycle of the gated signal is 5 % at -44 V. The simulated peak power can be calculated based on the 

generated photocurrent. As showed in Figure. 4-2 (a), initially the peak power increases with the 

increasing absorber thickness because the space charge effect in the drift layer is suppressed. The 

peak power decreases as the absorber thickness further increases due to the significant avalanche 

breakdown voltage drop caused by the lower breakdown electric field. The maximum simulated 

peak power of 28.5 W for 50 µm-diameter devices at 10 GHz can be achieved at an optimized 

depleted absorber thickness of 350 nm. 
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Figure 4-3. Current–voltage characteristic of a 50 μm-diameter device. 

Figure. 4-3 shows the measured dark current versus bias voltage for a 50 µm-diameter device. 

Avalanche breakdown occurs when the number of impact ionization events increases dramatically 

and the multiplication gain (M) approaches infinity [92]. Since an abrupt increase of current is not 

observed, we conclude that the avalanche breakdown does not occur for bias lower than -43 V and 

the tunneling effect dominates the dark current for bias greater than ~ -20 V.  

An optical heterodyne setup with optical modulation depth close to 100 % was used to 

characterize responsivity, bandwidth, and saturation current. The measured responsivity at 1550 

nm is 0.69 A/W at room temperature. During the bandwidth measurements, the lensed fiber was 

pulled back until the maximum photocurrent dropped by half in order to achieve a uniform 

illumination. As shown in Figure. 4-4, the 50 µm-, 40 µm- and 34 µm-diameter photodiodes exhibit 

3-dB bandwidths of 16, 20 and 27 GHz at 110 mA, 50 mA, and 50 mA photocurrent, respectively. 

A high impedance transmission line provides inductive peaking in order to boost the device 

bandwidth. As discussed above, an inductor can be used to create a pole in the transfer function of 

a photodiode which will cause peaking effect around a certain resonant frequency.  Owing to the 

inductive peaking, all three devices show flat response up to 10 GHz. The bandwidth enhancement 
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that originates from the self-induced electric field in the graded absorption layer is observed at 

high photocurrent [82]. 

 

Figure 4-4. Frequency responses of the flip-chip-bond device with diameter of (a) 50 µm, (b) 40 µm and (c) 34 µm 

at different photocurrents. 

During the saturation power measurement, the photodiodes were mounted on a copper heat 

sink at room temperature. A 50-μm device exhibits saturation current of 205, 265 and 290 mA at 

the 1 dB compression point.  The corresponding RF output powers are 28.5, 31.2, and 32.3 dBm 

at −9, −12.5 and −14.7 V bias, respectively. The saturation phenomenon at - 12.7 V and – 9 V are 

due to the space charge effect, which results in the electric field collapse in the depleted region. 

Higher bias voltage can suppress the space charge effect and lead to a higher RF output power. 

The device failed at −14.7 V bias and 290 mA average photocurrent. The heat generated at high 
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bias and high current leads to high junction temperature and thermal-related performance 

degradation [59, 93].  

 

Figure 4-5. RF output power of 50 µm diameter device versus average photocurrent for different bias voltages at 10 

GHz. 

It is well known that thermal failure is the primary performance limitation for MUTC 

photodiodes under CW illumination. In contrast, the photodiodes under pulsed-illumination can 

handle higher bias voltage and achieve higher output peak voltage pulses since the generated heat 

does not have enough time to build up [88]. Generated heat can be dissipated from the junction to 

the submount between the pulses. 

 

4.3 Impulse Response 

A femtosecond Erbium-doped laser with pulse width < 50 fs and 100 MHz repetition rate was 

used to measure the pulse response. Figure. 4-6 shows normalized output waveforms of the pulse 

photoresponse measured at -17 V and -36 V.  The output peak voltage increases linearly with 

increasing optical power before saturation as shown in the inset of Figure. 4-7, and the waveform 
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does not significantly change until it reaches the saturation point due to the space charge effect. 

MUTC photodiodes produce a 22 ps fall time (80 %-20 %) [94] at average photocurrent of 1 mA 

and 25 ps at 2.1 mA at -17 V. The fall time remains the same at -36 V as input power increases. 

The fall time of the photoresponse does not significantly increase due to the fast response of 

electrons in the depletion layer [95]. When the device reaches saturation, the pulse width increases 

and the frequency response degrades gradually with increasing photocurrent. At −17 V, the 

photodiode starts to saturate and the pulse exhibits broadening after an average photocurrent of 1 

mA. The pulse experiences larger shape distortion at 2.1 mA. The space-charge induced saturation 

and concomitant pulse shape distortion can be mitigated by higher bias voltage. At −36 V, the 

waveform remains unchanged at an average photocurrent of 2.1 mA. 

 

Figure 4-6. Normalized impulse response for different average photocurrents at (a) -17 V and (b) -36 V. 

In order to measure the maximum peak voltage, the input optical power and corresponding 

average photocurrent were increased until the impulse response completely saturated. Figure. 4-7 

shows the maximum peak voltage versus bias voltage for a 50-μm device at room temperature. 

The slope is approximately 1. The inset plot is the output peak voltage versus optical power at 
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−39.5 V bias voltage. The peak voltage reaches 38.3 V at average photocurrent of 4.6 mA, while 

the FWHM stays at 30 ps. The peak voltage (38.3 V) and corresponding peak power (29.3 W) are 

the highest reported for photodiodes with similar bandwidths at 1550 nm [95, 96]. The peak 

voltage is 6 V higher than the previous reported MUTC photodiodes [88]. Even though pulsed 

operation suppresses thermal degradation, the maximum operating voltage is primarily thermal 

limited instead of avalanche breakdown. 

 

Figure 4-7. Maximum peak voltage versus bias voltage. Inset: Output peak voltage versus average optical power at 

−39.5 V. 
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4.4 Pulsed Microwave Signal Generation 

 

Figure 4-8. Experimental setup for pulsed microwave signals generation. 

Figure 4-8 shows the pulsed microwave signal generation setup. A high power and narrow 

linewidth CW fiber laser working at 1550 nm was used as the source. The first MZM was driven 

by an RF signal with power of 17 dBm. The modulator was biased at quadrature bias point. The 

gated RF signal was modulated on optical signal by the second modulator. A bias controller was 

used to ensure that the second MZM was locked at its null point and the RF signal was limited 

within the pulse duration. The pulsed optical signal was amplified by an EDFA and the output 

optical intensity was controlled by a digital optical attenuator. The pulsed RF modulated optical 

signal was converted to a pulsed RF electrical signal by a high power MUTC photodiode. The 

output signal was then measured by a spectrum analyzer and an oscilloscope simultaneously after 

a bias tee. A microwave attenuator was used before the oscilloscope and spectrum analyzer due to 

the power limitations of those instruments. The waveform and spectrum of the pulsed RF signal 

are also shown in Figure. 4-8. 

The individual spectral components of the pulse RF signal were measured with the spectrum 

analyzer. The peak power can be calculated using the equation [97]:  

                                                  Ppeak=Pin-20log(τ/T)                                                           (4.1) 
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where τ is pulse width, T is pulse period, and Pin is the measured power at the central line of the 

main lobe in the spectrum. The peak power can also be calculated based on the peak voltage read 

from oscilloscope. The scheme can guarantee the RF signal was 100 % modulated and was 

perfectly confined in the gate. In addition, MUTC photodiodes can handle high power gated signal 

within a short period of time. High-power pulsed microwave signals can be generated using the 

setup. 

  

 

Figure 4-9. Normalized shape of (a) rectangle waveform; (b) pattern generator output waveform and (c) EDFA 

transient waveform. 

To estimate the received waveform and spectrum on an oscilloscope and spectrum analyzer, 
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the whole process was simulated in Matlab. The ideal periodic rectangle waveform can be 

generated as shown in Figure 4-9 (a). However, when it generates a very short pulse, the pattern 

generator will induce some distortion due to the speed limitation of the electrical components. Our 

pattern generator output waveform was obtained and fitted with a higher-order function. The 

electrical signal was converted to an optical signal with a MZM and the signal was amplified by 

an EDFA.  

For an EDFA, short and high-power pulses typically cause input signal saturation, which 

effectively decreases the population inversion by stimulating ions to lower energy levels in large 

numbers, hence causing the gain to decrease. When the input pulse is removed, the population 

inversion and gain return to the initial state. This effect is known as saturation induced gain 

modulation [98]. As shown in [99], EDFA transient effects can be modeled using the following 

equation: 

                                            
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
= 𝐾1exp [exp(−𝐾2𝑡)]                                                      (4.2) 

where K1 and K2 are constants that can be extracted from the measured output waveform of the 

EDFA [88]. The calculated normalized shape of the EDFA transient waveform is shown in Figure 

4-9 (c). Then, the simulated signal after the EDFA in the time domain was converted to signal in 

frequency domain by fast Fourier transform (FFT) and some centralization/normalizing operations. 

It should be noted the current signal needs to be transformed to a power signal.  After multiplying 

with the transfer function of the photodiode, which is shown in Figure. 4-4, the simulated spectrum 

can be obtained. Based on that, the time domain waveform can be calculated by shift/normalizing 

operations and inverse fast Fourier transform (IFFT). 
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Figure 4-10. Normalized output signal in (a) frequency domain and (b) time domain. 

The simulated output with 10 GHz RF carrier signals is shown in Figure 4-10, when the 

repetition rate is fixed at 20 MHz and the duty cycle is 5 %. To obtain the peak power, the simple 

way is to measure the power of the central line at the main lobe in the spectrum and then calculate 

according to equation (4.1) if we assume the gate signal is perfect. However, the gate signal applied 

on the optical signal differs slightly from a periodic rectangle waveform due to the pattern 
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generator distortion and EDFA saturation. The accurate way is to integrate all power lines in the 

power spectrum to obtain the average power and divide by the duty cycle. I calculated the peak 

power both ways for 10 MHz, 20 MHz and 30 MHz repetition rates. The deviation is less than 0.2 

dB, which is negligible. Therefore, we calculated the peak power in the first way during the 

measurement.  

 

Figure 4-11. Waveform of the pulsed RF signal at 4 GHz. Inset: Waveform of input optical signal. 

The normalized waveforms of the measured pulsed signals with 4 GHz RF carrier signals are 

shown in Figure. 4-11. The corresponding input optical signals are shown in the inset. Three pulse 

repetition rates were used: 30 MHz, 20 MHz, and 10 MHz with a 5 % fixed duty cycle. The 

corresponding pulse widths were 1.7 ns, 2.5 ns, and 5 ns, respectively. The waveforms were 

measured at reverse bias of -8 V and the average photocurrent of 2 mA. Note that a bias point 

controller was used to remove the bias point shift and mitigate signal oscillation in the off state. 
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The pulse distortion is primarily due to the pattern generator waveform distortion, cable loss and 

EDFA saturation [99]. 

 

Figure 4-12. Peak power measured at (a) 10 GHz, (b) 17 GHz and (c) 22 GHz with 30 MHz repetition rate for 

different photocurrents at room temperature; (d) Maximum peak power and bias voltage at different duty cycles. 

Figure 4-12 (a), (b) and (c) shows the peak powers of the pulsed 10, 17 and 22 GHz RF signals 

versus average photocurrent with different diameter devices. The experiments were conducted at 

room temperature at voltages in the range from -8 V to -32 V. The pulse repetition rate was fixed 

at 30 MHz and the duty cycle was 5 %. The peak power increases quadratically with the 

photocurrent before reaching saturation, which is primarily due to the space-charge effect. For a 

50-μm photodiode, the peak power begins to saturate at – 8 V and 11 mA average photocurrent as 
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shown in Figure. 4-12 (a). When the bias increases to −32 V, the maximum average photocurrent 

reaches 56 mA and the corresponding output peak power is 43.4 dBm. Larger bias voltage helps 

to mitigate the space-charge effect and thus enhances the peak power. The peak powers for gated 

modulation at 17 and 22 GHz are 41 dBm and 39.8 dBm for 40-μm and 34-μm photodiodes, 

respectively. The lower peak power at high frequencies is due to the larger current densities in 

smaller photodiodes. All the photodiodes failed before -32 V. Since avalanche breakdown for this 

device occurs at bias > -43 V as shown in the simulations, we concluded that the devices are limited 

by the thermal degradation rather than avalanche phenomena at 5 % duty cycle.  

Figure 4-12 (d) shows the maximum peak power and bias voltage versus different duty cycles 

with 30 MHz repetition rate at room temperature. The maximum peak powers were obtained by 

increasing the photocurrent and the bias voltage until the devices failed. It can be observed that 

the bias voltage is higher at failure with the lower duty cycle. As duty cycle increases from 5 % to 

100 %, the maximum peak power decreases by 11.3 dB and the maximum bias voltage decreases 

by 17.3 V. It can be concluded that thermal degradation is mitigated and the peak power is 

enhanced with decreasing duty cycle. 
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Figure 4-13. Peak power measured at (a) 10 GHz, (b) 17 GHz and (c) 22 GHz with 30 MHz repetition rate for 

different photocurrents at -10 ℃; (d) Maximum peak power at different repetition rate. 

In order to verify the above assumption that the peak power is limited by thermal degradation, 

the pulsed RF power was measured at -10℃ using a thermoelectric cooler. Figure. 4-13 (a), (b) 

and (c) show the peak powers for different photocurrent at -10 ℃. The photodiodes with 50 µm, 

40 µm and 34 µm diameter achieve peak powers of 44.2 dBm (26.3 W), 41.6 dBm (14.5 W) and 

40.6 dBm (11.5 W) at 10, 17 and 22 GHz, respectively. The peak power increases at low 

temperature. For duty cycle of 5 % and repetition rate of 30 MHz, the thermal degradation of 

photodiodes is more significant than junction breakdown. 

The relationship between maximum peak power and pulse width/repletion rate was also 
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studied. As shown in Figure. 4-13 (d), the maximum peak power increases from 38 dBm to 42.6 

dBm when the pulse repetition rate increases from 1 MHz to 30 MHz at -28 V and 5 % duty cycle 

for the 50 µm-diameter device. The peak power performance is improved with increasing 

repetition rate and decreasing pulse width because the shorter pulses forestall thermal failure and 

experience less gain saturation in the EDFA . The pulse width of the gate signal, the heat dissipation 

capacity and the saturation characteristics of the EDFA limit the maximum peak power. 

 

4.5 Conclusion 

In this chapter, we have demonstrated photonic microwave generation of high-power pulsed 

signals using flip-chip bonded MUTC photodiodes. The photodiodes were designed with 

avalanche breakdown voltage higher than 43 V. The pulse photoresponse of these photodiodes 

achieved peak voltage of 38.3 V and FWHM of 30 ps. The peak powers were 44.2 dBm (26.3 W), 

41.6 dBm (14.5 W) and 40.6 dBm (11.5 W) at 10, 17 and 22 GHz, respectively. These powers are 

the highest among literature. 
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Chapter 5 High-Power and High-Linearity Photodiodes at 

1064 nm  

5.1 Introduction  

In recent years, the 1064 nm wavelength has been widely used in quantum optical systems, 

coherent detection, medical treatments and photonic analog links, which benefit from the 

availability of ultra-stable and ultra-low noise Nd:YAG lasers [37, 38, 100]. In addition, ytterbium-

doped fiber amplifiers with broad gain bandwidth can boost output power to very high levels, 

offering the potential to build high-gain, low-noise 1064 nm analog optical links [39, 40] in which 

photodiodes with high bandwidth, high linearity, and high saturation current would be key 

components [101]. In order for these photodiodes to operate at high power, it is necessary to 

suppress the space-charge effect, which can cause the electric field in the depletion region to 

collapse. In addition, the generated heat at high bias and high current flow will lead to heating 

related performance degradation. At room temperature the photocurrent is typically much higher 

than the dark current. However, at high power level, dark current increases with temperature and 

the increased current then results in higher temperature, which can lead to thermal runaway [59]. 

Reducing the dark current is beneficial for high power operation. Linearity at high frequency is 

also critical for high-performance analog links in order to guarantee large spurious-free dynamic 

range. One figure of merit for linearity is the OIP3. The equivalent circuit analysis in [102] and 

[103] shows that the nonlinearities of MUTC photodiodes can be explained by the variation of the 

capacitance and responsivity with photocurrent and voltage. Previously, UTC photodiodes with 

OIP3 as high as 30 dBm at 39 GHz and 1550 nm wavelength have been reported [104]. However, 

comparable performance at 1064 nm has not been reported. 
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In this chapter I described two groups of back-illuminated charge-compensated MUTC  

photodiodes designed for operation at 1064 nm. The epitaxial designs and experimental results of 

the photodiodes are demonstrated. Bandwidth and linearity limiting factors are analyzed using an 

equivalent circuit model that extracts the parameters from S11 and Z11 measurements. Strong 

photocurrent- and voltage-dependence of the OIP3 is observed. 

 

5.2 1st Group of Photodiodes 

5.2.1 Device Design       

The epitaxial-layer structure of the back-illuminated photodiodes is shown in Figure. 5-1. The 

InGaAsP/InP wafers were grown by MOCVD on 2 inch-diameter semi-insulating InP substrate. 

First, a 1000 nm heavily n-doped (1×1019 cm-3) contact layer was grown. This was followed by a 

100 nm InP layer. A lightly doped drift layer with a thickness of 400 nm was deposited to reduce 

the junction capacitance. After the drift layer, an InP cliff layer was grown to tailor the electric 

field profile in the drift layer and the depleted absorber. In contrast to previous InGaAs/InP MUTC 

photodiode designs [64], InGaAsP was used as the absorber to decrease the dark current. The 

doping in the undepleted absorber was step-graded (5×1017 cm-3, 1.1×1018 cm-3, 2×1018 cm-3) to 

create a quasi-field that aids carrier transport. After another InGaAsP quaternary smoothing layer, 

a 100 nm InP cap layer was incorporated to block electrons. The top contact layer was p-type 

InGaAs with 2.0×1019 cm-3 Zn concentration. 
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Figure 5-1. Epitaxial layer configuration of InGaAsP/InP photodiode. 

The MUTC photodiodes were fabricated as double-mesa photodiodes using ICP etching. To 

avoid thermal failure and further increase the power handling capability of the photodiode, after 

wafer dicing, the chips were flip-chip bonded to AlN submounts with gold-plated coplanar 

waveguides. 

5.2.2 Device Characterization      

 Devices with diameters from 10 µm to 28 µm were fabricated and the corresponding dark 

current versus bias voltage curves are shown in Figure. 5-2. The dark current for the 10 µm-

diameter device was < 1 nA at -8 V. Compared to the traditional InGaAs absorber, the larger 

bandgap of InGaAsP is beneficial for reducing the dark current. The fact that the dark current 

varies linearly with the mesa diameter indicates that surface leakage is the dominate dark current 

mechanism. 

The capacitance was measured with an LCR meter at 100 kHz before bonding. The 
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capacitance consists of the junction capacitance (Cpn) and parasitic capacitance (Cst). Figure. 5-3 

shows the measured and calculated capacitance for different mesa areas. The capacitance measured 

at -8 V exhibits a linear relationship with area, which means the junction capacitance, Cpn, 

dominates the total capacitance. The parasitic capacitance, Cst, obtained from the intercept is 4.2 

fF.  Cpn agrees with the calculated capacitance when Cst is subtracted from the measured data.   

 

Figure 5-2. Dark current versus bias voltage curves of devices with diameters from 10 µm to 28 µm. 

 

Figure 5-3. Measured and calculated capacitances. 
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The scattering parameter S11 was measured up to 50 GHz with a vector network analyzer 

(VNA) and a ground-signal-ground (GSG) probe. A photodiode circuit model in Keysight ADS 

software was used to simulate the frequency response. CPWs incorporated with high impedance 

transmission lines were simulated by electromagnetic analysis in ADS and were included in the 

model.  

 

Figure 5-4. Measured S11 and fitting curves for photodiodes with: (a) 10 µm diameter; (b) 15 µm diameter; (c) 18 

µm diameter; (d) 20 µm diameter; (e) 24 µm diameter. 

The measured S11 (dotted lines) and fitted results (solid lines) for devices of different 

diameters at -6 V agree well on Smith Charts. A summary of the parameters that were measured, 

calculated, and extracted from fitting is shown in Table I. 
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Table 5-1. Measured and fitted parameters. 

                     

An optical heterodyne setup was used for the bandwidth measurement. The flip-chip bonded 

devices were mounted on a copper sink with a temperature of 20℃ for the bandwidth 

measurements. The measured responsivity was 0.46 A/W at 1064 nm. The bandwidth was 

measured at -6 V, where the junction is fully depleted. As shown in Figure. 5-5, the photodiodes 

with diameters of 15 µm, 18 µm, 20 µm, 24 µm and 28 µm exhibit 3-dB bandwidth of 55, 41, 32, 

27 and 22 GHz with 40 mA photocurrent, respectively. The ripples in the measured frequency 

response are from the multiple reflections of the signal at the GSG probe, the bias-tee, and the RF 

sensor head [105]. They affect the measurement more at high frequencies. Figure. 5-6 shows the 

frequency response for the 18 µm-diameter photodiode with 10 mA, 20 mA, and 40 mA 

photocurrent. Figure. 5-7 shows the simulated and measured bandwidths versus diameter. The 

transit time for this structure was obtained from the Apsys Crosslight Software and is 8 ps when 

the electric field is 100 kV/cm. The corresponding electron drift velocity is 0.95×107 cm/s in the 

InGaAsP depleted absorber. The overall simulation results (dash-dot line) take the high impedance 

transmission lines into consideration and match the measured bandwidth very well. The RC 

Diameter (µm)  10 µm 15 µm 18 µm 20 µm 24 µm  

Calculated 

Capacitance (fF) 

 
15.7 34.6 49.8 61.5 88.6 

 

Measured 

Capacitance (fF) 

 
19.79 38.03 56.1 65 91.8 

 

Capacitance from 

S11 fitting (fF) 

 

21 39 54 65 93 

 

Series resistance 

from S11 fitting 

(Ω) 

 

10 10 8 7.8 7.5 

 

Note that measured and extracted capacitance consist of the junction and parasitic 

capacitance. 
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component limits the bandwidth when the diameter is > 15 µm. There are two approaches that can 

be used to increase the bandwidth. The first is to decrease the RC product by increasing drift layer 

thickness. The second is to suppress the electric field in the depleted InGaAsP absorber by 

adjusting the cliff layer doping concentration, which would enable the electrons to travel at the 

overshoot velocity. 

 

Figure 5-5.  Measured frequency response of photodiodes with different diameters. 
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Figure 5-6.  Measured frequency response of 18 µm-diameter photodiode at different photocurrent. 

 
Figure 5-7.  Measured and simulated frequency response. 

The saturation characteristics were measured using the bandwidth setup described above. As 

shown in Figure. 5-8, the photodiodes with 15 µm-, 18 µm-, 20 µm- and 24 µm-diameter achieve 

saturation current of 80, 90, 127 and 139 mA at 55, 41, 32 and 27 GHz, respectively. All 
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measurements were conducted at -6 V. The corresponding RF saturation powers are 18.6, 19.4, 

23.4 and 24.4 dBm, respectively. As the photocurrent increases before saturation, the RF output 

power moves close to the ideal power because the self-induced field results in higher bandwidth. 

For many devices, the saturation phenomenon is due to the space charge effect, which causes the 

field to collapse in the depleted region. Higher bias voltage can suppress the space charge effect 

but also leads to higher power density. It should be noted that the 20 µm-diameter photodiodes die 

due to thermal failure before reaching 1 dB compression. This could be alleviated somewhat if the 

devices were bonded on diamond with higher thermal conductivity [64]. 
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Figure 5-8.  Output RF power and power compression at – 6 V bias voltage for photodiodes with: (a) 15 µm and 18 

µm diameter; (b) 20 µm diameter and 24 µm diameter. 

 

5.3 2nd Group of Photodiodes 

5.3.1 Device Design       

The back-illuminated MUTC photodiode structure was grown on a semi-insulating InP 

substrate by MOCVD. The epitaxial layers and band diagram are shown in Figure. 5-9 (a) and 

Figure. 5-9 (b). The growth began sequentially with 900 nm n-type doped InP contact layer, 250 

nm (1 × 1016 cm−3) and 200 nm (1.5 × 1016 cm−3) lightly n-doped drift layers. The double drift 

layer design was adopted to mitigate the space charge effect at high photocurrent level and thus 

improve the saturation power [106]. A 50 nm-thick InP cliff layer and two InGaAsP quaternary 

layers were incorporated between the InGaAs absorption region and the InP drift. The InGaAs 

absorbing region with a total thickness of 750 nm consists of a 200 nm lightly-doped layer and 

three undepleted absorber layers with step graded doping of 1 × 1018 cm−3, 2.4 × 1018 cm−3 and 5 
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× 1018 cm−3. A 100 nm InP blocking layer and a 50 nm p-type doped InGaAs contact layer complete 

the structure.  

Since the material demonstrates larger absorption coefficient to light at 1064 nm compared to 

1550 nm, there is strong absorption in the depleted absorber near the heterojunction at the side of 

incidence, which means that holes have longer transit time and holes transport limits the frequency 

response. To overcome this challenge, we have changed the thickness of the depleted and 

undepleted absorber sections to decrease the hole transit-time-limited bandwidth. The OIP3 will 

change with wavelength due to the change in the photo-generated carrier distribution profile, 

which will affect the photocurrent-dependent capacitance and thus affect the linearity. Using 

Matlab simulations, the doping and thicknesses of the cliff layer and the absorber were modified 

to achieve high linearity. With respect to the responsivity, the absorption coefficient and photon 

energy at 1064 nm are key design considerations. Crosslight simulations were used to design the 

absorber thickness and doping profile to ensure a responsivity of 0.63 A/W at 1064 nm. In summary, 

the thickness and doping of each layer were designed to optimize responsivity, bandwidth and 

linearity at 1064 nm. 
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Figure 5-9.  (a) Schematic cross section of InGaAs-InP MUTC photodiodes. (b) Band diagram of MUTC 

photodiodes. (c) Photomicrograph of photodiodes. (d) Photomicrograph of an AlN submount with CPW pads.  

Devices with diameters from 10 µm to 20 µm were fabricated using a double mesa method. 

The first mesa etch stopped at the n-contact layer, which defined the p-mesa. The second mesa was 

etched into the semi-insulating InP substrate. As shown in Figure. 5-9(c), the p-contact is a single 

metal contact pillar while the n-contact consists of several isolated contact pillars distributed 

evenly on the n-mesa. Figure. 5-9 (d) is a photograph of an AlN submount with six sets of CPWs 

corresponding to two photodiodes and four balanced-photodiode pairs on the InP chip. The white 
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dashed lines indicate the position of the InP chip after flip-chip bonding. The bonding contact 

design decreases the overlap between the RF signal pads on the AlN submount and the n-contact 

layer on the device and thus reduces the parasitic capacitance. 

5.3.2 Device Characterization       

 

Figure 5-10.  Dark current versus voltage for photodiodes with diameters from 10 to 20 μm. 

Figure. 5-10 shows the dark current versus bias voltage characteristics. The dark current were 

in the range 10−9∼10−7 A at −7 V. 

Figure 5-11 shows measured responsivity of a 10 µm-diameter photodiode when the input 

power increases from 1 mW to 20 mW. The measured responsivity is 0.63 A/W at 1064 nm and is 

independent of photodiode diameter when the bias is -7 V at room temperature. 
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Figure 5-11.  Measured responsivity of a 10 µm-diameter photodiode. 

 

Figure 5-12.  Measured frequency response of photodiodes with various diameters. 
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Figure 5-13.  Measured frequency response of a 16 µm-diameter photodiode. 

All devices under test were placed on a copper head sink. The frequency response was 

measured at -7 V at room temperature. As shown in Figure. 5-12, the 10 µm-, 14 µm-, 16 µm-, 18 

µm- and 20 µm-diameter photodiodes exhibit 3 dB bandwidths of 65 GHz, 58 GHz, 49 GHz, 46 

GHz, and 39 GHz, at 20 mA, 30 mA, 40 mA, 45 mA, and 50 mA photocurrent levels, respectively. 

The smaller devices exhibit larger peaking due to the high impedance transmission line. The 

frequency responses of the 16 µm-diameter photodiode for various photocurrents are shown in 

Figure. 5-13. One important figure of merit for photodiodes is the bandwidth efficiency product 

(BEP), which is the product of 3 dB bandwidth and quantum efficiency. The photodiode with 10 

µm-diameter exhibits a record high bandwidth efficiency product of 41 GHz at 1064 nm. 

As shown in Figure. 5-14, the photodiodes with 10 µm-, 14 µm-, 16 µm-, 18 µm- and 20 µm-

diameters exhibit 15 dBm, 17.1 dBm, 17.6 dBm, 18.9 dBm and 21.7 dBm RF output power, 

respectively, at -10 °C. The measured saturation characteristics are summarized in Table 5-2. It can 

be observed that the compression increases initially with the photocurrent due to the self-induced 

field and then drops due to saturation. The smaller devices exhibit larger current-induced field in 
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the absorption layer. It was shown that the potential gradient induced by the electric field is 

inversely proportional to the device active area [82]. 

 

 

Figure 5-14.  RF output power and power compression versus photocurrent for photodiodes with: (a) 10 µm-, 14 

µm-, (b) 16 µm-, 18 µm- and 20 µm- diameters. 
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Table 5-2. Saturation characteristics. 

 

The second-order and third-order intermodulation distortion was measured with a two-tone 

setup. The optical signal at 1064 nm was externally modulated at frequencies of f1 and f2 by Mach–

Zehnder modulators. The modulation depth was kept at a low value and the modulators were 

accurately biased at the quadrature point to minimize the nonlinear response of the modulators. 

The output fundamental signal at f1 and f2, the IMD2 signal at f2+f1 and the IMD3 signal at (2f2-

f1) and (2f1-f2) were detected by a spectrum analyzer.  

As shown in the Figure. 5-15, the measured fundamental power increases with the input power 

at a slope of 1, IMD2 increases with the input power at the slope of 2 and the IMD3 increases with 

the input power at the slope of 3. As shown in the Figure. 5-15 (a), the intercept power of linear 

extrapolations of IMD2 and fundamental power lines is defined as the OIP2. At 20 GHz, the 16 

µm-diameter photodiode achieves peak OIP2 value of 57 dBm at voltage of -7 V and photocurrent 

of 35 mA.  

The photocurrent-dependent OIP3 values under bias voltages of -5 V, -6 V and -7 V at 40 GHz 

are shown in the Figure. 5-15 (d). When the photocurrent is 29 mA, the 16 µm-diameter photodiode 

achieves peak OIP3 value of 33 dBm at -6 V.  

Diameter 
Measured 

frequency 

Saturation 

current 

Saturation 

power 

10 µm 60 GHz 40 mA 15 dBm 

14 µm 56 GHz 50 mA 17.1 dBm 

16 µm 49 GHz 59 mA 17.6 dBm 

18 µm 46 GHz 72 mA 18.9 dBm 

20 µm 39 GHz 95 mA 21.7 dBm 
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Figure 5-15.  (a) Measured fundamental power and IMD2 versus input power; (b) measured OIP2 versus 

photocurrent at 20 GHz for different bias; (c) measured fundamental power and IMD3 versus input power; (d) 

calculated and measured OIP3 versus photocurrent at 40 GHz for different bias. 

5.3.3 Nonlinear Analysis       

In order to evaluate the photocurrent- and voltage-dependent nonlinear effects, a theoretical 

model based on equivalent circuit analysis has been developed [107]. The 1-port S-parameters 

without illumination were measured with a vector network analyzer up to 50 GHz and a ground-

signal-ground probe. Figure. 5-16 (a) shows a photodiode circuit model developed in Advanced 

Design System software that includes the CPW simulation profile and the RC component. The Cpd, 

Rs, Rp, and RL parameters represent the junction capacitance, series resistance, junction resistance 

and load resistances, respectively. 

The measured S11 (solid lines) and fitted results (dotted lines) for a 16 µm-diameter 

photodiode from 100 Hz to 50 GHz agree well on Smith Charts. In the dark situation, the extracted 

Rs and Cpd are 10 Ω and 32 fF, respectively. It should be noted that the extracted capacitance is the 

same as the calculated value using the parallel-plate capacitance formula. 
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Figure 5-16.  (a) Equivalent circuit of the flip-chip bonded photodiodes. (b) Measured S11 (solid line) and fitting 

curves (dotted line) for a 16 µm-diameter photodiode. 
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Figure 5-17.  Calculated capacitance (left axis) and differential capacitance (right axis) from the imaginary part of 

the 16 µm-diameter photodiode impedance versus photocurrent at 40 GHz and bias voltages of: (a) -6 V and (b) -7 

V. 

Figure. 5-17 shows the 16 µm-diameter photodiode capacitance obtained from the imaginary 

part of the Z-parameter versus photocurrent at 40 GHz. The 1 port Z-parameter was characterized 

with the same setup as the S-parameter. The influence of the CPW was excluded from the 

impedance of the photodiode using Mason’s rule. The differential capacitance was obtained using 

polynomial fitting to the measured data. Initially the capacitance increases and then decreases, 

which means the current differential capacitance changes from positive to negative. The 

photocurrent increase will reduce voltage across the photodiode because the voltage drop across 

the series resistance becomes a larger portion of the total voltage, resulting in an increase of 

voltage-controlled capacitance. Therefore, the positive differential capacitance is observed due to 

the significant voltage drop caused by the series resistance. Under high optical illumination, the 

negative differential capacitance can be explained as the screening of the space-charge field within 

the depleted region. The photo-generated carriers in the depleted area screen the ionized donor and 



85 

 

acceptor charge. According to Poisson’s equation, the depletion region needs to penetrate into the 

high-doped region. We observe a differential capacitance of -0.05 fF/mA and -0.052 fF/mA at -6 

V and -7 V at 29 mA, respectively. . 

The 16 µm-diameter photodiode capacitance versus voltage at 40 GHz was also measured and 

is shown in Figure. 5-18. The voltage-dependent capacitance is due to the low doping 

concentration of the InGaAs absorption and InP drift layers. The large dependence of capacitance 

on voltage is attributable to Zn diffusion in the InGaAs layer. The voltage differential capacitance 

at -6 V is 0.2 fF/V.  

 

Figure 5-18.  Calculated capacitance (left axis) and differential capacitance (right axis) from the imaginary part of 

the 16 µm-diameter photodiode impedance versus bias voltage at 40 GHz and photocurrent of 29 mA. 

According to the circuit model in Figure. 5-16 (a), the current in the photodiode can be 

calculated from the following equation: 

                                                 𝐼𝑝ℎ = 𝐼𝐿 +
𝑑

𝑑𝑡
(𝐶𝑝𝑑 × 𝐼𝐿𝑅)                                                  (5.1) 

where IL is the current across the load and R is the sum of the series and load resistances. The 

one-tone setup was adopted in the circuit analysis for simplification [102] and the AC photocurrent 
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is given as: 𝐼𝑝ℎ = 𝐼0𝑒𝑗ω𝑡, where I0 is the product of the responsivity, the average optical input 

power, and the modulation depth. It has been previously reported [103] that the effect on OIP3 

caused by voltage- and photocurrent-dependent responsivity is negligible at high frequency. To 

take the voltage- and photocurrent-dependent capacitance into consideration, the junction 

capacitance is defined as 𝐶𝑝𝑑 = 𝐶0 +
𝜕𝐶

𝜕𝑉
× 𝛥𝑣 +

𝜕𝐶

𝜕𝑖
× 𝛥𝑖 = 𝐶0 +

𝜕𝐶

𝜕𝑉
× (𝑖𝐿𝑅) +

𝜕𝐶

𝜕𝑖
× 𝛥𝑖𝑝ℎ  with 

static capacitance C0. The current equation based on the circuit model can be obtained by 

substituting the photocurrent across the photodiode and the junction capacitance into (5.1). IL can 

be expressed in a harmonic series of i1e
jωt +i2e

2jωt +i3e
3jωt+…. Matching both sides of the terms 

with the same frequency, the fundamental, second-order harmonic and third-order harmonic 

current components can be expressed as:  

                                                                    𝐼1 =
𝐼0

1+𝑗ω𝑅𝐶𝑝𝑑
                                                           (5.2) 

                                                     𝐼2 = −2𝑗ω ×
𝑖1

2𝑅2
𝜕𝐶𝑝𝑑

𝜕𝑉
+𝑖1𝐼0𝑅

𝜕𝐶𝑝𝑑

𝜕𝑖

1+2𝑗ω𝑅𝐶𝑝𝑑
                                          (5.3)         

                                                       𝐼3 = −3𝑗ω ×
2𝑖1𝑖2𝑅2

𝜕𝐶𝑝𝑑

𝜕𝑉
+𝑖2𝐼0𝑅

𝜕𝐶𝑝𝑑

𝜕𝑖

1+3𝑗ω𝑅𝐶𝑝𝑑
     .                                 (5.4) 

The measured IMD3 with the two-tone setup is 9.6 dB larger than the ideal simulated result 

with the one-tone setup because the coefficient of cos(2ω2-ω1) after expanding [cos(ω1) + cos(ω2)]
3 

is 3 times as large as the coefficient of cos(3ω1). In order to compare with the measured two-tone 

OIP3, a factor of 4.8 dB should be subtracted from the simulation result. The calculated OIP3 

based on (5.2)-(5.4) due to the capacitive effect is 34.2 dBm and 33.2 dBm under -6 V and -7 V at 

29 mA, respectively. The third-harmonic distortion calculation achieves close agreement with the 

measurement. The slight difference can be explained as the variation of the S-parameter of the 

CPW and the difference between the inductive peaking design and the device fabrication. 
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The above analysis indicates that the voltage- and photocurrent-dependent capacitance are 

two primary factors that impact the linearity of this MUTC structure. The nonlinear characteristics 

can be further improved by increasing the doping concentration in the undepleted absorber and 

reducing Zn diffusion into the depleted absorber, which will reduce the change in depletion depth 

and capacitance with voltage. Additionally, a small series resistance is helpful to minimize the 

photocurrent-controlled capacitance and can thus enhance the OIP3. 

 

5.4 Conclusion 

In this Chapter, two groups of high-speed, high-power and high-linearity photodiodes working 

at 1064 nm were designed and investigated. The photodiodes in the 1st group exhibited responsivity 

of 0.46 A/W and low dark current of 1 nA at -8 V. The 15 µm-, 18 µm-, 20 µm- and 24 µm-diameter 

photodiodes achieved bandwidths of 55, 41, 32 and 27 GHz with saturation RF power of 18.6, 

19.4, 23.4 and 24.4 dBm, respectively. Frequency response analysis using parameters extracted 

from S11 measurements showed that the RC component is the primary limiting factor for devices 

with diameter > 15 µm. 

Based on the analysis of the 1st device group, the redesigned 2nd group showed a higher 

responsivity of 0.63 A/W and improved bandwidth. The photodiode exhibited a record high 

bandwidth efficiency product of 41 GHz at 1064 nm. The RF output power and bandwidth of 

photodiodes in the 2nd group with diameters of 10 µm and 20 µm were 15 dBm at 60 GHz and 

21.7 dBm at 39 GHz, respectively. The measured third-order output intercept point showed a high 

linearity of 33 dBm at 40 GHz. A circuit analysis based on Z-parameter extraction indicated that 

voltage-dependent and photocurrent-dependent capacitance components are major nonlinear 

mechanisms.
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Chapter 6 High-Performance Analog Photonic Link 

6.1 Introduction 

Analog photonic links are promising alternatives to coaxial cable systems  commercial 

wireless telecommunication networks, fiber-optic antenna remoting, and phased-array radar 

systems since optical fibers provide large bandwidth, low loss, superior immunity to 

electromagnetic interference, and reduced size [1, 2]. In recent years, the 1064 nm wavelength has 

attracted attention for photonic systems as a result of the availability of ultra-low noise Nd:YAG 

lasers and high-power ytterbium-doped fiber amplifiers. These devices offer the potential for high-

gain and low-noise 1064 nm analog optical links [39, 40]. For 5G mobile networks [108, 109] and 

remote sensing [110, 111] applications, the Ka frequency band (26.5–40 GHz) has been 

increasingly used due to the large available bandwidth and capability of high-resolution radar. 

Previously, a 1064 nm RF photonic link with gain of -15 dB was demonstrated at 30 GHz [112]. 

The intensity modulation with direct detection scheme with an external intensity optical 

modulator is commonly used in analog photonic links. For IM/DD links, much work has been done 

to improve the gain, the noise figure, and the spurious free dynamic range [113-115], which are 

three key figures of merit of an analog photonic link. In order to reduce noise, balanced detection 

can be used to cancel the relative intensity noise from the laser and the amplified spontaneous 

emission noise from a YDFA [41]. In addition, balanced detection has advantages in suppression 

of even-order harmonics and doubling the optical power handling capability of a photonic link [44, 

116]. Another approach to reduce noise and enhance signal-to-noise ratio (SNR) is the low-bias 

modulation technique, which can suppress the optical carrier power [117, 118]. In [119], this 

approach achieved record noise figure and gain in the 6–12 GHz band. However, it should be noted 
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this improvement is achieved at the price of increased even-order distortion. In order to improve 

linearity and the link SFDR, methods to suppress intermodulation distortion, such as optical carrier 

band processing [120], parallel Mach–Zehnder modulators [121] and digital signal post-processing 

[122], have been demonstrated in IM/DD links. However, the gain and noise figure usually 

significantly degrade due to the loss contributed by the additional components. 

High-power photodiodes are key components in analog photonic links as the figures of merit 

of the link are generally improved at high photocurrent. Linearity at high frequency is also critical 

in order to achieve large SFDR.  

In this chapter, I demonstrate two analog photonic links with different noise reduction 

techniques without electronic amplification. In the first link, I use balanced detection with a 

quadrature-biased Mach–Zehnder modulator for noise cancellation. The second link works at low 

bias modulation for improved signal-to-noise ratio with a single photodetector. 

 

6.2 Figures of Merit 

Several figures of merit are used to determine a high-performance photonic link, which 

include link gain, noise figure and dynamic range. The definitions and measurement techniques of 

these figures of merit are introduced in this section. 

6.2.1 Link Gain 

Link gain substantially impacts the noise figure and dynamic range. It is defined as the ratio 

of the output RF signal power from the photodetector to the input RF signal power into the optical 

modulator. For a photonic link using an intensity modulator, the small-signal RF gain g can be 

expressed as [2]: 
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                                     𝑔 =
𝑃𝑅𝐹,𝑜𝑢𝑡

𝑃𝑅𝐹,𝑖𝑛
=

𝛽2𝐼𝑑𝑐
2 sin2(∅𝑑𝑐)𝑍𝑜𝑍𝑖𝑛𝜋2

𝑉𝜋
2[1+βcos(∅𝑑𝑐)]2 |𝐻𝑝𝑑|

2
                                       (6.1) 

where 𝐼𝑑𝑐, ∅𝑑𝑐, 𝑍𝑜, 𝑍𝑖𝑛, 𝑉𝜋 and |𝐻𝑝𝑑| are the dc photocurrent, phase shift created by the DC bias 

on the MZM, load impedance, input impedance of the MZM, halfwave voltage of the MZM, and 

transfer function of the photodetector, respectively. β is related to the extinction ratio (δ) of the 

MZM as  β =
𝛿−1

𝛿+1
 , Equation (6.1) illustrates that the gain increases quadratically with the 

photocurrent for a given value of 𝑉𝜋 and bias point of the modulator.  

When the modulator is biased away from quadrature toward its null point, the RF gain for the 

low-biased link is higher than that for the quadrature-biased link as shown in (6.1). 

During the measurement, the RF signal is generated by a signal generator. The output of the 

signal after photodiodes is measured by an electrical spectrum analyzer. Then, RF link gain can be 

calculated according to (6.1). It should be noted that the cable loss between signal generator and 

MZM and loss between ESA and the probe need to be calibrated.  

6.2.2 Noise Figure 

The noise figure, NF, is a measure of the degradation of the signal-to-noise ratio. NF can be 

expressed as [65]: 

                                                        𝑁𝐹 = 10log (
𝑁𝑜𝑢𝑡

𝑔𝑘𝑇𝑠𝐵
)                                                     (6.2) 

where 𝑘, 𝑇𝑠, 𝐵, 𝑔 and 𝑁𝑜𝑢𝑡 are Boltzmann’s constant, standard noise temperature, the resolution 

bandwidth, link gain, and total output noise of the photodiode, respectively. The total noise consists 

of thermal noise from the photodiodes, amplified thermal noise, shot noise, RIN from laser, and 

ASE noise from the YDFA. It can be expressed as [2]: 

𝑁𝑜𝑢𝑡 = (1 + 𝑔)𝑘𝑇𝑠𝐵 + 2𝑞𝐼𝑑𝑐𝑍𝑜|𝐻𝑝𝑑|
2

𝐵 
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                                          + [𝑅𝐼𝑁𝐿𝑎𝑠𝑒𝑟 +
2ℎ𝑓0𝐹0

𝑃𝑖𝑛
+ (

ℎ𝑓0𝐹0

𝑃𝑖𝑛
)2𝐵0] 𝐼𝑑𝑐

2 𝑍𝑜|𝐻𝑝𝑑|2𝐵                               (6.3) 

where 𝑅𝐼𝑁𝐿𝑎𝑠𝑒𝑟 , ℎ , 𝑓0 , 𝐹0 , 𝑃𝑖𝑛  and 𝐵0  are laser RIN, Planck’s constant, optical frequency, 

noise factor of the YDFA, optical input power into the YDFA, and optical bandwidth, respectively. 

The first term on the right-hand side is the total thermal noise including amplified input 

thermal noise and the thermal noise generated in the photodiode. The second term represents the 

shot noise. The laser RIN, YDFA noise due to signal-spontaneous beating, and YDFA noise due to 

spontaneous-spontaneous beating are included in the third term.  In our experiment, the laser noise 

is relatively low. A narrow bandwidth optical filter was used to suppress the spontaneous-

spontaneous beat noise from the YDFA. Therefore, the primary excess noise was the signal-

spontaneous beat noise. It should be noted that the noise from the YDFA can be mitigated by high 

input optical power. Balanced detection can reduce the common-mode noise, but it relies on 

matching of the two optical paths. In addition, both the shot-noise-induced and RIN-induced noise 

components can be reduced by the low bias technique due to high gain as shown in (6.2). 

Typically, there are three methods to measure the noise figure, the noise figure meter method, 

the gain method and the Y factor method. In this work, the gain method was adopted to measure 

the noise figure as RF gain is known at a fixed current in the analog photonic link. 

The thermal noise power at the input of the link can be expressed as: 𝑃𝑖𝑛 = 𝑘𝑇𝑠𝐵. At room 

temperature (290 K), the noise power spectral density is  -174 dBm/Hz. The equation (6.2) can be 

simplified as following: 

                                         𝑁𝐹 = 𝑁𝑜𝑢𝑡 + 174 𝑑𝐵𝑚
𝐻𝑧⁄ − 𝑔                                                (6.4) 

where 𝑁𝑜𝑢𝑡 is the measured total output noise power spectral density and 𝑔 is the link RF gain in unit 

of dB. 
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6.2.3 Spurious Free Dynamic Range 

The SFDR characterizes the range of output powers over which all spurious signals are less 

than or equal to the output noise floor. The SFDR depends on the output noise, nonlinearity of the 

MZM, and the linearity of the photodiodes. The SFDR3 is important because the third-order 

intermodulation distortion signal is commonly within the bandwidth of the narrow electrical filter 

in a suboctave system and it can be expressed as: 

                                                                 𝑆𝐹𝐷𝑅3 = (
𝑂𝐼𝑃3

𝑁𝑜𝑢𝑡
)

2

3
                                                        (6.5) 

where OIP3 is the third-order intercept point. If the nonlinearity of the photodiode is taken into 

consideration, the cascade OIP3 for two nonlinear devices is given as [2]: 

                                         𝑂𝐼𝑃3 = (
[1+βcos(∅𝑑𝑐)]2

4𝛽2𝐼𝑑𝑐
2 sin2(∅𝑑𝑐)𝑍𝑜|𝐻𝑝𝑑|

2 +
1

𝑂𝐼𝑃3𝑝𝑑
)−1                                       (6.6) 

where 𝑂𝐼𝑃3𝑝𝑑 is the OIP3 for photodiode. Equation (6.6) describes the impact that a nonlinear 

photodiode with third-order output intercept points will have on an IM/DD system. The intercept 

point of a particular photodiode will be a function of dc photocurrent and bias voltage. The OIP3 

depends on the bias point of the modulator, the link gain, and linearity of photodiode. 

The measurement method for OIP3 has been shown in Chapter 3. With the OIP3 value and 

measured output noise power spectral density, the SFDR3 can be calculated according to equation 

(6.5). 

 

6.3 Balanced Photodiodes Performance 

6.3.1 Device Design 

To cancel the common mode noise in the photonic link, I designed balanced photodiodes as 
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shown in Figure. 6-1, using the same epi as shown in Figure. 5-9 (a). For this work, the photodiode 

chips are flip-chip-bonded to diamond submount by thermo-compression Au-Au bonds with 

coplanar waveguides. 

 

Figure 6-1. Photomicrograph of balanced photodiodes. 

For balanced detection, when the input signals are in differential mode, the output signals are 

added. When the input signals are in common mode, the output signals are cancelled. As shown in 

the photomicrograph, the distance between the two photodiodes is 250 µm, which matches the 

distance between lenses of the fiber array. Compared to two discrete photodiodes connected with 

an external circuit, the monolithic integration provides compact size, better RF performance and 

higher common mode suppression ratio. 

CMRR is an important figure of merit, which is defined as the difference between the 

differential mode and common mode RF output power [123]. It is used to characterize the 

similarity of the two photodiodes in a balanced configuration and how well the common mode 

noise can be cancelled in a photonic link. The asymmetrical parts in the device design or the RF 

probe design usually cause the differences of the frequency response for two devices. Therefore, 

the symmetrical design of the coplanar waveguide and the chip is required for high CMRR. 
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Figure 6-2. (a) Old version CPW design for our balanced photodetector; (b) New version CPW design for the 

balanced photodetector. 

In the old version, the CPW design in Figure. 6-2 (a), both the RF grounds and the RF signals 

are not symmetric. To improve the similarity and RF performance of our balanced photodetector 

at high frequency, I designed a new CPW for the balanced photodetector. In the new design, the 

structure of the CPW is symmetric. 

 

Figure 6-3. Simulated RF output power for (a) Old version CPW design; (b) New version CPW design. 
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To verify that, the simulation for the differential mode and common mode RF output power 

were conducted in ADS.  As shown in Figure 6-3, the common mode RF output is lower for the 

new version of the CPW design at different frequency and thus the CMRR is higher. Therefore, 

the symmetric design was adopted to improve the noise cancellation ability at high frequency.  

6.3.2 Device Characterization 

The frequency response for balanced photodiodes was measured using an optical heterodyne 

setup. Light from two lasers near 1064 nm wavelength was used to generate a beat signal with 

~100% modulation depth. The beat frequency was tuned by changing the temperature and thus the 

wavelength of one laser. The signal was then split into two branches. The signal was monitored by 

a commercial photodiode and a spectrum analyzer at the first branch. The second output branch 

was amplified by an YDFA and the output signal power was adjusted by an optical attenuator. The 

signal was then divided equally to feed the balanced pair of photodiodes via a coupler. A variable 

optical delay line (ODL) in one of the paths was used to control the phase difference of the optical 

signals. The RF power from the photodiode was detected by an RF power meter. All devices under 

test were placed on a copper heat sink at room temperature. The measured responsivity for a 

discrete photodiode was 0.63 A/W at 1064 nm when the bias was -7 V as shown in Chapter 5.. 
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Figure 6-4.  Measured frequency response of photodiodes with various diameters. 

The bandwidth was measured at −7 V, where the device was fully depleted. As shown in 

Figure. 6-4, the 10 µm-, 14 µm-, 16 µm-, and 18 µm-diameter balanced photodiodes exhibit 3-dB 

bandwidths of 38 GHz, 29 GHz, 27 GHz and 24.5 GHz, respectively, at 20 mA photocurrent level. 

The smaller devices exhibit larger inductive peaking due to the high impedance transmission line. 

The bandwidths of 14 µm-, 16 µm- and 18 µm-diameter photodiodes are approximately half the 

bandwidths of the discrete photodiodes with the same diameters. This is due to the fact that the 

balanced design has twice the capacitance of a single photodiode and the bandwidth of these 

photodiodes is primarily RC limited. 
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Figure 6-5.  Measured frequency response of photodiodes with various diameters. 

Figure. 6-5 shows the differential mode and common mode RF output power of a 10 μm-

diameter balanced device at -7 V bias voltage and 6 mA photocurrent level. The CMRR remains 

above 30 dB for frequencies up to 30 GHz and is close to 25 dB at 38 GHz. The CMRR drops as 

the frequency increases due to the decrease of the RF output power and increasing divergence of 

the two photodiodes. 
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Figure 6-6.  CMRR for devices with 18 μm-, 16 μm- and 14 μm-diameter. 

For balanced photodiodes with 18 μm-, 16 μm- and 14 μm-diameter, CMRR is close to 35 dB 

at low frequency and remains above 25 dB for frequencies below the 3 dB bandwidth point as 

shown in Figure. 6-6. 
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Figure 6-7.  RF output power and power compression versus total photocurrent for balanced photodiodes with: (a) 

10 µm-, 14 µm-, (b) 16 µm- and 18 µm-diameters. 

The RF saturation characteristics were measured using the heterodyne setup described above. 

The saturation power was measured where the RF output power deviates 1 dB from the ideal square 

relationship between output power and photocurrent. As shown in Figure. 6-7, the photodiodes 

with 10 µm-, 14 µm-, 16 µm-, and 18 µm-diameter achieve 17.7 dBm, 19.8 dBm, 20.7 dBm and 

22 dBm RF output powers with 74 mA, 98 mA, 104 mA and 120 mA saturation currents at 38, 29, 

27 and 24.5 GHz, respectively. The current value is the total photocurrent flowing in the balanced 

photodiodes.  
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Figure 6-8.  State-of-the-art maximum RF output power for balanced photodiodes versus frequency. 

Figure. 6-8 shows the state-of-the-art RF output power versus frequency of balanced 

photodiodes [123-126]. The balanced photodiodes with optimized design in this work exhibit 

record-high RF output power in the Ka frequency band.  

 

Figure 6-9.  Measured OIP3 of balanced photodiodes at 38 GHz. 
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A two-tone OIP3 measurement setup was used for linearity characterization. During the 

measurement, the modulators were accurately biased at the quadrature point and the modulation 

depth was kept at a low value to avoid nonlinear influence from the modulators. The fundamental 

and third-order intermodulation distortion signals were measured with a spectrum analyzer. 

The photocurrent dependence of OIP3 under reverse bias voltages of 5 V, 6 V, and 7 V at 38 

GHz is shown in Figure. 6-9. At a bias voltage of -7 V, OIP3 was higher than 30 dBm for total 

currents up to 70 mA, and a peak value of 34 dBm was measured at photocurrent of 36 mA. 

According to the previous analysis, the voltage- and photocurrent-dependent capacitance dominate 

the linearity of this MUTC structure at high frequency. 

 

6.4 Balanced Link Configurations 

 

Figure 6-10.  Experimental setup for balanced analog photonic link. 

Figure 6-10 shows the experimental setup of the IM/DD balanced analog link that uses 

balanced detection. A high-power and narrow-linewidth CW laser working at 1064 nm was used 

as the source. The maximum output power of the laser is 20 dBm and its maximum RIN is -160 

dBc/Hz. After a polarization controller, the light was coupled into an MZM. The Vπ of this MZM 

is 4 V and its bandwidth is 40 GHz. A bias controller was used to ensure that the MZM was locked 
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at its quadrature point. The light was then amplified by a YDFA and split into two branches. In 

each branch of the link, an optical tunable filter (OTF) was used to remove spontaneous-

spontaneous beat noise and an optical delay line was used to adjust phase. Light was coupled into 

the balanced photodiode with a fiber array. The output RF signal was measured by an electrical 

spectrum analyzer. 

An ideal IM/DD link using a dual-output MZM has the potential to cancel RIN from the laser 

and ASE noise from the YDFA. However, a dual-output MZM that can handle high-power and 

high-speed optical signals at 1064 nm was not available. One concern for this link is the mismatch 

between the two optical paths in differential mode. This can degrade the common-mode noise 

cancellation. 

 



103 

 

 

Figure 6-11.  Noise figure and gain versus total photocurrent for balanced links using photodiodes with: (a) 10 µm-, 

(b) 14 µm-, (c) 16 µm- and (d) 18 µm-diameters. 

The links using balanced photodiodes with 10 µm-, 14 µm-, 16 µm- and 18 µm-diameters 

were characterized at their 3 dB bandwidth point as shown in Figure. 6-11. For the link using 10 

µm-diameter devices as shown in Figure. 6-11 (a), the link gain increases with the increasing 

photocurrent, and then saturates due to the space charge effect. The noise figure decreases as the 

photocurrent increases from 10 mA to 50 mA. For photocurrent greater than 50 mA, the noise 

figure is relatively constant owing to the increase of output noise. When the bias voltage is -7 V, 

the link gain is 6.8 dB and the noise figure is 25.8 dB at 38 GHz and 72 mA. The links utilizing 

14 µm-, 16 µm- and 18 µm-diameter balanced photodiodes exhibit link gain of 9.2 dB, 9.6 dB and 

11 dB and noise figure of 22.6 dB, 22.4 dB and 21.8 dB at 29 GHz, 27 GHz and 24.5 GHz, 

respectively. 
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Figure 6-12.  Calculated thermal noise, shot noise and laser noise powers and measured noise power spectral density 

at different photocurrents at 24 GHz. 

Figure 6-12 shows the power spectral density of the calculated thermal noise, shot noise, laser 

noise, YDFA noise [2], and the measured noise. The thermal noise in the link includes the 

photodiode thermal noise and amplified thermal noise. The amplifier thermal noise gradually 

begins to dominate at high photocurrent due to high RF gain. The total thermal noise is 

approximately 13 dB lower than the spectrum analyzer noise floor at 100 mA. The RIN of our 

laser is less than −160 dBc/Hz at frequencies beyond 100 MHz and the calculated noise is much 

lower than the YDFA ASE noise. In addition, the value and increasing rate of shot noise are both 
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lower than the ASE noise. Since most of the spontaneous-spontaneous beat noise was filtered, we 

believe that the signal-spontaneous ASE beat noise from the YDFA dominates the link noise. It 

can be verified that the measured noise for the link using discrete photodiodes is close to the 

calculated ASE noise. It should be noted that noise for the balanced link is lower than for the link 

using a discrete photodiode. This is because part of common mode noise is cancelled by the 

balanced detection. However, the noise is not totally suppressed despite the high CMRR for the 

balanced photodiode due to the differences in the optical paths in the link setup. 

 

Figure 6-13.  The link SFDR at 38 GHz versus bias voltages and photocurrents. 

To characterize the linearity of the balanced photonic link using 10 µm-diameter photodiodes, 

the OIP3 was measured at 38 GHz and SFDR3 was calculated according to (6.5). SFDR3 remains 

near 114 dB·Hz2/3 at -5 V, -6 V and -7 V as shown in Figure. 6-13. The SFDR3 is relatively 

independent of photocurrent because the link noise is primarily limited by ASE noise. For a 

common-mode noise-limited link, the SFDR3 only depends on the relative intensity noise value 

and Vπ of the modulator as shown in [2]. 



106 

 

 

6.5 Low-Biased Link Configurations 

 

Figure 6-14.  Experimental setup for low-bias photonic link. 

An experimental setup for a low-bias analog photonic link is shown in Figure. 6-14. A high-

power laser working at 1064 nm was used as the source. The RF signal was created by the MZM, 

which was biased at a low-bias point. The low-bias modulation technique improves the SNR at the 

cost of low output optical power after the MZM. A YDFA with maximum output power of 30 dBm 

was used to compensate the optical loss from the modulator. The excess noise of the YDFA was 

reduced with narrow bandwidth optical. Following the YDFA, an optical attenuator controlled the 

optical power input to the photodiode. The output noise power spectral density was measured with 

a spectrum analyzer. 
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Figure 6-15.  Gain and noise figure at 25 GHz and 20 mA photocurrent versus bias point. 

In order to demonstrate the gain improvement that can be achieved using the low-bias scheme, 

the link gain and noise figure were measured at different bias points as shown in Figure. 6-15. The 

photocurrent and frequency of the input RF signal were fixed at 20 mA and 25 GHz, respectively. 

The ASE noise from the YDFA dominates under these conditions. From Figure. 6-15, the measured 

gain agrees well with the gain calculated using equation (6.1). The RF gain for the low-biased link 

is approximately 21 dB higher than that for the quadrature-biased link. The increased RF gain for 

the low-biased link is achieved at the cost of increased output noise power, owing to the decrease 

of optical input power into the YDFA according to (6.3). However, the RF gain increases faster 

than the noise, and the RF noise figure for the low-biased link is 17 dB lower than that for 

quadrature-biased link. When the bias point moves closer to the null point, the link gain degrades 

quickly.  
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Figure 6-16.  Noise figure and link gain versus photocurrents at: (a) 26 GHz and (b) 38 GHz. 

The link performance was characterized at 26 GHz and 38 GHz by increasing the photocurrent. 

The modulator bias point was fixed at 172° to achieve the minimum input power for the YDFA as 

well as improved gain and noise figure. At 26 GHz and -8 V bias, the gain increases with increasing 

photocurrent and then saturates at ~40 mA. The low-biased link exhibits more RF power 

compression, and the gain begins to saturate at lower photocurrent [36]. This is attributed to the 

high modulation depth in the low-biased link. The link achieves gain of 19.3 dB and noise figure 

of 14.5 dB at 26 GHz. Lower gain is observed at 38 GHz. The lower gain at higher frequency is 

consistent with the photodiode characteristics. When the bias voltage is -8 V, the noise figure is 17 

dB and the gain is 17 dB at 38 GHz. 
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Figure 6-17.  State-of-the-art (a) link gain and (b) noise figure as a function of frequency at 1550 nm and this work 

at 1064 nm. Hollow markers: low-biased intensity-modulated links; solid markers: quadrature-biased intensity-

modulated links with balanced detection; half-filled markers: phase-modulated (PM) links. The links are 

ampliferless analog photonic links. 

Figure. 6-17 summarizes gain and noise figure results for analog photonic links, including 

low-biased IM links [114, 119, 127-130], quadrature-biased IM links with balanced detection [114, 
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131, 132], and PM links [101, 128]. Our low-biased links achieve record-high link gain and low 

noise figure in the Ka frequency band. A distinct disadvantage of biasing the modulator away from 

quadrature is that it results in strong generation of second-order distortion, thereby limiting the 

operational bandwidth. Balanced detection can provide a higher dynamic range with slightly lower 

link gain and higher noise figure. Low-biased IM links are suitable for suboctave systems while 

the IM links with balanced detection can achieve wideband operation. 

 

6.6 Conclusion 

In this chapter, high-power balanced MUTC photodiodes and their performance in analog 

fiber photonic links have been demonstrated at 1064 nm. The RF output power and bandwidth of 

balanced photodiodes with diameters of 10 µm and 18 µm were 17.7 dBm at 38 GHz and 22 dBm 

at 24.5 GHz, respectively. These photodiodes also demonstrated high OIP3 of 34 dB and CMRR 

of 25 dB at 38 GHz. A quadrature-biased balanced link achieved gain of 6.8 dBm, noise figure of 

25.8 dB and SFDR3 of 114 dB·Hz2/3 at 38 GHz. Under low-bias modulation, the analog fiber 

photonic link achieved record 17 dB gain and 17 dB noise figure at 38 GHz.
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

The primary focus of my work has been to improve the performance of the CC-MUTC 

photodiodes and demonstrate their capabilities in analog photonic links. Photonic generation of 

high-power CW and pulsed RF signal is shown. Besides work at 1550 nm, the 1064 nm has been 

exploited as the promising operating wavelength for photonic links. 

To mitigate heating issue at high power level, I have extended a flip-chip bonding technique 

using CVD diamond. The CC-MUTC photodiodes flip-chip bonded on diamond submounts 

exhibited 22.3 dBm output power at 50 GHz and 24.3 dBm output power at 41 GHz. These devices 

achieved record high RF output in frequency range from 30 GHz to 50 GHz Compared with 

previously reported “champion” results, the devices on diamond submounts achieved ~57% higher 

RF output power and ~36 % higher failure power. 

For pulsed illumination, the photodiodes were designed and demonstrated with a high 

avalanche breakdown voltage as well as suppressed space charge effect. The pulse photoresponse 

without RF modulation of these photodiodes achieved peak voltage of 38.3 V and full width at 

half maximum of 30 ps. The peak powers levels for gated modulation were 44.2 dBm (26.3 W), 

41.6 dBm (14.5 W) and 40.6 dBm (11.5 W) at 10, 17 and 22 GHz, respectively. These powers are 

the highest among literature. 

Two groups of back-illuminated high-speed, high-power and high-linearity photodiodes were 

designed and investigated at 1064 nm. The photodiodes in the 1st group exhibited relatively low 

responsivity of 0.46 A/W and low dark current of 1 nA at -8 V. The photodiodes with diameters of 

15 µm, 18 µm, 20 µm and 24 µm from achieved 3 dB bandwidths of 55, 41, 32 and 27 GHz with 
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saturation RF power of 18.6, 19.4, 23.4 and 24.4 dBm, respectively. Analysis using a simple 

equivalent circuit model based on extracted parameters from S11 fitting data suggests that the 

bandwidths of the photodiodes are limited by the RC component with diameter > 15 µm. Based 

on the analysis of the 1st device group, the redesigned 2nd group showed a higher responsivity of 

0.63 A/W and improved bandwidth. The 2nd group photodiode exhibited a record high bandwidth 

efficiency product of 41 GHz at 1064 nm. The device with diameters from 10 µm to 20 µm 

achieved saturation power from 15 dBm to 21.7 dBm at frequency from 60 GHz to 39 GHz. The 

measured third-order output intercept point showed a high linearity of 33 dBm at 40 GHz. A circuit 

analysis based on Z-parameter extraction indicates that voltage-dependent and photocurrent-

dependent capacitance components are two major nonlinear mechanisms. 

The balanced photodiodes with diameters from 10 µm to 18 µm delivered saturation power 

from 17.7 dBm to 22 dBm at frequency from 38 GHz to 24.5 GHz. These photodiodes also 

demonstrated high OIP3 of 34 dB and CMRR of 25 dB at 38 GHz. These high-power photodiodes 

were used to demonstrate a high-gain, low-noise figure, and high-linearity analog photonic link at 

1064 nm. Two configurations with different noise reduction techniques without electronic 

amplification in the Ka-band were demonstrated. A quadrature-biased balanced link achieved gain 

of 6.8 dBm, noise figure of 25.8 dB and SFDR3 of 114 dB·Hz2/3 at 38 GHz. The low-bias fiber 

photonic link achieved record 17 dB gain and 17 dB noise figure at 38 GHz.   

 

7.2 Future Work 

7.2.1 High-Power RF Signals Generation 

Chapter 4 demonstrates the optical generation of high-power pulsed RF signals. The peak 

power of the entire system is primarily limited by the performance of photodiodes. In order to 
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enhance the power handling capability of our photodetector, one approach is further optimization 

of the epitaxial layer design. Another promising method is to integrate a group of independent 

photodiode units and distribute the incident optical power to them. Previously, a parallel 

connection of multiple photodiodes to form an array has been deployed [133]. However, 

improvement in output power usually comes at the cost of reduced RC-limited bandwidth, since 

total photodiode capacitance scales linearly with the number of photodiodes. The traveling wave 

photodetector (TWPD) can be utilized to overcome this trade-off [134,135]. In a TWPD, the 

photodiode becomes a distributed device where the photocurrents from each photodiode along the 

transmission line add constructively. 

 

Figure 7-1. Schematic of TWPD. 

Figure. 7-1 shows a schematic of the TWPD. The optical input signals are coupled into 

photodiodes through fiber array. The electrical signal propagation delay caused by the LC circuit 

and optical signal propagation delay in free space are carefully designed to match each other, so 

that the current from each photodiode adds constructively. The designed characteristic impedance, 

𝑍 ≈ √
𝐿

𝐶𝑗
 , needs to match 50 Ω in order to eliminate reflections. Through rough calculation, I have 

determined that the L should be ~ 630 pH and the free space delay is ~13 ps. The lumped elements 

are utilized here instead of CPW because it is hard to design such a large inductance to match with 
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the large photodiode capacitance. 

 

Figure 7-2. Simulated (a) bandwidth and (b) S11. 

The equivalent circuit model of the TWPD can be built in ADS. Figure. 7-2 (a) shows that a 

TWPD composed of 4 photodiodes with 50 µm-diameter can achieve 17 GHz bandwidth which is 

even higher than the bandwidth of a single photodiode. The electrical phase matches well with the 

optical phase. The S11 at the terminal shows the impedance can be matched to 50 Ω using the 

calculated parameters.  

An intrinsic issue for the TWPD is that a matching impedance should be placed at the input 

terminal of the photodiodes so as to eliminate the reflection of the back-propagating RF signals. A 

matching impedance would inevitably shunt half of the total photocurrent and consume 

considerable DC power. To solve this issue and further enhance output power, a distributed TWPD 

with an open input port formed by loading the photodiode array aperiodically is proposed. The 

circuit model is shown in Figure. 7-3 (a). The inductance, capacitance and resistance are different 

for each section. All the parameters can be optimized in ADS for a higher output power. By 

dedicated design, the current from each photodiode can be added constructively and impedance 



115 

 

matched to the load impedance. The inductance can be realized by a spiral inductor and capacitance 

can be realized by a metal-insulator-metal (MIM) capacitor. As shown in Figure. 7-3 (b), the 

aperiodic TWPD can achieve more than 10 dB higher output power than the single device.  

It is promising to adopt a traveling-wave structure to improve the output power since several 

hundred watts peak power can be achieved with only a 4 photodiode array. If more devices can be 

integrated without sacrificing bandwidth, the photonic generated RF power could be comparable 

to that generated by conventional electronics. Finally,  photonic links can be alternatives to all 

electrical cable systems. More design and further measurements are needed to verify this structure 

for high-power pulsed or CW signal generation. 

 

Figure 7-3. (a) Equivalent circuit model of aperiodic TWPD; (b) simulated RF output. 
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Figure 7-4. Layout of an (a) inductor and (b) capacitor. 

 

Figure 7-5. Electric field with and without Zn diffusion. 

In addition, the performance of some of the photodiodes in this work is degraded by Zn 

diffusion as discussed in Chapter 3. Not only the linearity, but also the speed of device are limited 

by diffusion in the depleted absorber. As the simulated electric field in Crosslight shows, the space 

charge effect is more severe and the electric field is more likely to collapse in the absorber with 

Zn diffusion. If the Zn can be replaced by Beryllium for p-doping during material growth, the 

space charge effect can be mitigated and the frequency response can be enhanced. Therefore, the 

photodiode can be designed with a larger diameter and higher RF output power can be achieved. 
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7.2.2 Photonic Wireless Emitter  

Recently, there has been increased interest in microwave photonic wireless emitters that 

tightly integrate a high-speed photodiode and an antenna [136, 137]. Based on the high-power 

pulsed signal generation described in the Chapter 4, further work can focus on incorporating an 

antenna to radiate high-power pulsed RF signals. In order to compensate for the attenuation of 

microwave radiation in the atmosphere, antennas with high directional gain are desired in order to 

direct the beam. Planar antennas are preferred for system miniaturization, planar integration, and 

wide bandwidth compared to bulky and incompatible commercial antennas [138]. In addition, a 

conjugate impedance match between the antenna and the photodiode needs to be achieved to reach 

maximum output power. The effect of impedance matching has recently been discussed in [139] 

and has been shown to have a significant effect on the radiation power. 

The meander dipole antenna has the advantages of simple structure, compact footprint and 

planar profile, all of which are suitable for integration into large-scale phased arrays [140]. As 

shown in Figure, 7-6, using the commercial software ANSYS HFSS, the simulated impedance is 

474  Ω and gain is 2 dBi at 10 GHz. The footprint of the antenna is only 0.46 mm×4.5 mm. 

 

Figure 7-6. Simulated (a) S parameter and (b) gain of antenna. 



118 

 

The measured impedance for a 50-μm photodiode at 10 GHz is 5.1 Ω - 43.15 j. Since the 

photodiodes have capacitive impedances, an antenna with matching network should have an 

inductive input impedance to achieve conjugate matching. As shown in Figure. 7-7, a short stub 

resonant circuit can be adopted to realize an impedance-matching network. Specifically, the series 

inductor is realized by a high impedance transmission line and is series connected to the CPW 

center pad. The shunt capacitor can be accomplished using an MIM structure.  

 

Figure 7-7. Layout of photonic wireless emitter. 

One issue is that the planar antenna has a distorted radiation pattern due to the substrate on 

which it is placed as shown in [141]. Therefore, in the simulation it is necessary to place a 

superstrate on top of the antenna, which equalizes the electromagnetic wave propagation velocity 

on both sides for distortion suppression. 
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Figure 7-8. Normalized output signal in (a) frequency domain and (b) time domain. 

Using the method shown in Chapter 4, the simulated output in Matlab with 10 GHz RF carrier 

signals is shown in Figure 7-8, when the repetition rate is fixed at 20 MHz and the duty cycle is 

5 %. It can be observed that the pulse response and waveform are distorted due to the limited 

bandwidth of antenna and matching network. The peak power can be obtained based on the peak 

voltage read from an oscilloscope. The estimated peak effective isotropic radiated power (EIRP) 

for a single photonic emitter can reach up to 46.2 dBm, which significantly exceeds all reported 

results. 
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Based on that, the phased array can also be designed for radiation angle steering and high gain. 

Figure. 7-9 shows the simulated gain for 1×4 phased array. The radiation is more confined, and 11 

dBi gain can be achieved. This work can demonstrate the performance of the pulsed photonic 

emitter for radar-type applications. 

 

Figure 7-9. Simulated gain of phased array. 

7.2.3 Phase Modulated Photonic Links 

In Chapter 6, I have demonstrated high-performance an IM/DD link. Recently, there has been 

an increasing interest in phase modulated photonic links with interferometric detection. Phase 

modulated links are more efficient and are less susceptible to fiber nonlinearity compared to 

intensity modulated links [142, 143]. In addition, these links inherently can achieve a larger RF 

gain and lower noise figure compared to the conventional IM/DD link [2]. Another advantage is 

the fact that the phase modulator does not require a bias control circuit at the transmitter side. 

These make the phase modulated link a promising candidate for biosensors, 5G advanced optical 

communication and remoting systems [144, 145]. 

Our photodiodes, as shown in Chapter 5, achieved excellent power and linearity performance 
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and balanced photodiodes demonstrated high CMRR at high frequency at 1064 nm. They are 

suitable for phase modulated photonic links application. 

 

Figure 7-10. Experimental setup of phase modulated links with quadrature biased MZI and balanced photodiodes. 

Figure. 7-10 shows the experimental setups for the phase modulated analog photonic links 

with high-power balanced photodiodes. A low-noise fiber laser at 1064 nm is followed by a 

polarization controller and a phase modulator. The output of the phase modulator is injected into 

a YDFA, followed by a variable optical attenuator, an optical tunable filter and a Mach–Zehnder 

interferometer (MZI). An optical delay line is used to match the phase of the two paths. Then the 

optical signal is down converted to the RF domain by photodetectors followed by an electrical 

spectrum analyzer. 

In theory, the link gain of phase modulated links can be improved by 6 dB compared to an 

IM/DD link [2]. In addition, the noise figure can be reduced because it relates to the gain. Therefore, 

if my photodiodes are used in phase modulated links, the highest gain and lowest noise figure are 

projected.  
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