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Abstract

Analog photonic links (APLs) are promising alternatives to all-electrical coaxial cable systems as
they can provide benefits in loss, bandwidth, immunity to electromagnetic interference (EMI),
and reduced size and weight. With these advantages over all-electrical coaxial cable links, APLs
have been widely investigated in antenna remoting, radio-over-fiber, and phased-array radar
systems. Intensity modulation with direct detection (IM/DD) and phase modulation with
interferometric demodulation are two candidates for APLs. Both require a high-power high-
linearity photodiode to enhance the link performance.

My research focuses on high-power photodiodes and their application in APLs. In my
work, | have designed, fabricated, and measured high-power high-linearity modified uni-
traveling carrier (MUTC) PDs at wavelengths of 1550 nm and 1060 nm. The dark currents of
these devices are typically below 100 nA at -5 V bias. With an optimized anti-reflection coating,
the responsivity is as high as 0.65 A/W and 0.62 A/W at 1550 nm and 1060 nm, respectively. A
3-dB bandwidth up to 41 GHz was measured on a 10- um diameter single PD and 150 mA
saturation current was measured on a 28- um diameter PD. Balanced MUTC photodiodes with
old coplanar waveguide (CPW) design had a common mode rejection ration (CMRR) of 20 dB
within their bandwidth while a CMRR of 30 dB was measured with new CPW design. A record
high 50 dBm third order output interception point (OIP3) was also measured under -6 V bias
voltage on our 24- um diameter PD.

These high-power balanced MUTC photodiodes allowed me to demonstrate an IM/DD
APL at 20 GHz with a record-high gain and low noise figure. To the best of my knowledge, this
is the first APL with a high-power photodiode that has been demonstrated at a frequency as high

as 20 GHz. In my work, | derived an expression for the link gain in an APL with a dual output
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modulator biased at quadrature point. For this link I measured a link gain of 16 dB and 117.6
dB/Hz?3 third order spurious free dynamic range (SFDR3) at 20 GHz in the experiment; in good
agreement with the calculations.

Furthermore, the performance of a phase modulated APL with a delay-line Mach-
Zehnder interferometer (MZI) under different bias conditions and a high-power high-linearity
MUTC photodiode was investigated. | derived an expression for the link gain under different
bias points of the MZI and compared to the experimental data. Noise and SFDR3 in the phase
modulated analog photonic link were analyzed, too. In the experiment, 25 dB RF gain, 18 dB NF
and 114 dB/Hz?”® SFDR; were obtained at 10 GHz under 130 mA photocurrent with an optimally
biased MZI and a 28- pm diameter single photodiode. 16 dB RF gain, 16 dB NF and 118
dB/Hz?® SFDRs; were measured at 10 GHz under 100 mA total DC photocurrent with a
quadrature biased MZI and a balanced 24- um diameter photodiode. The measured link gain
agrees well with the calculation. For the first time, a positive gain was achieved for this type of
APL at modulation frequencies of up to 10 GHz.

| have also developed a 9 GHz balanced photoreceiver by co-packaging an InP-based
MUTC balanced 15- um diameter photodiode pair with a transimpedance amplifier (TIA) built
in a 130 nm RF CMOS. 21 V/W optical conversion gain at 1060 nm wavelength, 86 pW/Hz
noise equivalent power (NEP), and a CMRR of 20 dB were measured. A signal to noise ratio
(SNR) of 15 dB was measured when detecting the beat note of 150 pW and 50 pW optical
signals. With the second generation TIA designed by Prof. Steven Bowers’ group, we obtained
30 dB CMRR within 9 GHz and a 2162 V/W peak conversion gain was measured at 3 GHz.

To further improve the APL performance, | designed a balanced traveling wave MUTC

photodiode in this work. The traveling wave photodiode has the potential to improve the power
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handling and, when in balanced configuration, cancel the common mode noise in the APL. |
designed and fabricated two kinds of traveling wave devices in this work, one with two pairs of
balanced photodiodes and one with four pairs of balanced photodiodes. Preliminary data on those
devices has been measured, including dark current of 100 pA at -5 V bias voltage and
responsivity of 0.62 A/W at 1060 nm and 0.48 A/W at 1550 nm in the fact that AR coating

optimized at 1060 nm.

IX



List of Figures

Fig. 2- 1 Reflectivity versus wavelength with 204.8 nm SiO2 and 117.7 nm TiOz on InP ............ 6
Fig. 2- 2 (a) Reflectivity versus thickness of TiO2 with 204.8 nm SiO2; (b)Reflectivity versus
thickness of SiO2 With 117.7 NM THO2....c..ciiiiiiiiiieieeiie e 7
Fig. 2- 3 (a) Carrier distribution in a PIN PD; (b) electrical field collapse under high power
optical light illumination; (c) carrier velocities in InGaAs as function of electrical field............... 9
Fig. 2- 4 (a) UTC structure proposed by Ishibashi; (b) MUTC structure developed in our lab for
high power application. (Green line and red line is for the electrical field without and with
HIUMINALION, FESPECLIVEIY) ... re e 11
Fig. 2- 5 Simulated electrical field under different depleted absorber thickness ina MUTC
SETUCTUIE. ...t b e bbb s bbb e e b e bbb n e 12
Fig. 2- 6 Top view of flip-chip bonded MUTC photodiode (Diode A, B, C, D are balanced, diode
B, F are SINGIE). .ottt et e e re e reareenre e 13
Fig. 2- 7 Epitaxial layer structure of a 30 GHz MUTC 13 photodiode. ...........ccceevvevveviiieiiennns 14
Fig. 2- 8 Simulated bandwidth vs device diameter for different depleted region thickness with
700 NIM ADSOIDET. ...ttt ettt et bbb 15
Fig. 2- 9 (a) Balanced photodetector configuration with common mode signal in; (b) balanced
photodetector configuration with differential mode signal in............ccccoooeeiiiiiiic e 16
Fig. 2- 10 Layout of the balanced photodetector (yellow part is metal).........c..ccccoevieiiiiiicinnn, 17
Fig. 2- 11 Frequency responses of a MUTC 13 balanced PD under different bias voltage (diode 1
and diode 2 are the photodiodes in a balanced configuration)..........c.ccceceevieiiiiiii e 18
Fig. 2- 12 (a) Old version CPW design for our balanced photodetector; (b) New version CPW

design for the balanced PhOtOELECTON. .........coviiiiie i 19



Fig. 2- 13 Frequency responses of our balanced photodetector with the new CPW design in chip

3 (chip 3a and 3b are the photodiodes in a balanced configuration). .........cccoccevivrveiinnenieieeee. 20
Fig. 2- 14 P-metal deposition on top of group I1I- VWafer.........cccoeiiiiiniiice 21
Fig. 2- 15 P-MESA BICN PIOCESS ...cuviivieiiieieeie st et ete st te e te e ta et e ta e te e e e sseesteaneesneenneeeens 22
Fig. 2- 16 N-meSa etC PrOCESS SEEP ....vvevieieiieeiieciesteesieete st e ste e e s e e sra e teeeessaesteaeesneesneeneens 24
Fig. 2- 17 N-metal depoSItioN PrOCESS ......cccveieerieiieiieseeieseesteeieseesreere e e sseeseesseesseeeesneesaeeneens 25
Fig. 2- 18 P-CONLACE OPEN PrOCESS ... vvevrervietieiteeteatesteesteesaesteesteeseesseestaessesseesteeeesssesseenesseesseensens 27
Fig. 2- 19 Metal dePOSITION......c.eciiiiiiicce ettt e e e e sre e sreesaeeee s 28

Fig. 2- 20 Top-view of flip-chip bonded device showing both, the submount with RF pads and
LT L ol o 1T O (o= 1 (=T o) OSSPSR 30
Fig. 2- 21 (a) Dark current measurements of flip-chip bonded single PD with different diameters;
(b) Measured dark current at -5 V bias as a function of the device area; (c) Measured dark current
at -5 V bias as a function of device diameter. ..........coiviiiiiiieie e 32
Fig. 2- 22 20- um diameter MUTC 13 single PD responsivity measured at 1550 nm (a) without
TEC; (D) With TEC At =10 OC. covoveeveeeeeeeeeeeeeeeeeeeees s eseees et eee s s es s es e eeseees e s e s ee s 33
Fig. 2- 23 (a) 15- um diameter photodiode capacitance under different bias voltages, (b) 15- um
diameter photodiode bandwidth measurements under different bias voltages. ..........c.ccocevvvvennne 34
Fig. 2- 24 MUTC 13 single photodiode bandwidth measurement under -6 V bias voltage (a) 10-
um diameter , (b) 15- um diameter, (c) 20- um diameter under different DC photocurrent, (d)
24- nm diameter, (e) 28- um diameter, (f) Bandwidth vs. PD diameter for different drift layer.. 36
Fig. 2- 25 20- pm diameter MUTC 13 photodiode saturation measurement under 6 V bias voltage

at 30 GHz (a) without TE cooler, (b) with TE cooler at -10 °C..........cccocvvveeeeiceeeceeee e, 37

XI



Fig. 2- 26 Schematic cross-sectional view of balanced PDs flip-chip bonded on an AIN
SUDIMIOUNT. ...ttt bbbt e bbbt bbbt h et e e et bbbt b enes 38
Fig. 2- 27 Dark currents of both photodiodes in a flip-chip bonded balanced photodetector with
(@) 20-um  diameter, (D) 15- tm GIAMELEN .......covveieiie e 39
Fig. 2- 28 Schematic experimental setup to characterize PD CMRR. PC, polarization controller;
EDFA, erbium doped fiber amplifier; VOA, variable optical attenuator; ODL, optical delay line;
HP BPD, high-power balanced photodiode; ESA, electrical spectrum analyzer ..............cc........ 40
Fig. 2- 29 CMRR characterization of a 24-um diameter balanced device under -6 V bias voltage
and 1 mA DC photocurrent on diode A and diode B in a balanced configuration....................... 42
Fig. 2- 30 (a) Frequency responses for each 20-um diameter PD in the balanced photodetector
and in differential mode, when both PDs were illuminated, (b) Saturation characterization at 14
GHz of a 20-um diameter balanced photodiode with a TE cooler under different bias voltage .. 43
Fig. 2- 31 (a) Frequency responses for each 24-pum diameter PD in the balanced photodetector
measured at -6 V bias voltage, (b) Saturation characterization at 10 GHz of a 24-um diameter
balanced photodiode with a TE cooler under different bias voltages. .........ccccccovvveiieveiieieens 44
Fig. 2- 32 (a) Frequency responses for a 28-um diameter balanced photodetector measured at -5
V bias voltage, (b) Saturation characterization at 7 GHz of a 28-um diameter balanced
photodiode with a TE cooler under different bias VoOItages. ........ccccocevveiiiieiiece e 45
Fig. 2- 33 MUTC 13 PD responsivity measured at a wavelength of 1060 nm.............cccccvevneenne 47
Fig. 2- 34 Absorption coefficient of InGaAs lattice matched to InP as a function of photon

ENErgy At 300 K [B7] .ouvieirieiieeiie ittt e e e be e aeara e 48

XII



Fig. 2- 35 Heterodyne setup for bandwidth measurement at wavelength of 1550 nm. PC,
polarization controller; EDFA, erbium doped fiber amplifier; PD, photodiode; ESA, electrical
SPECLIAL ANAIYZE ...ttt 50

Fig. 2- 36 Commercial PD bandwidth measured by a heterodyne setup at wavelength of 1550 nm.

....................................................................................................................................................... 51
Fig. 2- 37 Modulator bandwidth calibration with a commercial PD. ............cccccoiiiiiiiiiinne 51
Fig. 2- 38 Modulator and commercial PD bandwidth at 1550 NM .........cccccoeviiiincinicce 52
Fig. 2- 39 Calculated MZM bandwidth at wavelength of 1550 NM........c..ccoeviiinciiiicce 53

Fig. 2- 40 Total bandwidth of MZM and MUTC 13 PD measured with a 1060 nm and a 1550 nm
1aSEI, TESPECTIVEIY. ... bbbt 54

Fig. 2- 41 Calculated MUTC 13 PD bandwidth at 1060 nm and 1550 nm wavelengths,

TESPECTIVETY ...ttt b bt bbbt b et et et et bbbt 55
Fig. 3- 1 Schematic structure for an analog photonic link [1] ..o 58
Fig. 3- 2 Two-tone fundamental signals and their distortion products............cccccevverenciennnnne 60
Fig. 3- 3 Second order and third order interception points and SFDR ...........ccccccovieiiniieinnnnn 61
Fig. 3- 4 Gain and noise figure MeasuremMent SETUP.........cuovreririerieie et 63
Fig. 3- 5 SFDR MEASUIEMENT SELUPD ...c.veveitieiieiieiete sttt 64
Fig. 4- 1 IMPerfect MZIM SITUCTUIE ..........oiiiieieieie et 66

Fig. 4- 2 Schematic configuration of an intensity modulation with direct demodulation analog

PROTONIC TINK L.t b ettt bbbt 68

X1II



Fig. 4- 3 20 GHz balanced analog photonic link. ECL, external cavity laser; PC, polarization
controller; VOA, variable optical attenuator; OTF, optical tunable filter; ODL, optical delay line;
HP BPD, high-power balanced photodiode; ESA, electrical spectrum analyzer ..............cc......... 71
Fig. 4- 4 Noise figure and link gain at 20 GHz versus average photocurrent per photodiode. .... 72
Fig. 4- 5 Calculated and measured RF gain as a function of MZM bias with 130 mA total DC
photocurrent (curves are for the simulated data while the blue point is the measured data at
quadrature point) for extinction ratios 3= 0.9, 0.93, 0.96, 0.99........ccccceriiiiirinniiere e 73
Fig. 4- 6 Measured SFDR3 versus photocurrent per photodiode under quadrature-biased dual-
OULPUL MZIM AL 20 GHEZ. ...ttt e b e e nrneeans 74

Fig. 4- 7 OIP2 versus bias point of dual-output MZM at different photocurrents per 20- um

diameter photodiode in balanced configuration at 20 GHz .............ccccoevviie i, 75
Fig. 5- 1 IMPerfeCt MZI SITUCKIUIE ......cveeie e st 78
Fig. 5- 2 Phase modulated analog photonic link with MZI demodulation ...........cccccoceiiivnnneee. 81

Fig. 5- 3 Experimental setup of phase modulated links: (a) low biased MZI with a single
photodiode, (b) quadrature biased MZI with balanced photodiodes. PC, polarization controller;
PM, phase modulator; EDFA, erbium-doped fiber amplifier; VOA, variable optical at attenuator;
OTF, optical tunable filter; MZI, Mach—Zehnder interferometer; ODL, optical delay line; HP
SPD, high power single photodetector; HP BPD, high power balanced photodetector; ESA,
electrical SPECIIUM ANAIYZEN..........coi it 85
Fig. 5- 4 Measured (black and red) and calculated (blue and green) RF gain: (a) with 10 GHz

FSR, (D) With 20 GHZ FSR. ....veeeeovvveeeeeeeeesssessesseesseessssssssssssesssssesssssssssssessssessssssssssseessessssseeees 87

XIv



Fig. 5- 5 Calculated and measured RF gain as a function of MZI bias with 10 mA DC

PROTOCUITENT ...ttt b e bbbt b et et ettt ettt b 88
Fig. 5- 6 RF gain and NF measured at 10 GHz and optimal bias point of MZI. .......................... 89
Fig. 5- 7 RF gain and NF measured at 10 GHz and quadrature point of MZI..............c.ccccovvneee. 90

Fig. 5- 8 Noise power spectral density as a function of the input optical power into the EDFA. 91
Fig. 5- 9 Calculated shot noise and thermal noise powers and measured noise power spectral
density at different photocurrents. Q stands for quadrature-biased and O stands for optimally
0 =T RS USTRSN 92
Fig. 5- 10 Third order output intercept point measured at different photocurrents....................... 94
Fig. 5- 11 Third order intermodulation distortion power measured at different link RF gain...... 95

Fig. 5- 12 Third order SFDR of phase modulated 1INKS ... 96

Fig. 6- 1 (a) Balanced photoreceiver with a TIA schematic diagram; (b) Integrated balanced
photoreceiver including a balanced photodetector, surface-mount bias-T, and a TIA in 130 nm
RF CMOS on a gold plated Rogers 4350 D0ard. ..........ccccuviiiiiiiiiiic e 99
Fig. 6- 2 Experimental setup for characterizing CMRR and beat notes of balanced photoreceivers.
ESA: electrical spectrum analyzer; PLL: phase locked 100p. ..........ccccoiiiiininiiiinciescce 100
Fig. 6- 3 Output RF performance of co-packaged balanced photoreceiver at 1 mA average
PROTOCUITENT ...t b bbbt b bttt b bbbt be s 102
Fig. 6- 4 (a) SNR measured with 150 uW from laser 1 and 50 pW from laser 2. (laser
wavelengths around 1550 nm); (b) SNR measured with 120 uW from both lasers (laser

wavelengths around 1060 NIM) .......coiieiiiiieiee bbb b eneas 103

XV



Fig. 6- 5 Output RF performance of co-packaged balanced photoreceiver at 0.01 mA average DC
photocurrent Per PROTOAIOUE ...........oiiiiieie s 105
Fig. 6- 6 Conversion gain measurement of co-packaged balanced photoreceiver at 0.01 mA

average DC photocurrent per PhOtOdIOTE ...........ocueiiiiiiiieieee e 106

Fig. 7- 1 (a) Balanced Traveling wave photodetector with four pairs of balanced PDs in parallel;
(b) AIN submount for the balanced traveling wave PD; (c) balanced traveling-wave device

equivalent circuit with four pairs of balanced photodiodes. (c,, parallel capacitance; r,, parallel
resistance; Rr,, series resistance; L, series inductance; z, characteristic impedance of the
unloaded lossless CPW; ¢, , effective dielectric constant; d , distance between adjacent PDs.)109

Fig. 7- 2 (a) Balanced Traveling wave photodetector with two pair of balanced PDs in parallel;
(b) submount for the balanced traveling Wave PD...........ccccccciiiiiieie i 113
Fig. 7- 3 Flip-chip bonded traveling wave photodetector with four pairs of balanced PDs on an
AN SUDIMOUNT. ...ttt bbbttt b et b 113
Fig. 7- 4 Dark current of the flip-chip bonded traveling wave photodetector with four pairs of 15-

um diameter balanced PDs on an AIN SUDMOUNT.........cceiiiiiiiiiic e 114

XVI



List of Tables

Tab. 2- 1 MUTC 13 device performance summary (NM is not measured).........ccccceevvevverieennnnn. 46

Tab. 6- 1 Characterization of the first generation TIA and the second generation TIA............. 104

XVII



Chapter 1. Introduction

An analog photonic link (APL) is a promising alternative to all-electrical coaxial cable systems
as it can provide benefits in loss, bandwidth, immunity to electromagnetic interference, and
reduced size and weight [1, 2, 3, 4, 5]. For a standard single mode fiber (SSMF), the loss is only
0.2 dB/km which is orders of magnitudes lower than that in coaxial cables. Typically, in an
analog photonic link the bandwidths of the modulator and photodetector are the limiting factors.
With these tremendous advantages over all-electrical coaxial cable link, APLs have been widely
investigated in antenna remoting, radio-over-fiber, photonic analog-to-digital conversion and
phased-array radar systems [6, 7, 8, 9, 10, 11].

Intensity modulation with direct detection (IM/DD) scheme with an external optical intensity
modulator is a straightforward candidate to be used in APLs and has been widely investigated
[12, 13, 14, 15, 16]. For IM/DD links, much work has been done to increase the gain, lower the
noise figure, and improve spurious free dynamic range (SFDR), three key figures of merit for the
analog photonic links [17, 18, 19, 20, 21, 22, 23, 24, 25]. To achieve higher gain in IM/DD
links, optical filtering and biasing the Mach-Zehnder modulator (MZM) below quadrature have
been successfully demonstrated [17, 18, 19, 20]. In these techniques, the optical carrier is
suppressed and thus the signal modulation depth is improved; therefore, the RF link gain can be
largely improved. Moreover, to improve linearity and thus improve the link SFDR,
intermodulation distortions suppression was also demonstrated in IM/DD links in refs. [21, 22,
23].

Recently, there has been an increasing interest in phase modulated APLs [26, 27, 28, 29, 30].
A phase modulated APL with interferometric detection has been proposed in refs. [31, 32, 33].

Phase modulated optical signals can be generated more efficiently and are less susceptible to
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fiber nonlinearity compared to intensity modulated signals [34, 35]; In addition, these links
inherently have a larger peak RF gain and a lower noise figure compared to the conventional
IM/DD link [36]. Another advantage may arise from the fact that the phase modulator in the
transmitter does not require a bias control circuit, and instead, a bias control circuit is only used
at the receiver side. This makes the phase modulated link a promising candidate especially for
down-link antenna remoting systems [37].

High-power high-linearity photodiodes are key components in these applications as link gain
typically increases with photocurrent [38, 39, 40, 41, 42, 43]. Uni-traveling carrier (UTC)
photodiodes and modified UTC photodiode are the two dominating high power photodiode
structures as they decrease the space charge effect across the photodiode junction which is the
limiting factor to push photodiode work in a high power regime [44, 45, 46, 47, 48, 49, 50, 51].
However, with the increase of photocurrent, APLs will be limited by relative intensity noise
(RIN) of the laser and amplified spontaneous emission (ASE) of any optical amplifier [52, 53].
Balanced detection provides a way to cancel the RIN of the laser. In addition, balanced detection
has advantages in suppression of even order harmonics, and doubling the optical power handling
capacity of a photonic link [54, 55, 56, 57, 58].

In this work, I designed, fabricated and characterized MUTC photodiodes for APL
applications. Both, single and balanced photodiodes were developed and operated in IM/DD and
phase modulated APLs. Link performance in terms of RF gain, noise figure and SFDR was
characterized. And also for the first time, a photoreceiver based on a balanced MUTC photodiode
pair and a subsequent transimpedance amplifier (TIA) was developed in this work. Furthermore,
to improve the power handling of the balanced photodetector, a traveling-wave device with four

pairs of balanced photodiodes or two pairs of balanced photodiodes was designed in this work.



In this thesis, the design and fabrication process of high power MUTC photodiodes, both
single device and balanced, are presented in chapter 2. Chapter 3 describes the figures-of-merit
of the APLs. The IM/DD link with a high power balanced MUTC photodiode is characterized in
chapter 4. The phase modulated link with both single photodiode and balanced photodiodes is
characterized in chapter 5. Chapter 6 reports on results of the photoreceiver with a balanced
photodiode and a TIA. Chapter 7 presents the traveling-wave balanced photodiode design and
preliminary results on these devices. Chapter 8 concludes this dissertation and gives suggestions

on future work.



Chapter 2. High Power MUTC PD

2.1 Introduction

In this chapter, I provide the figures-of-merit of the photodiode, describe the design process of
high power modified uni-traveling carrier single and balanced PDs and how their characteristics
contribute to an analog photonic link. Furthermore, the fabrication process of my newly designed
MUTCI13 PD is presented. At the end of the chapter, the device performance is characterized at

wavelengths of both 1550 nm and 1060 nm.
2.2 Figures-of-merit of Photodiodes

2.2.1 Responsivity

Responsivity is defined as the photocurrent generated by the light per input optical power into

the PD with a unit of amperes per watt (A/W). It can be calculated as [59]
R=n-4-9/(h-c) @.1)
where 77 is the external quantum efficiency which is the ratio of the number of collected photo-

generated charge carriers to the number of photons of the input light, 4 is the optical wavelength,
( is the elementary charge, h is the Planck constant and C is the speed of light.

From Eq. (2.1), we can see that the responsivity of a PD is determined by the wavelength
of the input light and the external quantum efficiency. External quantum efficiency is related to
the reflectivity at the PD surface between air and the semiconductor, the absorption layer
thickness and the absorption coefficient of the material. It can be expressed according to the

Lambert-Beer law,



1=(-p)n=(1-p) € @

where 0 is the PD surface reflectivity, 7/i is the PD internal quantum efficiency which defines
the ratio of the number of charge carriers in the PD to the number of photons that shine on the
PD and are absorbed by the PD, & is the absorption coefficient of the PD absorber and X is the
thickness of the PD absorber layer.

To improve the responsivity, we can reduce the reflectivity of the PD surface by using an

anti-reflection coating (ARC). Typically, an A/4 -thick antireflection coating is used, defined by
nd=A1/4 2.3)

where N is the refractive index of the coating material and d is the thickness of the coating. The
reflectivity of a normal-incident PD with this quarter wavelength coating can be expressed as

[60]

(2.4)

n? 2.\
P = (no_)/(no+)
nS nS

where n, is the refractive index of air and N is the refractive index of the semiconductor

material. We can see that © can be 0 if nolenxns ; however, it is often difficult to find a perfect

coating material. For InP substrate (ns =3.2), SiO2 (n = 1.5) is widely used as the coating material
in that it is relatively easy to deposit. If SiO; as the quarter wave coating is used on an InP
substrate, the minimum reflectivity we can obtain is 6%.

To further decrease the reflectivity a double or multi-layer anti-reflection coating can be
used [61, 62]. Here the reflectivity of a double layer coating with SiO; and TiO> as the coating

materials on InP substrate is calculated as shown in Fig. 2-1.
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Fig. 2- 1 Reflectivity versus wavelength with 204.8 nm SiO, and 117.7 nm TiO on InP

Fig. 2-1 shows that the reflectivity for wavelengths between 1272 nm and 1808 nm is below 1%
(-20 dB) with a double layer coating of 204.8 nm SiOz and 117.7 nm TiO2 optimized for 1550

nm which is significantly lower than the reflectivity of a single layer quarter wavelength coating.
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Fig. 2- 2 (a) Reflectivity versus thickness of TiO2 with 204.8 nm SiOz; (b)Reflectivity versus thickness of SiO2 with
117.7 nm TiO;

The robustness to changes of the layer thickness of this double layer coating was investigated
and is shown in Fig. 2-2 (a) and Fig. 2-2 (b). In Fig. 2-2 (a), the thickness of the SiO> was set as
204.8 nm; to achieve a reflectivity of less than 1% at 1550 nm wavelength, the thickness of the
TiO; can be in the range from 83.6 nm to 151.8 nm. In Fig. 2-2 (b), the thickness of the TiO, was
set as 117.7 nm; to achieve a reflectivity of less than 1% at 1550 nm wavelength, the thickness of
the SiO; can be in the range from 160.4 nm to 249.1 nm.

Another way to improve the responsivity is to use a material with a high absorption
coefficient at the input light wavelength and by making the thickness of the absorber as large as
possible. However, there is a trade-off between responsivity and PD bandwidth. If the absorber is
thick, the responsivity will be improved but the bandwidth will drop. Or, in other words, if we

need to improve the bandwidth, we may need to sacrifice the responsivity.
2.2.2 Output RF Power

RF output power of a PD is the AC power delivered to the load. It can be expressed as,

P, =0.5(m-14)*-Z, -|H,

2
‘ (2.5)
where M is the signal modulation depth, I is the DC photocurrent flowing in the PD, Z, is the

load impedance and H, is the transfer function of the PD. Typically, we characterize the output

RF power at a certain frequency at 100 % modulation depth, m=100% . Under certain

conditions, the RF power can be further increased if m>100%.



2.2.3 Bandwidth

The speed of a photodiode is determined by the electron and hole transit times through the
depletion region width and by the external circuit effects. The transit time limited bandwidth can

be approximated with [63],

350

fox oy (2.6)

where U is the averaged carrier drift velocity, d is the thickness of the depleted region.
Typically, the holes dominate the transit-time-limited bandwidth because the hole’s saturation
velocity is much smaller than that of electrons [64]. In addition to carrier drift, if carriers are
generated in un-depleted absorber, the transit time may be extended by the carrier diffusion time.
Therefore, our high speed photodiode is typically back illuminated. One reason for this is that the
absorption of light happens closer to the drift layer if it is back illuminated compared to top
illumination. As a result, the diffusion time for the photo generated electrons under back
illumination is shorter than that under top illumination.

The resistance-capacitance (RC)-limited bandwidth can be written as

1
f =
" 22C4(R +R)) (2.7)

where C,, is the PD capacitance, R, is the load resistance and R is the PD series resistance that

includes bulk, sheet and contact resistances. To make a high speed PD, we can reduce the PD

capacitance and/or reduce the series resistance. The PD capacitance is given by:

C Ac\ctive
d

pd (2.8)



where € is the relative static permittivity of the material in depletion region, &, is the permittivity
of free space, and A, is the PD active area. To reduce the PD capacitance, we can make a

smaller PD mesa size and/or make the depletion region thicker.

Then the total frequency response of PD can be expressed as [63]

deB ~
2.9)

2.3 High Power MUTC PD Design

In this section, I present the design considerations for a high power modified uni-traveling carrier

PD and describe the design of a high power MUTC balanced PD.

2.3.1 High Power MUTC PD Design

Carrier distribution Electric field collapse Carrier velocities
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Fig. 2- 3 (a) Carrier distribution in a PIN PD; (b) electrical field collapse under high power optical light illumination;
(c) carrier velocities in InGaAs as function of electrical field.

Fig. 2-3 (a) shows the carrier distribution in a PIN photodiode under illumination. The photo-

generated holes in the intrinsic layer travel to the p-doped InP while the electrons travel towards

the n-doped InP. At high photocurrents these carriers will build up an electrical field in the

intrinsic layer that is sufficiently high to prevent carrier transport from the intrinsic layer to the
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contact layers (space charge effect). Fig. 2-3 (b) shows the total electrical field in the intrinsic
layer including both, the electrical field caused by the applied reverse voltage and the field
caused by the space charge. The electrical field collapses in the center (assuming that electrons
and holes travel at the same speed) if the PIN photodiode is operated under high optical power.
Fig. 2-3 (c) shows the carrier velocities in InGaAs versus the electrical field indicating that the
carrier velocity approaches zero at low electrical fields. A low carrier velocity will cause a drop
in the output RF power of the photodetector.

To achieve a high power photodiode, the space charge effect has to be reduced (Fig. 2-3).
In Fig. 2-3(c), we can see that electrons move much faster than the holes. Motivated by this
characteristic, the uni-traveling carrier (UTC) photodiode was proposed by Ishibashi [45] to
reduce the space charge effect as shown in Fig. 2-3. The UTC includes a graded p-doped InGaAs
absorber, a transparent InP collector layer, and a n-doped InP layer. In the UTC structure, only
electrons are travelling in the absorber as the absorber is p-doped and holes are the majority
carriers. Holes generated here can respond very quickly with their very short dielectric relaxation

time.
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Fig. 2- 4 (a) UTC structure proposed by Ishibashi; (b) MUTC structure developed in our lab for high power
application. (Green line and red line is for the electrical field without and with illumination, respectively)

In our lab, we have developed a modified UTC (MUTC) structure to further improve the
responsivity, bandwidth and power handling (Fig. 2-4 (b)) [47, 49, 50]. First, the transparent InP
collector in the UTC structure is lightly n-doped. This positive charge compensates the electrical
field change caused by the photogenerated electrons under high optical illumination. Second, the
absorber is partially depleted to improve the bandwidth by decreasing the capacitance without
sacrificing responsivity. Third, a cliff layer between the depleted InGaAs absorber and the
lightly-doped InP collector is inserted to enhance the electrical field across the heterojunction. It

has been previously shown that this will help to further improve the power handling capability.
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Fig. 2- 5 Simulated electrical field under different depleted absorber thickness in a MUTC structure.

Fig. 2-5 shows the simulated electrical field of our MUTC PD. We can see that the electrical
field exists mainly in the depleted absorber and drift layer. The electrical field caused by the
space charge effect is opposite to this electrical field caused by the externally applied voltage.
Therefore, the net electrical field will drop under optical illumination. As we make the above
described changes in the UTC structure to enhance the electrical field in the depleted region, the

power handling of the device will be enhanced.
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Fig. 2- 6 Top view of flip-chip bonded MUTC photodiode (Diode A, B, C, D are balanced, diode E, F are single).

To prevent thermal failure and thus further improve the power handling of the MUTC
photodiode, in our lab, we developed a flip-chip bonding technique [47]. To this end the wafer is
diced into small chips which are then flip-chip bonded onto a gold contact pad circuit on a
submount with good thermal conductivity, such as AIN or diamond. This kind of submount helps
to dissipate the heat generated by the photodiode and thus improves power handling of the
photodiode. Fig. 2-6 shows a top view of a flip-chip bonded MUTC photodiode. An InP chip
including 4 balanced photodiodes and 2 single photodiodes was flip-chip bonded to a AIN
submount. For characterization, these photodiodes can be contacted through the metal RF pads
on the submount.
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Fig. 2- 7 Epitaxial layer structure of a 30 GHz MUTC 13 photodiode.

Fig. 2-7 shows the epitaxial layer structure of the MUTC photodiode that I developed for the use
in the analog photonic link experiment. The design goal was a structure that enables 30 GHz
single PDs and 20 GHz balanced photodiodes with high-power capability and maximized

responsivity. From top to bottom, the p-type contact layer is a 50 nm thick InGaAs layer with
2.0x10" cm™ Zn concentration. A 100 nm thick InP cap layer with a doping concentration of

15x10° cm™ was placed beneath the p-type contact layer to block electron diffusion from the
absorber to the p-type contact layer. Two graded InGaAsP layers with 1.1 eV and 1.4 eV
bandgaps, respectively, were inserted between the InP cap layer and the InGaAs p-doped

absorber to smooth the band discontinuity between InGaAs and InP. For the graded p-doped
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absorber, the doping concentration and thickness of each layer in the absorber were optimized by
simulation in Crosslight to maximize the electrical field to facilitate carrier transport in the
undepleted absorber. The InGaAs absorber was partly depleted to improve bandwidth without
sacrificing the responsivity. Between the InGaAs absorber and the moderately-doped InP cliff
layer, two grading layers were inserted to smooth the band discontinuity. To reduce the junction
capacitance, a lightly doped collector layer was incorporated between the cliff layer and highly-
doped n-type contact layer. Photodiode area and the thickness of the depleted region, including
the depleted absorber, grading layers, cliff layer and the collector layer, determine the
capacitance of the device. To enable a bandwidth of 30 GHz of a single PD, 100 fF capacitance

or less is required.
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Fig. 2- 8 Simulated bandwidth vs device diameter for different depleted region thickness with 700 nm absorber.

15



Fig. 2-8 shows the simulated bandwidth as a function of device diameter for different depleted
region thicknesses with a 700 nm thick absorber. We can see that the bandwidth of a 20-um
diameter PD can reach 30 GHz if the thickness of the depletion region is within 0.4 um to 0.7
um. In this caculation, the carrier drift velovity was set as1.5x10"cm/s and the resistance was
set as 50Q2. In the design, I chose the thickness of the depletion region to be 580 nm. From Fig.
2-8 we find that the four curves have an interception point when the PD diameter is about 12
MM This behavior indicates that the bandwidth is RC-limited when the diameter is larger than
12 um following the fact that the device with larger depleted region thickness has a larger
bandwidth at the same diameter larger than 12 #M. In contrast, the bandwidth is transit time
limited when the PD diameter is smaller than 12 £#M as we can see that the device with a larger

depleted region thickness has a smaller bandwidth at the same diameter below 12 #MmM .

2.3.2 High Power Balanced MUTC PD Design
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Fig. 2- 9 (a) Balanced photodetector configuration with common mode signal in; (b) balanced photodetector

configuration with differential mode signal in.

In order to decrease the common mode noise in an APL, I designed a balanced photodiode pair
as shown in Fig. 2-9. In this PD configuration, if the input signals are in differential mode, the

output signals will be added up. When the input signals are in common mode, the output is
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cancelled [48].

Fig. 2- 10 Layout of the balanced photodetector (yellow part is metal).

Fig. 2-10 is the layout design of the balanced photodetector. The distance between the two PDs is
250 um. It should be mentioned that this configration with two PDs close to each other on the
same wafer is preferred compared to simply connecting two discrete PDs with an external
circuit. Monolithic integration provides better RF match and thus higher common mode

supression ratio.
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Fig. 2- 11 Frequency responses of a MUTC 13 balanced PD under different bias voltage (diode 1 and diode 2 are the

photodiodes in a balanced configuration).
Fig. 2-11 shows the frequency responses of our MUTC 13 balanced PDs under different bias
voltages. We can clearly see a sharp dip in the RF response between 20 GHz and 30 GHz
depending on the bias voltage. Output RF power from diode 1 is different to that from diode 2
beyond 20 GHz while they are similar up to 20 GHz. As a result the common mode rejection
ratio (CMRR), a firgure of merit to characterize the imbalance between the two RF outputs from
the balanced photodetector, is relatively low around these frequencies. We suspected that some
asymmetry in the device design or the RF probe design caused the differences in the frequency
response. Specifically, the asymmetry might be caused by the coplanar waveguide (CPW) or the
chip design.
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(b)

Fig. 2- 12 (a) Old version CPW design for our balanced photodetector; (b) New version CPW design for the

balanced photodetector.

Fig. 2-12 (a) shows the old version coplanar waveguide design for the balanced photodetector. Its
bandwidth performance was shown in Fig. 2-11. In the old version CPW design in Fig. 2-12 (a),
both, the RF grounds and the center conductors are not symmetric. To improve the RF
performance of our balanced photodetector at frequency beyond 20 GHz, 1 designed a new

version CPW for the balanced photodetector as shown in Fig. 2-12 (b). In the new deisgn, we can
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see that both the RF grounds and the center conductors of the CPW are symmetric.
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Fig. 2- 13 Frequency responses of our balanced photodetector with the new CPW design in chip 3 (chip 3a and 3b
are the photodiodes in a balanced configuration).
Fig. 2-13 shows the frequency responses of our balanced photodetectors under 5 V bias voltage
with the new CPW design shown in Fig. 2-12 (b). Even though the frequency response still
reveals dips around 20 GHz with this new CPW design, we see considerable improvement over
the old CPW design. At 30 GHz and 5 V bias voltage, the old design revealed 5 dB difference
between the two output RF powers from the balanced configration while the new design shows
less than 2 dB difference between the two output RF powers from the balanced configration.

Therefore, the symmetric metal design of the flip-chip bonded PDs inproves the CMRR. To
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further optimize the RF response, we may need to change the metal layout on the chip as they

remain asymmetric as shown in Fig. 2-10.
2.4 Fabrication Process

In the following section the fabrication process for the high power MUTCI13 PD is described

step by step.
2.4.1 P-metal
» Contact Contact
Photoresist i e
P II-V P IlI-V
680 nm 680 nm
SIOZ N* InP N* InP
1000 nm 1000 nm
Substrate Substrate

Metal

Fig. 2- 14 P-metal deposition on top of group III- V wafer

P-metal is the contact metal on top of the p-doped layer to connect with the external circuit. As
resistance is an issue for the PD bandwidth, a low contact resistance is always favorable. Here I
deposited 20 nm Ti, 30 nm Pt, 50 nm Au and 10 nm Ti on top of the p-type InGaAs surface
sequentially to make an Ohmic contact by using an electron beam evaporator. Titanium is used
for adhesion to the InGaAs surface layer. The Platinum layer prevents gold migration into the
semiconductor, which can form gold spikes that short the device. Au establishes good electrical

conductance.
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2.4.2 P-mesa Etch
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Fig. 2- 15 P-mesa etch process

Fig. 2-15 presents the p-mesa etch step after p-metal deposition. First, I deposited 450 nm thick
SiO; on top of p-metal using a plasma-enhanced chemical vapor deposition (PECVD) as hard
mask to etch the photodiode structure. Then I spin 1.5 #M thickness photoresist AZ 5214 on top
of Si0,. Then I use a p-mesa mask to pattern the photoresist. Then this wafer was put into the
Trion chamber for reactive ion etch (RIE) etching of the SiO> by using SF¢ gas. The pattern of
the photoresist will transfer to the SiO» after this etch. After this, we put this wafer into acetone

to remove the residual photoresist on top of SiO,. Then we put this wafer into an Oxford RIE
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machine to etch the p-mesa. In our experiments, a RIE with Cl2:N> gas mixture is used to etch
group III-V materials with a 150 W RF power, and a 100 ~ 1000 W inductively coupled plasma
(ICP) etch power which controls the plasma density to vary the dry etch rate. The etch rate of
Si0O; to that of the semiconductor is about 1:3. Here we also put a dummy SiO; wafer into the
chamber to etch together with the wafer as a reference. By measuring the thickness of the SiO»
on the dummy wafer, we can obtain the thickness of SiO2 on top of the wafer by assuming that
the etch rate of the SiO> on dummy wafer is the same as that of the SiO, on the photodiode
wafer. In this way we can determine the height of the p-mesa. We stop the etch process when the
etch enters the lower N+ InP layer.

This step is important because the patterned p-mesa decides over the capacitance of the
final device. In addition, one has to precisely stop the p-mesa etch at the top of the N+ InP layer.
Otherwise, the resistance of the final device will be large because the heavily doped N+ InP layer
is much more suitable to build up an Ohmic contact at the metal-semiconductor interface than

the lightly doped N InP layer or the semi-insulating substrate.

23



2.3.3 N-mesa Etch
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Fig. 2- 16 N-mesa etch process step

Following the P-mesa etch, we will do the n-mesa etch. The N-mesa etch isolates the discrete
devices to each other. Beneath the N+ InP layer is the 350 um-thick semi-insulating substrate.
Since the substrate is not conductive, we can stop the n-mesa etch at the substrate to isolate each
device on the same piece of wafer. First, similar to the p-mesa etch, we deposit a hard mask on
top of the wafer and do lithography using photoresist AZ 5214. Then, the photoresist is used to
pattern the SiO> in the Trion. After Trion etch, we put the wafer into acetone to remove the
residual photoresist. Then, we put the wafer into the Oxford ICP-RIE together with a SiO»
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dummy wafer. By measuring the thickness of the SiO2 on top of the dummy wafer, we can get
the thickness of the etched N+ InP layer. We will end this step once we etched through the N+ InP
layer and slightly into the substrate. The n-mesa etch step is usually not as critical as the p-mesa
etch as one can etch several microns into the substrate as long as not all of the SiO> hard mask on

top of P-mesa is consumed.

2.3.4 N-metal
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Fig. 2- 17 N-metal deposition process
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After n-mesa etch, we will deposit metal on top of the n-mesa, the so-called n-metal deposition.
Here we use again photoresist AZ 5214 to shape the n-metal pattern on top of the n-mesa. After
lithography, we put the wafer into the electron beam evaporator. For the n-metal, typically 30 nm
AuGe, 20 nm Ni and 80 nm Au are deposited on the wafer. Those metals are chosen to build up
an Ohmic contact to the highly doped N+ InP layer and thus achieve a low series resistance and
good adhesion on the n-mesa. After deposition, we put the wafer into acetone and ultrasonic for

metal liftoff. Both, photoresist (PR) and metal on top of the PR will be removed.
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2.3.5 P-contact Open
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Fig. 2- 18 P-contact open process

After the n-metal deposition step, we will move to p-metal open step. As there is still some
residual SiO> on top of the p metal, we need to remove this SiO; to expose the p metal. As we
typically do, we use AZ 5214 photoresist to open the SiO,. Here the alignment during
lithography is critical because the p metal diameter is small and we need to align the opening of
the p metal in the center of p mesa; otherwise, if the sidewall of the p-mesa is exposed to air, the
sidewall SiO; will be etched away in the following steps. However, we need the sidewall SiO; to
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protect the p mesa from the environment and maintain a good I-V curve in the final device. After
lithography, we put our wafer into the Trion chamber for SiO; etch. After SiO2 etch, we put our
wafer into acetone for cleaning of the residual photoresist. Now, the device is ready to be
measured by probing on the p-metal and n-metal. If the -V curve is good, i.e. low reverse

leakage current and large forward current, we can move on.

2.3.6 Metal Deposition
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Fig. 2- 19 Metal deposition
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Since the p-metal is only 110 nm thin, even thinner than the SiO; around the metal, we cannot
directly flip-chip bond the PD onto the submount. Hence, we need to make the P-metal thicker.
Here, after the p-open step, I did lithography using a lift-off photoresist (LOR) to make a
trapezoidal photoresist undercut as shown in Fig. 2-19 which assists the liftoff after metal
deposition. Since the metal on top of the photoresist is not connected to the metal on top of the p-
metal the liftoff process becomes very reliable. I also used photoresist AZ 5214 on top of the
liftoff photoresist to improve the total thickness of photoresist. LOR gives us about 1- #M thick
photoresist on top of p-metal and AZ5214 gives us another 1- #M thick photoresist . The total
thickness of the photoresist on top of p-metal, 2 #M | is sufficiently thick to isolate the metal on
top of photoresist deposited on the next step and the 1- #Mthick metal deposited on the p-metal.
After the lithography, I put the wafer into the electron beam evaporator to evaporate a 1- 4M-
thick layer of gold. After that, I used a mixed solution of N-Methylpyrrolidone (NMP) and
ethylene glycol for lift off the metal. As the lift-off metal is about 1- #Mthick, it is difficult to do
the lift off by acetone and mild ultrasonic only. The mixed liquid of NMP and ethylene glycol is
much stronger than acetone. For the 1- #M thick metal liftoff, the mixed liquid was heated to 120

OC and the wafer was put into the liquid overnight and with a stirring speed >200 rpm.

2.3.7 Flip-chip Bonding

After metal deposition, our device is flip-chip bonded to an AIN or diamond submount with gold
RF pads. The flip-chip bonding is helpful to dissipate heat generated by the photodiode as AIN
and diamond has a high thermal conductivity. Also, the flip-chip bonded device here will be back
illuminated by shining light on the substrate of the device. Back illumination will give us another

benefit in responsivity as metal has a high reflectivity. The light that is not absorbed by the
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absorber will be reflected back to the absorber by the P-contact metal and get absorbed again.

According to Eq. (2.1) and Eq. (2.2), we can get the responsivity for this case,

/1 —aX —aX ﬂ'
R=(1-p)-n, 'h—g =(1-p)-e)(1+Te )h_g

where T is the optical reflectivity of the p-metal.

‘ | :
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2 b Bl b
-

(2.10)

Fig. 2- 20 Top-view of flip-chip bonded device showing both, the submount with RF pads and the InP chip (center)

Fig. 2-20 shows the top-view of a flip-chip bonded device on a submount under microscope from

a Finetech flip-chip metallic bonder. There are four pairs of balanced photodiodes and two single

photodiodes on the chip and four gold CPW pads for the balanced photodiode and two gold
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CPW pads for the single photodiode on the submount. This metallic bonding temperature,
bonding force and duration time is set as 340 °C, 5 N and 150 seconds, respectively for all
MUTC 13 devices even with different mesa size in the fact that the majority contact part during
the bonding is the metal on top of the dummy mesas and diameter of dummy mesas is always

designed to 28 pum for all the MUTC 13 devices.

2.5 High Power MUTC PD Characterization

2.5.1 MUTC PD Single Device Characterization at 1550 nm
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Fig. 2- 21 (a) Dark current measurements of flip-chip bonded single PD with different diameters; (b) Measured dark
current at -5 V bias as a function of the device area; (c) Measured dark current at -5 V bias as a function of device

diameter.

After flip-chip bonding of the MUTC 13 devices on an AIN submount, I measured the dark

current of single PDs as shown in Fig. 2-21 (a). The dark current is below 2 MA for almost all
devices of different size. Dark current typically comes from two parts, the bulk leakage current
and the surface leakage current. The bulk leakage current is proportional to the diode area while
the surface leakage originating from the surface of the mesa sidewall is proportional to the
perimeter of device. From Fig. 2-21 (b) and Fig. 2-21 (c), we can see that the dark current tends
to be proportional to the device perimeter. Therefore, we believe that the surface leakage dark
current dominates the dark current for our MUTC 13 devices. One way to improve the dark
current performance of our MUTC 13 is to improve the mesa sidewall passivation by using SiN

instead of SiO> as the passivation layer [65].
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Fig. 2- 22 20- pm diameter MUTC 13 single PD responsivity measured at 1550 nm (a) without TEC; (b) with TEC

at-10 °C.

Then we measured responsivity of a 20- Um diameter MUTC 13 single PD. Fig. 2-22 (a) and (b)

show the responsivity measured at different bias voltages with and without thermoelectric

cooling (TEC), respectively. We can see that the responsivity is related to the optical input power

and the bias voltage on the PD. The responsivity is periodic as a function of the input optical

power into the PD. A larger bias voltage on the PD gives out a higher responsivity. And also, the

larger bias voltage gives out a smaller period of responsivity as a function of the input optical

power on PD. From Fig. 2-22 (a) and (b), we can see that TEC also gives us a shorter period of

responsivity as function of input optical power. Responsivity measured at a larger bias voltage

and without TEC will result in a higher temperature inside the PD compared to the one measured

with a lower bias voltage and with TEC. Therefore, we believe that the observed responsivity

fluctuations are related to periodic temperature changes.
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Fig. 2- 23 (a) 15- um diameter photodiode capacitance under different bias voltages, (b) 15- um diameter

photodiode bandwidth measurements under different bias voltages.

Fig. 2-23 (a) shows the measured capacitance of a 15- #um diameter single MUTC 13 photodiode
with the epitaxial structure shown in Fig. 2-6 under different bias voltages. We can see that the
photodiode capacitance gets smaller with a higher reverse bias. Under a higher external bias
voltage, the depleted region of the lightly-doped collector layer inside the MUTC photodiode
becomes larger. Therefore, the capacitance becomes smaller and the capacitance drops quickly at
a relatively low bias voltage as shown in Fig. 2-23 (a). We can also see that the capacitance does
not change significantly when the bias voltage is more than 10 V in Fig. 2-23 (a). Here, if the
bias voltage is high enough, the lightly doped collector layer is completely depleted, and
improving the bias voltage cannot decrease the capacitance any more.

As photodiode bandwidth depends largely on the photodiode capacitance according to
Eq. 2.6 and Eq. 2.8, especially for RC-limited photodiodes, the photodiode bandwidth should
change with the external voltage according to the measured results in Fig. 2-23 (a). Fig. 2-23 (b)

shows the measured bandwidth of a 15- #4M diameter MUTC 13 photodiode under different bias
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voltage at 10 mA DC photocurrent. For this 15- #m diameter MUTC 13 photodiode, I measured

5 GHz, 20 GHz and 28 GHz bandwidth at 1 V, 2 V and 6 V bias, respectively. This bandwidth

change under different bias voltage agrees well with the capacitance change. It indicates that the

bandwidth of the 15- #m diameter MUTC photodiode is still RC-limited.
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Fig. 2- 24 MUTC 13 single photodiode bandwidth measurement under -6 V bias voltage (a) 10- pum diameter , (b)
15- um diameter, (c) 20- um diameter under different DC photocurrent, (d) 24- pum diameter, (e) 28- um diameter,
(f) Bandwidth vs. PD diameter for different drift layer.

Fig. 2-24 (a), (b), (c), (d) and (e) show the measured bandwidths of a 10- zm diameter, a 15- um
diameter, a 20- um diameter, a 24- um diameter and a 28- um diameter MUTC 13 single
photodiode, respectively. The 10- um diameter MUTC 13 single PD has a bandwidth of 41 GHz
under -6 V bias voltage and 5 mA photocurrent. The 15- um diameter MUTC 13 single PD gives
us 35 GHz bandwidth under -6 V bias voltage and 10 mA photocurrent. The 20- um diameter
MUTC 13 single PD has 30 GHz bandwidth under 10 mA and 20 mA DC photocurrents. As
expected, at 20 mA photocurrent, the photodiode provides 6 dB more RF power than at 10 mA.
The 24- um diameter and 28- um diameter MUTC 13 single PDs have 20 GHz and 14 GHz
bandwidth, respectively under -6 V bias voltage and 10 mA photocurrent. The inset of Fig. 2-24

(e) shows the flip-chip bonded MUTC 13 devices on an AIN submount.
Fig. 2-24 (f) shows a comparison of the measured bandwidths and the simulated

bandwidths of the MUTC 13 PD with the epitaxial structure shown in Fig. 2-7. The thickness of
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the depleted layer in the MUTC 13 design including the depleted absorber, grading InGaAsP
layer, cliff layer and drift layer is 580 nm, hence, the bandwidth should be between the red and
blue curves in Fig. 2-24 (d). The stars in Fig. 2-24 (d) indicate the measured bandwidth results of
the MUTC13 PD for different device diameters. From Fig. 2-24 (d), we can see that the
measured bandwidths are close to the simulated bandwidths for larger PDs while the measured
bandwidth is somewhat lower than the simulated bandwidth for smaller PDs. We believe that the
lower measured bandwidths may come from the fact that the simulation did not include any

parasitic that originate from the flip-chip bonding process.
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Fig. 2- 25 20- pm diameter MUTC 13 photodiode saturation measurement under 6 V bias voltage at 30 GHz (a)
without TE cooler, (b) with TE cooler at -10 °C.
Fig. 2-25 (a) and 2-25 (b) show the saturation measurements under 6 V bias at 30 GHz with and
without TE cooler, respectively. Without TE cooler (at room temperature), we measured 14 dBm
output RF power at 55 mA photocurrent meanwhile with active cooling at -10 °C 21 dBm output
RF power was measured at the saturation photocurrent of 86 mA. Without TE cooler, the

photodiode fails at 55 mA before it reached its 1-dB saturation point because of thermal failure.
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With the TE cooler, we can see the 1-dB compression point at 85 mA.

2.5.2 MUTC Balanced Photodiode Characterization at 1550 nm

P l‘ﬂ“dﬁb‘f -0

AR coating

Fig. 2- 26 Schematic cross-sectional view of balanced PDs flip-chip bonded on an AIN submount

Fig. 2-26 shows the schematic cross-sectional view of balanced MUTC 13 PDs flip-chip bonded
onto an AIN submount. Monolithically fabricated diode A and diode B with the same mesa size
are flip-chip bonded to the same CPW and submount. The balanced MUTC 13 photodiode has
the same epitaxial layer and fabrication process as the MUTC 13 single PD does. Therefore,
there is no difference between the responsivity of balanced MUTC 13 PDs and single MUTC 13

PDs (see Fig. 2-22). In addition, the total capacitance of the balanced MUTC 13 PDs is double of
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that of a single MUTC 13 PD as shown in Fig. 2-23 (a) owing to the fact that diode A and diode

B in a balanced configuration are identical to the single MUTC 13 PD.

1E'3’5 % a—pGumbleden | 1] 1
1E41: : e 20 um Diode B 1E-4 ] 4
1E-5{ 'y .
o 1ES] % | 15 1
S 1E-74 1< 1E-64 * T
c 3 = 3
° 1E-8 =18 1E7{ % .
S 1E-9; = 1S 1E8] ? 1
£ 1E-104 | 1% 1E9§ ; L 15um D1
: I 9] —=— NL_15um_ i
o 1E-114 i & \| —e— NL_15um_D2
1E-124 1 1E-104 | —a—NL_15um_E1
3 l —w— NL_15um_E2
1E-13!~ p = 1E-111: .
14 0 1 2 3 4 5 1 0 1 2 3 4 5
Bias Voltage (V) Bias Voltage (V)
(a) (b)

Fig. 2- 27 Dark currents of both photodiodes in a flip-chip bonded balanced photodetector with (a) 20- um

diameter, (b) 15- um diameter

First we measured the dark current of the flip-chip bonded MUTC 13 balanced photodiodes as
shown in Fig. 2-27 (a) and (b). We can clearly see that the typical dark current is below 100 nA
at reverse 5 V bias voltage. In addition, the dark current characteristics of the two photodiodes in
the balanced configuration are nearly identical owing to the fact that the balanced photodiodes
are monolithically fabricated.

Common mode rejection ratio (CMRR), the difference between the differential RF output
power and common mode RF output power from a balanced photodiode, is a key factor to
characterize the similarity of diode A and diode B in a balanced configuration and how well the
common mode noise can be cancelled in an APL. To measure the differential RF power and
common mode RF power from the balanced photodiode, we need to illuminate both diodes by

using a fiber array including two lensed fibers as shown in Fig. 2-26.
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Also, to make the balanced PD work at the differential or common mode, we need to
change the optical signal phase into the two diodes in this balanced PD. Differential mode means
that the input RF-modulated optical signals are 180° out of phase while common mode means the

that the input RF-modulated optical signals are in phase.

Temperature | PC
laserl gur'y | ] |
laser2 g -
- e -

Fig. 2- 28 Schematic experimental setup to characterize PD CMRR. PC, polarization controller; EDFA, erbium

|

doped fiber amplifier; VOA, variable optical attenuator; ODL, optical delay line; HP BPD, high-power balanced
photodiode; ESA, electrical spectrum analyzer

Fig. 28 gives out the schematic experimental setup to measure the CMRR. Two distributed
feedback (DFB) lasers that have similar wavelength were controlled by a temperature controller
and a current source. The current source is used to control the output power from the DFB laser.
The temperature controller is used to change the wavelength. By tuning the temperature
controller, we can tune the wavelength difference between these two DFB lasers. The outputs of
the lasers are followed by two polarization controllers, respectively. Then, following the
polarization controllers, a 50:50 fiber coupler is used to superimpose both signals. One output of
the coupler is followed by a commercial PD and an electrical spectrum analyzer to monitor the
RF signal frequency of the beat note of laser] and laser2.

The other output of the coupler is followed by an erbium doped fiber amplifier (EDFA)

and a variable optical attenuator (VOA). A 50:50 fiber coupler is placed behind the VOA with an
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optical delay line (ODL) on each of its outputs. The outputs of the optical delay lines are injected
into a fiber array with two lensed fibers to illuminate the balanced photodiode. By tuning the
optical path length in free space, we can delay one modulated optical signal relative to the other.
Then, we can measure the differential RF power and common mode RF power one by one.

Also, for each RF modulation frequency, we need to tune the optical delay line to make
sure that the output RF signal at this frequency is in differential mode or common mode as
different RF frequency requires different optical path delay lengths. The optical path delay length

at a certain RF frequency can be calculated as,
L=kc/(2f) @.11)

where L represents the optical path delay length, C is the speed of light in free space and f is

the RF frequency, K is an even number for common mode operation while kK is an odd number

for differential mode operation.
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Fig. 2- 29 CMRR characterization of a 24-um diameter balanced device under -6 V bias voltage and 1 mA DC
photocurrent on diode A and diode B in a balanced configuration

Fig. 2-29 shows the differential RF output power and common mode RF signal power of a 24-
pum diameter balanced device measured at -6 V bias voltage and 1 mA DC photocurrent flowing
in both diode A and diode B in a balanced configuration. We can see that the difference between
the differential RF output power and the common mode RF output power, defined as the CMRR,
is always larger than 20 dB up to 14 GHz. We also measured the RF output power of a discrete
diode in this balanced photodiode by illuminating diodes A and B one by one. We can see that
diode A and diode B deliver similar output RF power within 14 GHz and the RF output power

from diode A or diode B is about 6 dB lower than the output RF power when the balanced
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photodiode works in differential mode. This 6 dB difference comes from the fact that the two
output RF photocurrents from diode A and B are 180° out of phase when we measure the
differential RF power of the balanced photodiode and the balanced photodiode subtracts the

photocurrents from diode A and B.
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Fig. 2- 30 (a) Frequency responses for each 20-pm diameter PD in the balanced photodetector and in differential
mode, when both PDs were illuminated, (b) Saturation characterization at 14 GHz of a 20-pm diameter balanced
photodiode with a TE cooler under different bias voltage
Fig. 2-30 (a) shows the measured frequency responses for each 20-um diameter PD in the
balanced photodetector and in differential mode, when both PDs were illuminated and biased at -
6 V. The 3-dB bandwidth of the balanced PDs in differential mode was about 14 GHz with 10
mA photocurrent flowing in each diode in the balanced photodiode. Fig. 2-30 (b) shows the
saturation curve of this device measured at 14 GHz. At -10 °C with TEC, we measured saturation
currents of 91 mA, 71 mA and 65 mA at -6 V, -4 V and -2 V bias voltage for one photodiode in
the balanced detector, respectively. Output powers of 18 dBm, 15 dBm and 15 dBm were

recorded at saturation under -6 V, -4 V and -2 V bias, respectively.
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Fig. 2- 31 (a) Frequency responses for each 24-um diameter PD in the balanced photodetector measured at -6 V
bias voltage, (b) Saturation characterization at 10 GHz of a 24-um diameter balanced photodiode with a TE cooler
under different bias voltages.

Fig. 2-31 (a) shows the measured frequency responses for each 24 um PD in the balanced
photodetector biased at -6 V. Both diode A and diode B of the balanced detector have 10 GHz 3-
dB bandwidth at 10 mA DC photocurrent. Fig. 2-31 (b) shows the saturation curve of the
balanced photodiodes measured at 10 GHz. At -10 °C with TEC, we measured saturation currents
of 108 mA, 100 mA and 86 mA at -6 V, -4 V and -2 V bias voltage for one photodiode in the
balanced detector, respectively. Output powers of 21 dBm, 20 dBm and 18 dBm were recorded at

saturation under -6 V, -4 V and -2 V bias, respectively.
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Fig. 2- 32 (a) Frequency responses for a 28-um diameter balanced photodetector measured at -5 V bias voltage, (b)
Saturation characterization at 7 GHz of a 28-um diameter balanced photodiode with a TE cooler under different bias
voltages.

Fig. 2-32 (a) shows the measured frequency responses for a 28-um diameter balanced PD biased
at -5 V. 10 GHz 3-dB bandwidth was measured with 10 mA DC photocurrent flowing in each
diode in the balanced photodiode. Fig. 2-32 (b) shows saturation current at 7 GHz of a 28-um
diameter balanced PD measured at different bias voltage. At -10 °C with TEC, we measured
saturation currents of 155 mA, 127 mA and 98 mA at -6 V, -4 V and -2 V bias voltage,
respectively. The output power was 23 dBm, 21 dBm and 17 dBm output under -6 V, -4 V and -2

V bias voltage, respectively. MUTC 13 device performance is summarized in Tab. 2-1.
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Device diameter 10 Um 15 um 20 Wum 24 pum 28 Um

Dark Current <100 nA <100 nA <100 nA <100 nA <100 nA

at-5Vv

Single/balanced | 41GHz/NM | 35 GHz/NM | 28 GHz/14 GHz | 20 GHz/10 GHz | 14 GHz/7GHz

Bandwidth
Saturation NM NM 90O mA@-6V 108SmA@-6V | 155 mA @ -6V
Currents
Saturation RF NM NM 1I8dBm@-6V | 21dBm@-6V | 23dBm@-6V
Power (dBm)

Tab. 2- 1 MUTC 13 device performance summary (NM is not measured)

2.5.3 MUTC PD Device Performance at 1060 nm Wavelength

Besides the photodiode performance at 1550 nm wavelength, I also measured the photodiode
performance at 1060 nm. Wavelengths around 1060 nm have applications in short reach fiber
optic links and in the detection of signals that arise from self-referencing of an octave spanning
frequency comb centered around 1550 nm [66]. A Toptica diode laser with 1060 nm wavelength
was used in the experiment. The laser wavelength was tunable and the maximum output power

of this laser at 1060 nm was about 20 dBm. The linewidth of this laser was below 300 kHz.
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Fig. 2- 33 MUTC 13 PD responsivity measured at a wavelength of 1060 nm

First, I measured the responsivity at a wavelength of 1060 nm at different optical power levels
(Fig. 2-33). We can see that the responsivity is only a weak function of voltage. However, the
responsivity is periodic as a function of optical power with peak values of 0.65 A/W which is
similar to the results measured at 1550 nm shown in Fig. 2-22.

It should be noted that the MUTC 13 PD in this experiment had an AR coating optimized
for 1060 nm wavelength. A single layer of SiO2 with refractive index n=1.45 at 1060 nm was
used for the AR coating. According to Eq. (2.2), the thickness of the SiO» for the coating is about

183 nm. According to Eq. (2.1) and Eq. (2.2), the responsivity can be calculated as,
—aX
R=(1-p)(1—e“)Aq/(hc) 21
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The absorption coefficient of InGaAs at 1060 nm with 1.17 eV photon energy is about 15000 cm”
! while the absorption coefficient of InGaAs at 1550 nm with 0.8 eV photon energy is about
10000 cm™ as shown in Fig. 2-34. Then, according to the absorption coefficient and photon
energy at 1550 nm and 1060 nm, respectively, we measured a similar responsivity at both

wavelengths, 1060 nm and 1550 nm, which agree well with the calculation by Eq. (2.12).
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Fig. 2- 34 Absorption coefficient of InGaAs lattice matched to InP as a function of photon energy at 300 K [67]

However, the bandwidth performance at 1550 nm and 1060 nm may be different because InGaAs
has a smaller absorption coefficient at 1550 nm compared to that at 1060 nm. Thus, light at 1060
nm is absorbed closer to the heterojunction at the side of incidence. Therefore, the carrier transit

time might be shorter under illumination with 1060 nm light and the bandwidth should be larger
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compared to 1550 nm, especially when the device bandwidth is transit time limited.

For the PD bandwidth measurement at wavelength of 1550 nm, I used an established
heterodyne setup in our lab as shown in Fig. 2-35. Details of this setup will be given in the next
paragraph. For the PD bandwidth measurement at a wavelength of 1060 nm, a heterodyne setup
was not available in our lab since we did not have a second laser. However, in order to
characterize the PD bandwidth at 1060 nm, I used the following steps:

1) Measure the bandwidth of a commercial PD using the heterodyne setup at a wavelength

of 1550 nm.

2) Measure total bandwidth of the commercial PD and a MZM with a vector network
analyzer at a wavelength of 1550 nm. According to the bandwidth measurement in step 1,
we can obtain the bandwidth of the MZM at 1550 nm by calibrating the total bandwidth
from the commercial PD at 1550 nm.

3) Measure the total bandwidth of the MUTC 13 PD with MZM using the same setup as
described in step 2 but replace the 1550 nm laser by a 1060 nm laser.

4) Assuming that the MZM has the same bandwidth at both wavelengths of 1550 nm and
1060 nm, we can obtain the bandwidth of the MUTC 13 PD at a wavelength of 1060 nm
by calibrating the total bandwidth measured in step 3 with the bandwidth of the MZM at

1550 nm.
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Step one:

Commercial PD

Power Meter

Fig. 2- 35 Heterodyne setup for bandwidth measurement at wavelength of 1550 nm. PC, polarization controller;

EDFA, erbium doped fiber amplifier; PD, photodiode; ESA, electrical spectral analyzer.
Fig. 2-35 shows a heterodyne setup for bandwidth measurement at 1550 nm. Similar to the setup
in Fig. 2-28, two distributed feedback (DFB) lasers that have similar wavelength were utilized in
this setup with a temperature controller and a current source. The outputs of the lasers are
followed by two polarization controllers, respectively. Then, following the polarization
controllers, a 50:50 fiber coupler is used to superimpose both signals. One output of the coupler
is followed by a commercial PD and an electrical spectrum analyzer to monitor the RF signal
frequency of the beat note of laserl and laser2. The other output of the coupler is followed by an
erbium doped fiber amplifier (EDFA) and the photodiode under test. The photodiode output RF
signal is detected by a power meter.

By tuning the polarization controller, we achieved a 100% modulation depth for a
maximum of the RF signal generated by the beat note of laser 1 and laser 2. The EDFA is used to
amplify the beat note and to adjust the optical power which determines the photocurrent flowing
in the MUTC 13 photodiode under test. The whole setup is controlled by a Labview program to

measure the bandwidth automatically.
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Fig. 2- 36 Commercial PD bandwidth measured by a heterodyne setup at wavelength of 1550 nm.

With the heterodyne setup shown in Fig. 2-35, I measured the bandwidth of an ust commercial

PD under -2 V bias voltage and 1 mA DC photocurrent flowing in the PD at wavelength of 1550

nm. From Fig. 2-36, we can see that the bandwidth of this commercial PD exceeds 50 GHz.

Step two:

Modulator

Fig. 2- 37 Modulator bandwidth calibration with a commercial PD.
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Fig. 2-37 shows the setup that I used to measure the MZM bandwidth at a wavelength of 1550
nm with the commercial PD and a vector network analyzer. The laser wavelength is 1550 nm.
The MZM is driven by the vector network analyzer and the output of the commercial PD is
detected by the vector network analyzer. Then, according to the RF power from the vector
network analyzer and the RF power received by the vector network analyzer, we can obtain the

overall frequency response of the modulator and the commercial PD at 1550 nm as shown in Fig.

2-38.

S12 (dB)

—— Intensity modulator+u,t PD
0 10 20 30 40 50 60
Frequency (GHz)

Fig. 2- 38 Modulator and commercial PD bandwidth at 1550 nm
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Fig. 2- 39 Calculated MZM bandwidth at wavelength of 1550 nm

According to the measured data shown in Fig. 2-36 and Fig. 2-38, we calculated the bandwidth
of the MZM at 1550 nm by subtracting the commercial PD bandwidth at 1550 nm as shown in
Fig. 2-36 from the total bandwidth of the commercial PD and the MZM at 1550 nm as shown in
Fig. 2-38. Assuming that the MZM has a similar bandwidth at both wavelengths, we used the

bandwidth of the MZM at 1550 nm as the bandwidth of the MZM at a wavelength of 1060 nm.
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Step three:
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Fig. 2- 40 Total bandwidth of MZM and MUTC 13 PD measured with a 1060 nm and a 1550 nm laser, respectively.

Then I replaced the commercial PD by the MUTC 13 PD in the setup as shown in Fig. 2-37.
Here I obtained the total bandwidth of the MZM and the MUTC 13 PD at a wavelength of 1550
nm and the MUTC 13 PD was biased at -5 V and 1 mA photocurrent was flowing in the PD.
Then I replaced the 1550 nm laser by a 1060 nm laser and measured the total bandwidth of the
MZM and MUTC 13 PD again. The MUTC 13 PD was biased at -5 V and 1 mA photocurrent

was flowing in the PD. The measured data is shown in Fig. 2-40.
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Step four:
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Fig. 2- 41 Calculated MUTC 13 PD bandwidth at 1060 nm and 1550 nm wavelengths, respectively

According to data shown in Fig. 2-39 and Fig. 2-40, we can obtain the bandwidth of the MUTC
13 PD at 1060 nm and 1550 nm wavelength, respectively as shown in Fig. 2-41 by subtracting
the calculated MZM bandwidth shown in Fig. 2-39 from the total bandwidth of MZM and
MUTC 13 PD at wavelength of 1060 nm shown in Fig. 2-40. From Fig. 2-41, we can see that the
MUTCI13 PD frequency responses and thus the bandwidths under 1060 nm wavelength and 1550
nm wavelength are very similar to each other within 25 GHz. Even though the absorption of

1060 nm light is closer to the heterojunction in the MUTC 13 PD and the transit time under is
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shorter, this phenomenon has little impact on the bandwidth since the device bandwidth is RC-
limited. The decrease of the carrier transit time does not significantly change the bandwidth of

the PD.

2.6 Summary

In this chapter, the figures-of-merit of photodiodes are reviewed, then the design consideration
for high power MUTC PDs, both single and balanced photodiodes, and how they contribute to an
analog photonic link are presented. Then, the fabrication process of my MUTCI3 PD is
described. Finally, the device performance is characterized revealing responsivities of 0.65 A/W
and 0.62 A/W at wavelengths of 1550 nm and 1060 nm, respectively. Bandwidths of up to 41

GHz and output RF power levels up to 23 dBm are measured.
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Chapter 3. Fundamentals of Analog Photonic Links

3.1 Introduction

Coaxial cable is widely used in wireless and antenna applications, radio frequency (RF) and
microwave transmission, and video distribution [68, 69, 70]. However, with the exponential
growth of data traffic due to bandwidth intensive applications such as high definition TV and
mobile video, the bandwidth provided by coaxial cable is not sufficient anymore. Coaxial cable
has a large loss for high frequency RF signals. For 100 feet RG-11 coaxial cable, the loss is 0.2
dB at 1 MHz and increases to 5.6 dB at 1 GHz; for 100 feet RG-59 coaxial cable, the loss is 0.4
dB at 1 MHz and increases to 21.5 dB at 1 GHz. This significant loss is prohibiting high speed
RF signal transmissions [71, 72].

An analog photonic link is a promising alternative to all-electrical coaxial cable systems as it
can provide benefits in loss, bandwidth, immunity to electromagnetic interference, and reduced
size and weight. For a standard single mode fiber (SSMF), the loss is only 0.2 dB/km which is
orders of magnitudes lower than in coaxial cables. With these tremendous advantages over all-
electrical coaxial cable link, APLs have been widely investigated in antenna remoting, radio-
over-fiber, and phase-array radar systems and potentially to be used in the future 5G mobile
wireless systems [73].

A high power photodetector can handle high optical input power levels and thus generate
high photocurrents. High photocurrent benefits an APL in terms of noise figure, RF gain and
spurious free dynamic range (SFDR). In this chapter, I introduce how a high power

photodetector improves the performance of an APL.
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3.2 Figures-of-merit of Analog Photonic Link

3.2.1 RF Gain

RF Input 853 T © = Optical be—m RF Quput
; Optical —— LIoRF

cwW
Source

Modulator

Photodetector | RF
out

RF,

i

Fig. 3- 1 Schematic structure for an analog photonic link [1]

Fig. 3-1 shows a schematic structure of an APL. The transmitter includes a laser source,
typically a continuous-wave source, and an optical modulator. The optical carrier from the laser
source is modulated by the RF signal in the modulator. Then, the modulated optical carrier is
transmitted through the fiber and finally is converted back to an RF signal by a photodetector. To
characterize the APL performance, the following, figures of merit are used: gain, noise figure
(NF) and spurious free dynamic range (SFDR).

RF gain is defined as the ratio of the output RF signal power from the photodetector to the
input RF signal power into the modulator. According to the link structure with an intensity

modulator shown in Fig. 3-1, RF gain in an APL can be written as [1],
G.=P. /P =z2(12/V?)R R
RF — ' RF,out RF,in — dec ' Yz 7"Nin" Yout 3.1)
where By, 1s the output RF signal power from the photodetector, Py ;, is the input RF signal

power to the Mach-Zehnder modulator, |, is the DC photocurrent flowing in the photodetector,
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V_is the half-wave voltage of the modulator, R, is the modulator input impedance and R, is the

out

photodetector load impedance. Eq. (3.1) shows that larger DC photocurrent |, or smallerV_will

result in a larger G- . This means, to improve the gain of an APL, we can either improve | ;. by
increasing the input optical power into the photodetector, in which way a high power handling

photodetector is necessary, or, utilize a lowV_ modulator.

3.2.2 Noise Figure

Noise factor (F) is the degradation of the signal to noise ratio, caused by components in the

system under test. It can be written as [74],

F=SNR, /SNR,, = N2 /NP (32)

out

| .
@l s the

where SNR, and SNR , are input signal to noise ratio and output signal to noise ratio, N

input

total output noise power induced by input noise and components in the system under test, N

is the output noise induced by the input noise only. The noise figure (NF) is defined as,
_ _ total input
NF =1O|Oglo(F) - Nout,dB o Nout,dB (3.3)

total input | i . . . T .
where N s and Ng s are N and Nt in decibel, respectively. A low NF indicates a low-noise

performance of the components under interest.
Typically, there are three methods to measure the NF, the NF meter method, the gain
method and the Y factor method. In this work, I used the gain method to measure the NF of the

analog photonic link as RF gain is pre-determined in the analog photonic link.

The thermal noise power at the input of an APL can be expressed as B, =KTAF,

where K is the Boltzmann's Constant, T is the temperature in Kelvin, and AF is the noise
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bandwidth. At room temperature (290 K), the noise power spectral density is P, = -174

dBm/Hz in a 50 Q system. Excess noise sources in an APL include shot noise in the detector
originating from the photocurrent flowing in the PD, relative intensity noise (RIN) in the laser
and amplified spontaneous emission (ASE) noise in the EDFA. Then we have the following

equation [53],
NF =P, +174dBm/Hz -G (3.4)

where P ; is the measured total output noise power spectral density in dBm/Hz including the

excess noise and the amplified input thermal noise, and G is the APL RF gain.
3.2.3 Spurious Free Dynamic Range (SFDR)

SFDR is the strength ratio of the fundamental signal to the strongest spurious signal in the
output. The spurious signals, harmonics and intermodulation distortions (IMD), are caused by

the nonlinearities in the link.

mmm Fundamental signal
mmm 2nd distortion products
1 3 distortion products

2f
\' %fz 2f +f, f,+2f,

. | \ﬂﬂ/

f-f,  2f,-f, 2f,-f; f +f, 3f, 3f, f

fy £

1aMod

Fig. 3- 2 Two-tone fundamental signals and their distortion products

It is well known that nonlinearities lead to harmonics that occur at multiples of each input tone.
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In addition, more frequency contents will be generated as the fundamental tones and the

harmonics will beat with each other. Fig. 3-2 shows the frequency contents in a nonlinear system

with two-tone input. f,and f, are the two fundamental tones; 2 f,,2f,,3f, and3f, are harmonics
generated by the input f,and f, tones; f, £ f,is the second order IMD; 2f —f,,2f, - f,,2f +f,
and f, +2f,are the third order IMD. These distortion products will degrade the link performance

if they are close to the frequency range of interest.
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Fig. 3- 3 Second order and third order interception points and SFDR

To quantize how these distortion products affect the system, the SFDR is commonly used
(Fig. 3-3). The second order SFDR (SFDR2) and the third order SFDR (SFDR3) are the vertical
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distances from the fundamental tone to the interception point between noise level and distortion
products in second order and third order, respectively. In order to make the SFDR larger, one
could improve the power of the fundamental tone (i.e. increase the gain), decrease the noise
level, or, decrease the non-linearity in the system. Fig. 3-3 also defines the input interception
point (IIP) and output interception point (OIP) from the interception points between the linear
extrapolation of the fundamental tone and the distortion products. IIP and OIP are key figures of
merit when characterizing non-linear systems.

The nw-order SFDR can be expressed by [53]

SFDR, = (OIP, /N, )"

out

(3.5)
where OIP, is the nw-order output interception point, N,, is the output noise power. To measure
SFDR, we just need to measure the output noise power and the OIP, .

A high power high linearity photodiode helps to enhance the performance of an APL
provided that it works below its saturation point. As high DC photocurrent is flowing in the
photodiode, gain, SFDR and NF are improved, provided that the PD maintains high linearity. In
addition, in order to decrease the noise level, a balanced photodetector can be used. The balanced
photodetector cancels common mode noise in the APL and thus improves NF and SFDR

performance.
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3.3 Figures-of-merit Measurement

3.3.1 RF Gain and NF Measurement

Modulator Demodulation

Fig. 3- 4 Gain and noise figure measurement setup

Fig. 3-4 shows a schematic setup how I measured the link gain and noise figure. The RF signal at
frequency f, is generated by an Agilent RF signal generator. The output of the demodulation
module is measured by an Agilent electrical spectral analyzer. The demodulation module
typically includes a high power photodiode for an intensity modulator at the transmitter, or a
phase modulated signal to intensity modulated signal convertor and a photodiode if a phase
modulator is used. For the link gain measurement and independent of the modulator, we just
need to measure the RF signal power that is transmitted and received. To measure the RF signal
transmitted to the analog photonic link, firstly we need to calibrate the RF signal generator with
an ESA. After calibration, we can get the RF power into the link from the signal generator and a
calibration file. At the receiver, we can get the RF power out from the demodulation module by
an ESA. Here, we also need to calibrate the cable loss between ESA and the demodulation
module. Then according to Eq. (3.1), we can calculate the RF link gain.

According to Eq. (3.4), to measure noise figure, we measure the noise floor at the output
of the demodulation module. As we already have the cable calibration file between the ESA and
the demodulation module, we can get the noise floor by directly measuring the noise into the
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ESA. It should be noted that the ESA has its own noise floor which represents the lower limit in
this measurement. For our Agilent ESA, the noise floor is about -153 dBm/Hz. The measurable
noise power density is around -150 dBm/Hz which should be 3 dB higher than the noise floor of
ESA. Upon we get the noise power density from the ESA and RF link gain, we can determine the

noise figure of the analog photonic link through Eq. (3.4).

3.3.2 SEFDR Measurement

EDFA

Modulator Demodulation

Fig. 3- 5 SFDR measurement setup

Fig. 3-5 shows a schematic setup to demonstrate how I measured the SFDR of the analog
photonic link. Two RF signal generators are used in this setup to generate two RF signals with

frequencies f, and f, which are close to each other. These two output RF signals are coupled to

the modulator by a RF coupler with the same RF power. At the receiver, the ESA is used to

measure the fundamental power levels at frequencies f, and f,, and the IMD power levels. The

SFDR can be obtained by using Eq. (3-5).
3.4 Summary

In this chapter, the figures-of-merit of an analog photonic links are reviewed and the benefits of a
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high power high-linearity photodiode are presented. Methods to measure the link characteristics

are described.
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Chapter 4. IM/DD Link with Dual Output Intensity

Modulator

4.1 Introduction

In this chapter, I use a 20 GHz bandwidth high-power balanced modified uni-traveling
carrier PD in an analog phonic link and analyze the performance of this link with a quadrature
biased dual-output Mach-Zehnder modulator. A general expression for the link gain is presented.
With the quadrature biased MZM and our balanced MUTC photodiode, we demonstrate a
record-high link gain of 16 dB and 117.6 dB-Hz”® SFDR; with 14 dB NF at 20 GHz. The

measured link gain agrees well with the calculation.

4.2 IM/DD Link Gain

Splitting A. ‘;ﬁ’l lFm fﬂp!:‘;tmg bort1

E (1) '—U—> E (1)
lec’unde

[ — l—» E,(1)

;4_2“?2 TFJ(T} Port 2

Fig. 4- 1 Imperfect MZM structure

Fig. 4-1 shows a schematic structure of a Mach-Zehnder modulator (MZM). Key components in
a MZM modulator include electrodes on one or two arms of the MZM and two directional
couplers with splitting ratios © and r . Light from the laser is coupled into an input waveguide
that is split into two paths and then recombined at the output. The most prevalent material for

MZM:s is the electro-optic LiNbOs3 crystal. An applied voltage across one or both arms of MZM
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on the LiNbO3 crystal will change the refractive index that will in turn change the optical phase.
The interference will happen between these two light beams at the output coupler leading to an

intensity modulation. The output optical field from port 1 and port 2 can be expressed as
{El(t)}: Jo ifi-p {A&e"”i 0 } Jrooiier {Eo(t)}
E®] |ifi-p Jo |L 0 Ae“]ivi-r Jr |L O
{ E, (D(AToe" - AJA-T)A- p)e*) } @
I, (D(Ar (- p)e™ + Ay\/p(L-T)e™)

where E,(t) is the input optical field, A , ¢ , A, , @, are the loss factors and phase shifts in

the two arms of the MZM, respectively. The output power of port 1 is

R=E®-E®)

_2AAJTPE-NE=p)
Alrp+ K L-1)A- p)

=P,[ Alrp+ AZ(L- I‘)(l—p)]{l (% —%)}

(4.2)

where B =E,(t)-Eg(t) is the input optical power of the MZM. The extinction ratio at port 1 is

p _(AJrp+AJA-NA-p))
1,min (Ai\/G_AZ\/(l—r)(l_p))z 4.3)

S = M max

where P .. and P ., 1sthe maximum value and minimum value of P, respectively. Then

we have

R =RIATp+AQ1-r)1-p)[1- Bcos(# —¢,)]

(4.4)

-1
where B —2 = )
c+1
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Fig. 4- 2 Schematic configuration of an intensity modulation with direct demodulation analog photonic link

Fig. 4-2 shows a schematic of the intensity modulation with direct demodulation analog photonic
link with an imperfect MZM. Without loss of generality for the analysis, we assume the input

bias difference between two arms of MZM is
Vin (1) =Vi(£) =V, (1) =V, sin(Qt) +V, (4.5)
Then phase difference between two arms of MZM caused by this input bias is

vV, s 7V Sin(Qt)
Vv Vv (4.6)

T T

¢1_¢2:

where V; is the input RF amplitude into MZM, V, is the half-wave voltage of MZM and

Q=2x1 is the angular frequency of the input RF signal at frequency f , V. is the DC bias

voltage on MZM. Then the optical output power at port 1 becomes

Vg, N 7V, sin(Qt)
\Y

VA T

R =P.a[Arp+A@L-r)1-p)]-|1- Bcos

(4.7)

where @t is the fiber loss factor, P, is the output optical power of laser. After detection with
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the detection module shown in Fig. 4-2 placed behind port 1, we have the output current of the

photodetector
1,(t) = 1, {1- Beos(¢y. ) Jo (¢4 )
+25iN(4) D" 3, (¢ )sin[ (2] + 1)1

(4.8)

~2/8c08(¢hy.) Y I (4 cOS[2k ]}

k=1
where |, = RPinafG[A_zrp+ A - ")(1—/0)], R is the responsivity of the photodetector, and
G is the EDFA gain inside the detection module, Pie = Vg, /V = 1s the phase shift caused by

the DC bias on the MZM and the argument of the Bessel function of the first kind is

G =7V /V = . The average output RF power at the fundamental frequency becomes

<PQ> = Zo < |12f (t)> = 2'12ﬁ2 Sin2(¢dc)‘]12(¢n‘ )Zo (4-9)

where Z, is the load impedance, |, is the photocurrent at the fundamental frequency of 1, (t)

and () denotes the average of a function. For a small signal modulation at the modulator with

V, <V, we use J(X)=x/(2)) , and obtain the DC photocurrent at the output of the

photodetector,

e = 1,[1-Bcos(g,.)] (4.10)

The small signal link gain can be written as

g= <PQ> ‘
Vng/zzin &

‘2 — ,ledzc Sinz(¢dc)zozin7z-2
V2L~ poos(dy)]

Hio|
pd @.11)
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where H , is the transfer function of the photodetector, and Z;, is the input impedance of the

MZM. For a given |4 , we find the condition for maximum gain if

@, = 2kz £cos™(p)

(4.12)
where K is an integer. At quadrature point, we obtain the RF gain as
212 2
— ﬁ I chOZinﬂ- H 2
9q = 2 pd
V (4.13)
T

by setting By = (2K +1) 7/ 2 as quadrature condition which is similar to the results in ref.
[36].
Similarly, if we place the detection module as shown in Fig. 4-2 at port 2, we obtain a small

signal gain

— ﬁzldzc sz(¢dc)zozin7z'2 ‘H
V2 [i+ peosig )] "

2
‘ (4.14)

when I'=1/2. We can also see that gain at port 2 and gain at port 1 are the same when the

output of the MZM is placed at quadrature point as @, = 2Kz + 7/2 where K isan integer,

ﬁzl 2cZ Zinﬂ-2
gl,q - gz,q = dvg

\ H

‘2
pd (4.15)

Therefore, if we use balanced photodetection of the two outputs of the quadrature biased MZM,
we would expect for 6 dB more RF gain than the RF gain measured at one port of the MZM, as
the signals are differential and the balanced photodetection doubles the current flowing at the
output of RF pads. For the calculation, we can directly put the total DC photocurrent flowing in

the balanced photodiode into Eq. (4.15) to get the RF gain of this IM/DD analog photonic link.
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4.3 IM/DD Link Performance at 20 GHz

EDFA

VOA OTF ODL

Dual-output
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i e

VOA OTF ODbL

Fig. 4- 3 20 GHz balanced analog photonic link. ECL, external cavity laser; PC, polarization controller; VOA,
variable optical attenuator; OTF, optical tunable filter; ODL, optical delay line; HP BPD, high-power balanced
photodiode; ESA, electrical spectrum analyzer
Fig. 4-3 shows the experimental setup of the 20 GHz balanced analog link. I used an external
cavity (ECL) laser with 6 dBm output power at 1550 nm followed by a polarization controller
(PC) and a quadrature-biased dual-output Mach-Zehnder modulator from EOSpace. The Vi of
this dual-output MZM is 3.0 V and its bandwidth is 20 GHz. In each branch of the link we used
a high-power erbium-doped fiber amplifier (EDFA), a variable optical attenuator (VOA), an
optical tunable filter (OTF) with 1 nm bandwidth and an optical delay line (ODL). A fiber array
with 32 pum spot size and 250 pum pitch is utilized for coupling light into the balanced
photodiode. The output RF signal was analyzed by an electrical spectrum analyzer. The balanced
photodetector used in this experiment is our 20- UM diameter MUTC 13. Device characterization

is shown in section 2.5.2. Bandwidth and saturation results are shown in Fig. 2-30.

This is the first analog photonic link demonstration at 20 GHz with a high power
photodiode. With our high power high linearity balanced photodiode, we expect a high gain, high
linearity and low noise figure analog photonic link. In addition, since we use both outputs of the
MZM in this link, it is a more efficient use of the input optical power to the modulator instead of

just using one output of the MZM. Also, this link has the potential to cancel RIN from the laser
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because of the balanced photodetection. However, one concern for this link is the requirement to
phase-match (RF signal phase) the two branches (fibers) between the outputs of the MZM and
the photodetector in order to maintain differential signals and to cancel the RIN. In the

experiment this was achieved by using optical delay lines.
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Fig. 4- 4 Noise figure and link gain at 20 GHz versus average photocurrent per photodiode.
To measure the link gain, a single tone RF signal with ;=20 GHz and -10 dBm power was fed
into the dual-output MZM. When the photocurrent was 65 mA per photodiode, I measured 16
dBm link gain at 20 GHz as shown in Fig. 4-4. The noise figure was 14 dB at 50 mA

photocurrent per photodiode. We believe ASE noise is dominating in this link as two

uncorrelated EDFAs were utilized in this link.
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Fig. 4- 5 Calculated and measured RF gain as a function of MZM bias with 130 mA total DC photocurrent (curves
are for the simulated data while the blue point is the measured data at quadrature point) for extinction ratios = 0.9,
0.93,0.96, 0.99.

Fig. 4-5 shows the calculated RF gain of the IM/DD analog photonic link with a quadrature
biased dual output intensity modulator and a balanced photodiode according to Eq. (4.15). We

can see that the calculated gain at quadrature point is very close to our measured RF gain by
setting £, =Z£,=90Q  V_ =3V  B=0.9 and |4 =130mA which is the total DC photocurrent

flowing in the balanced photodiode. We can also see that at quadrature point the gain does not

change a lot with change of extinction ratio of MZM.
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Fig. 4- 6 Measured SFDR3 versus photocurrent per photodiode under quadrature-biased dual-output MZM at 20

GHz.

Two RF signals at £1=20 GHz and 2=19.99 GHz were combined as two-tone signal by a 3-dB RF
coupler to determine the output second- and third-order intercept points (OIP; and OIP3), and the

SFDR. Fig. 4-6 shows the SFDR3 at different photocurrents with 5 V bias voltage on the 20-um

diameter balanced photodiode in our 20 GHz analog photonic link. 117.6 dB-Hz** SFDRj was

achieved when the photocurrent per photodiode was 30 mA.
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Fig. 4- 7 OIP; versus bias point of dual-output MZM at different photocurrents per 20- wum diameter photodiode in

balanced configuration at 20 GHz

Then, we measured the OIP2 of this 20 GHz link which is an important figure-of-merit for a
wideband analog photonic link. An OIP> of 36.8 dBm at 5 V bias voltage on the balanced
photodiode was measured when the dual-output MZM was quadrature biased and the
photocurrent per diode was 30 mA as shown in Fig. 4-7. It can be clearly seen that OIP; rapidly
decreases as we bias the modulator off-quadrature. This agrees well with the cosine transfer
function of MZM. There is no even-order harmonics when the MZM 1is quadrature biased as
shown in Eq. (4.8).

As expected, the balanced analog photonic link enjoys a much better linearity when the
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dual-output MZM is quadrature biased.

4.4 Summary

A high-gain high-linearity IM/DD analog photonic link based on a quadrature biased dual-output
MZM and a high-power MUTC balanced photodiode was demonstrated in this chapter. Link gain
with a dual output modulator biased at quadrature point is derived. 16 dBm link gain and 117.6
dB-Hz”* SFDRj; at 20 GHz were achieved in our experiment. The measured link gain agrees
well with our calculation. This is the first analog photonic link demonstrated at a modulation

frequency as high as 20 GHz with high power photodiode.
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Chapter 5. Phase Modulated Analog Photonic Link with a
High-power High-linearity Photodiode

5.1 Introduction

In Chapter 3, we have presented the wide range of applications of analog photonic links and how
a high power photodiode will help to improve their key figures-of-merit. In Chapter 4, we
described how a IM/DD link works and introduced a balanced high power photodiode into an
analog photonic link with a dual-output MZM. We measured 16 dB link gain and 117.6 dB-Hz**
SFDR3 at 20 GHz in our experiment.

In this chapter, I use our high-power high-linearity MUTC 13 PDs with saturation
currents above 155 mA and analyze the performance of phase modulated links under different
MZI bias points. The link performance of a quadrature-biased MZI with a balanced MUTC
photodiode and a link with a MZI biased at the optimal point for RF link gain and a single high-
power MUTC photodiode is compared. With the quadrature biased MZI and the balanced
photodiode, we obtain 16 dB RF link gain, 16 dB noise figure and 118 dB-Hz*’ third order SFDR
(SFDR3) at 100 mA total DC photocurrent. With an optimally biased MZI for gain and a single
photodiode, we measured 25 dB link gain, 18 dB noise figure and 114 dB-Hz** SFDRj at 130 mA
DC photocurrent. It should be mentioned that these experiments represent the first demonstration
of a phase modulated analog photonic link with positive gain [31, 32].

In section 5.2, I present the equations for RF link gain, NF and SFDR and point out the
bias point of the MZI for highest RF link gain. Link experiments and analysis of the results are

presented in section 5.3.

77



5.2 Figures-of-Merit of Phase Modulated Analog Photonic Link

5.2.1 Link Gain

Since a photodetector only responds to the optical power, not the optical phase change, we need
to convert the optical phase change to an intensity change for detection in a phase modulated
analog photonic link [36]. In this section I show how a Mach-Zehnder interferometer works as an

optical demodulator in a phase modulated analog photonic link.

Splitting Splitting
ratio 2 Loss factor A, ratio 7 Port1
E,@) — E(t)
Initial Phase

difference ¢ T

E, (1)

Loss factor A, Port 2

Fig. 5- 1 Imperfect MZI structure

Fig. 5-1 shows a schematic structure of a practical MZI with delay line. A key difference
between the MZM and an MZI comes from the fact that MZM is a modulator while the MZI
works as a demodulator. The MZM, consists of two arms made of electro-optic material (e.g.
LiNbOs crystal) between the first and second coupler. An electrical RF signal can be applied to
the electrodes to modulate the refractive index of the LiNbOs3 crystal which will result in an
optical phase modulation. In the second coupler, the modulated optical signals from both arms
interfere with each other. Here, the modulated phase signal is converted into a modulated
intensity signal.

The delay line MZI, which is also an interferometer working as a demodulator of phase
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modulated signals, consists of two couplers and an optical delay line and a phase section in one
arm. By tuning the optical delay line or the phase section, optical phase of light on that arm will
be changed. It should be mentioned that the delay line and the phase section serve two different

purposes: the delay line delays the signal in the range of many picoseconds; the optical phase
section fine-tunes the optical phase. @, , the initial phase difference between arms of MZI as

shown in Fig. 5-1, is typically thermally introduced by the phase section under external bias.
After interference at the second coupler as shown in Fig. 5-1, the phase modulated signal will be
converted into an intensity modulated signal and can then be detected by the photodiode. The
MZI has the potential to demodulate an octave-spanning signal with a certain optical delay and
can be tuned to the frequency of interest by tuning the phase section. This single octave-spanning
signal demodulation will be shown in Eq. (5.12).

In the following I derive the phase modulated analog photonic link RF gain with an MZI.
The difference between the following derivation and the derivation in Chapter 4 is the phase

shifter T in a MZI. Assuming an input RF signal into the phase modulator (PM)
Vin (t) =V, sin(Qt) (5.1)

then the output optical field from the phase modulator can be written as,

E, (t) =l (52)

7V
where #(t) = v

a

sin(Qt) is the optical phase change caused by the input RF signal to phase

modulator, | is the amplitude of the output optical signal, V, is the input RF amplitude into the

phase modulator, V, is the half-wave voltage of the phase modulator and Q=27f is the

angular frequency of the input RF signal at frequency f . Assume the modulator output optical
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signal is the input signal into the MZI, then we can express the outputs from port 1 and port 2 as
shown in Fig. 5-1 as
{El(t)} _ Jp o ifl-p {A_Le"”o 0 } NI N {Eo(t)}
E®] |ifl-p Jp |L O Ar@Jivi-r Jr |L O
_| AR rpe — AE (t—7)Jd-r)1- p) (5.3)
iE, () Ar(L- p)e™ +iAE,(t—7)\p(L-T)

where P and I' are the splitting ratios of the directional couplers, A and A, are the loss factors

of the two branches of MZI, respectively, the term I'(r) is a time-delay operator that acts on a

time-dependent field as I'(z)E(t) = E(t —7) and 7 is the time delay between the two arms of a

MZI. The output power at port 1 is

R=E®-E®

_2AA\rpL-1)1- p)
Arp+AL-1)1-p)

_ PO[AfI’,O+ A2(L— r)(l—,o)} 1 cos(g, + o7 + AQ)

(5.4)
where Py =Ey(t)-E;(t) is the input optical power of the MZI, and
7Nrf - ﬂ-vrf -
Ag=¢(t) —p(t —7) = v sin(Qt) - V. sin(Q(t-7)) 55
The extinction ratio at port 1 is
o _(ATp+AJEENE= )
¢ = Pl,max I:)1,min - 2
(Ao~ AN p)) 6

where P .. and PR, isthe maximum value and minimum value of P, , respectively. Then

we have
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Fig. 5- 2 Phase modulated analog photonic link with MZI demodulation

Figure 5-2 shows a schematic of the analog photonic link with an imperfect MZI. According to

Eq. (5.7), the optical output power at port 1 becomes

I:)1 = Pinaqﬁmabemzi[Aizrp + A22(1_ r)(l_ ,0)]
[1— Bcos(wr + ¢, + Ag)] (5.8)

where «; is the fiber loss factor, G, is the optical gain induced the by the EDFA before the

MZI, and @, is the loss factor of the phase modulator. After detection with the detection

module shown in Fig. 5-2 placed behind port 1, we have the output current of the photodetector,
1, (t) =1, {1- Bcos(wr +¢,) I, (X)

2 Bsin(wr + ¢o)i(—1)i Jpa(X)cos] (2] +1)(Qt - Q7 /2)]

o0

+2pBcos(wr+¢,)D (-1 (x)cos[Zk(Qt—QHZ)}}
k=1
(5.9)
where |, = RR,@,,0: Gy am2||:Al rp+AL-r)l- ,0)] is the responsivity of the
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photodetector, and G,,, is the EDFA gain inside the detection module, and the argument of the

Bessel function of the first kind is X = 272V, sin(z f 7) /V = . The average output RF power at

the fundamental frequency becomes

(Ro) =2, {15, 0) =205 S0 (e + ) Z, 510

where Z, is the load impedance, |, is the photocurrent at the fundamental frequency of 1,(t)
and () denotes the average of a function. For a small signal modulation at the phase modulator

with V, <V_ we use J,(X)=x*/(2'k!) , and obtain the DC photocurrent at the output of the

photodetector,

I = 1,[1—- Beos(wr +¢)] (5.11)
The small signal link gain can be written as
— ﬁ‘ H
Vvzj2z, "
4% sin’(wr + ¢,)sin’(rf )2, 2, 7°
} V?Z[1- Bcos(wr + ¢0)]2

g

‘ 2

‘H (5.12)

2
pd‘

where H , is the transfer function of photodetector, and Z;, is the input impedance of the phase

modulator. For a given |, , we find the condition for maximum gain if

Wr + ¢, = 2k = cos ()

(5.13)
where K is an integer. At quadrature point, we obtain the RF gain as
212 ain?2 2
9. = Al sin(zfr)2,Z. 7 ‘H ‘2
q VK pd (5.14)
v
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by setting @7 + @ =2k +D) /2 4 quadrature condition [36].

Similarly, if we place the detection module as shown in Fig. 5-2 at port 2, we obtain a small

signal gain

B 4ﬁ2IdZCSinz(a)r+¢O)Sin2(7rf2')ZOZin7z2‘ ‘2
B V2[1+ Beos(wr + )] ML sas)
when =1/2.
5.2.2 Noise Figure
As it was shown in ref. [53], the noise figure (NF) can be written as
NF =N, /(ngrB) (5.16)

where N is the output noise power of the link, J is the link RF gain as shown in section 5.2.1,

K is the Boltzmann’s constant, T, is the temperature, and B is the bandwidth.

Noise sources in a phase modulated link include shot noise in the detector, thermal noise,
relative intensity noise (RIN) of the laser, amplified spontaneous emission (ASE) noise from the
EDFA and intensity noise converted by the MZI from the phase noise of the laser.

Shot noise power can be written as,

Nshot = 2qlchoB (5.17)
where g is the elementary charge, and |, is the DC current flowing in the photodetector

expressed by Eq. (5.11), Z, is the load impedance.

Thermal noise in the analog photonic link includes two parts. One is the amplified thermal noise

from the input of the phase modulator; the other one is the thermal noise generated inside the
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photodetector,

Nth = ngTr + kBTp (5.18)

where T, is the temperature inside the photodetector. Thermal noise can be reduced by cooling

the photodetector when the RF gain of the link is small.

ASE noise in the link includes ASE-signal beat noise and ASE-ASE beat noise [43]
Nase :4Rzgpino-aseB+2R26§seBBase (5.19)
where P, is the input optical power into the EDFA, o, is the optical power spectral density of

the ASE, and B, is the optical bandwidth of the ASE noise spectrum.

The noise power spectral density of the intensity noise converted by the MZI from laser

phase noise was given in [75] as,

~ IOZA Ue—ZﬂTAU
U 4n(AL? + £7)
+C0s*(wt + ¢, )[sinh(277Av) — 2xrAvsinc(2 f )]}

{sin’(w7 + ¢,)[cosh(2zzAv) — cos(2x f 7)]

(5.20)
where AU is the Lorentzian linewidth of the laser and |, is the instantaneous intensity of the

laser output. The dominating noise components in our analog photonic link will be analyzed in

section 5.3.
5.2.3 Spurious Free Dynamic Range

Spurious free dynamic range is the ratio of the fundamental signal to the strongest spurious
signal in the output of the link. The spurious signals, harmonics and intermodulation distortions

(IMD), are caused by the nonlinearities in the link that are characterized by OIPn, the n-th order
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output interception point,
-1
SFDR, = (OIPn/Nout)(n a (5.21)

In order to improve SFDR, one could decrease the non-linearity in the system or decrease the
noise level. On the receiver side, a high-power high-linearity photodiode can help to enhance the
performance of an analog photonic link provided that it works below its saturation point. As high
DC photocurrent is flowing in the photodiode, gain, SFDR can be improved, provided that the
PD maintains high linearity. In a phase modulated analog photonic link, nonlinearity typically

comes from MZI and photodetector.

5.3 Link Experiments

EDFA

(a)

PC —

(e v — —{voa —{oTF — vz

‘ EDFA
(b)

Fig. 5- 3 Experimental setup of phase modulated links: (a) low biased MZI with a single photodiode, (b) quadrature

biased MZI with balanced photodiodes. PC, polarization controller; PM, phase modulator; EDFA, erbium-doped
fiber amplifier; VOA, variable optical at attenuator; OTF, optical tunable filter; MZI, Mach—Zehnder interferometer;
ODL, optical delay line; HP SPD, high power single photodetector; HP BPD, high power balanced photodetector;

ESA, electrical spectrum analyzer.
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Fig. 5-3 (a) and 5-3 (b) show the experimental setups for the phase modulated analog photonic
links with a high-power single photodiode and a high-power balanced photodiode, respectively.
As shown in Fig. 5-3 (a), a low-noise fiber laser (Orbits) with 17 dBm output power at 1550 nm
was followed by a polarization controller (PC) and a phase modulator. The output of the phase
modulator was injected into a MZI followed by an EDFA, a variable optical attenuator (VOA)
and an optical tunable filter (OTF) with 0.3 nm bandwidth. Then the optical signal was down-
converted to the RF domain by a high-power single photodetector followed by an electrical
spectrum analyzer (ESA). Here, the EDFA was placed after the MZI in order to compensate for
link losses and to provide high optical power to the photodetector. In Fig. 5-3 (b), the EDFA was
placed between the PM and the quadrature-biased MZI because the output power of the MZI was
high enough to drive the balanced photodiode pair in the high power regime. An optical delay

line (ODL) was inserted between the MZI and high power balanced photodiode to match the

path lengths.
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Fig. 5- 4 Measured (black and red) and calculated (blue and green) RF gain: (a) with 10 GHz FSR, (b) with 20 GHz
FSR.
Fig. 5-4 (a) shows the measured RF gain with 20 mA and 40 mA total photocurrent flowing in
the balanced photodiodes. The free-spectral range (FSR) of the MZI was set to 10 GHz by tuning
the time delay on MZI to 100 ps. RF gain here was measured with the setup shown in Fig. 5-3
(b) and a quadrature biased MZI. At 20 mA total photocurrent, we measured peak gains of 1.6 dB
and 2.2 dB at 5 GHz and 15 GHz. At 40 mA, peak gains of 7.2 dB and 8 dB were observed. Fig.
5-4 (b) shows the RF gain at 20 mA and 40 mA total photocurrent with 20 GHz FSR. Peak gains
of 2.1 dB and 8 dB were measured at 10 GHz at 20 mA and 40 mA total photocurrent,
respectively. These measured curves in Fig. 5-4 (a) and Fig. 5-4 (b) agree well with the

calculated gain using the expression in Eq. (5.14) with V,=5V . Here we set Z,=Z2,=50Q ,

[H[ =2 and 7 =100ps for 10 GHz FSR while 7 =50pS for 20 GHz FSR.
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Fig. 5- 5 Calculated and measured RF gain as a function of MZI bias with 10 mA DC photocurrent

Then, we measured the link gain under different MZI bias points using the setup shown in Fig. 5-
3 (a). The FSR of the MZI was set as 20 GHz. The input RF signal was -10 dBm at 10 GHz. We
swept the bias voltage on the MZI and recorded the RF output power. As shown in Fig. 5-5, the
peak RF gain was measured at an optimal bias point of the MZI where the optical signal has a
high modulation depth. There are two null points of the RF gain, one from the null transmission
point of the MZI and a second one from the peak transmission point of the MZI.

At the null transmission or peak transmission points, there was no AC optical signal out
from the MZI. Therefore, there is no RF gain at null transmission point and peak transmission

point. Additionally, we can see that the peak RF gain at optimal bias is about 10 dB higher than
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the RF gain at quadrature which agrees well with the calculation by Eq. (5.12) and (5.14) as

shown in Fig. 5-5 by setting #=0.95with ¢ =16 dB which is very close to our measured static

extinction ratio 18 dB, 10 mA DC photocurrent, Z, =Z,=50Q, V.=V and |H, |2 :% )

23
24| " 25 dB@130 mA)/.J’
2 SR
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- o
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Fig. 5- 6 RF gain and NF measured at 10 GHz and optimal bias point of MZI.

We then measured the RF gain and the NF at 10 GHz with the setup shown in Fig. 5-3 (a). The
input RF power into the phase modulator was -10 dBm at 10 GHz. A 28 pm-diameter single PD
was biased at -6 V. The MZI was set at optimal bias point for the link RF gain and 20 GHz FSR.
We swept photocurrent flowing in the photodiode by tuning the optical attenuator. A record-high

link gain of 25 dB and 18 dB NF were measured at 130 mA photocurrent as shown in Fig. 5-6.
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Fig. 5- 7 RF gain and NF measured at 10 GHz and quadrature point of MZI.

We also measured the RF gain and NF at 10 GHz with the setup shown in Fig. 5-3 (b). The
balanced photodiode was biased at -6 V and the MZI was set at quadrature point with a FSR of
20 GHz. The input optical power into the MZI was 12 dBm. The optical delay line (ODL) was
adjusted to ensure differential mode signals into the balanced photodiode. A RF gain of 15 dB
and a NF of 16 dB were recorded at 100 mA total DC photocurrent flowing in the balanced

photodiode pair as shown in Fig. 5-7.
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Fig. 5- 8 Noise power spectral density as a function of the input optical power into the EDFA.

From Figs. 5-6 and 5-7, we saw that the link with an optimally biased MZI provides almost 10
dB more RF gain compared to the link with a quadrature biased MZI at the expense of a 2 dB
higher NF. One reason for this behavior is that the ASE noise power spectral density increases
when the MZI is optimal biased and we believe ASE noise dominates in our link as discussed in
the following paragraph. We measured the noise power spectral density at different input optical
power levels into the EDFA using setup shown in Fig. 5-3 (a). As shown in Fig. 5-8, the noise

power spectral density increased as the input optical power into EDFA drops. When the MZI
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works at the optimal bias point, the output power from MZI is relatively low because the optimal
bias point is close to the null transmission point. In our experiment, the input optical power into
the EDFA was about -1 dBm when the MZI was optimally biased while the input optical power
into the EDFA was about 12 dBm when MZI was biased at quadrature. This input power

difference results in 5 dB difference in noise power spectral density as shown in Fig. 5-8.
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Fig. 5- 9 Calculated shot noise and thermal noise powers and measured noise power spectral density at different

photocurrents. Q stands for quadrature-biased and O stands for optimally biased.

Fig. 5-9 shows the noise power spectral density of the calculated shot noise according to Eq.

(5.17) and the thermal noise according to Eq. (5.18). For the thermal noise in the link with a
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quadrature biased MZI, the PD thermal noise is about 5 dB higher than the amplified thermal
noise at 10 mA DC photocurrent because the RF gain at 10 mA DC photocurrent is only -5 dB.
Amplified thermal noise is larger than the PD thermal noise at higher photocurrents in that RF
gain increases with the photocurrent but the temperature inside the PD increases slowly and we
used a TE cooler in the experiment [76]. For the thermal noise in the link with an optimal biased
MZI, amplified thermal noise is higher than the PD thermal noise because the gain is higher for a
given photocurrent. We can also see that the thermal noise increases much faster than the shot
noise. At 10 mA, the thermal noise of the link with optimally biased MZI is about 13 dB lower
than the shot noise while it is just 3 dB lower than the shot noise at 100 mA. In our experiment,
the shot noise is always higher than the thermal noise while the thermal noise is possibly higher
than the shot noise if the photocurrent is much higher than 100 mA.

Fig. 5-9 also shows the measured link noise power spectral density with a single
photodiode and a balanced photodetector while the MZI is quadrature biased. Even though the
balanced detection is helpful to reduce the noise power spectral density as shown in Fig. 5-9, the
measured noise of the link is still much higher than the shot noise; in addition, the relative
intensity noise of our laser is less than -165 dBc/Hz at frequencies beyond 100 MHz which is
much lower than the shot noise. Therefore, in both of these two links we presented here, we

believe that ASE noise is the dominating noise factor.
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Fig. 5- 10 Third order output intercept point measured at different photocurrents

To characterize the linearity of the phase modulated analog photonic link with MZI, we
measured the OIP; of the optimal biased link, the quadrature-biased link, and the PD only as a
function of photocurrent. As shown in Fig. 5-10, the PD OIP; is much higher than that of both,
the optimal biased link and the quadrature biased link, which means that the link linearity is
limited by the modulator. We also found that the OIP3 of the optimal biased link is 8 dB higher

than that of the quadrature biased link as the optimal biased link has a higher gain.
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Fig. 5- 11 Third order intermodulation distortion power measured at different link RF gain

quadrature biased MZI.

To characterize the linearity difference between MZI under quadrature bias and optimal bias, we
also measured the third order intermodulation distortion (IMD3) power at the same RF gain i.e.
the same fundamental tone power. Fig. 5-11 shows the IMD3 power as a function of RF gain for

both link configurations. At large RF gains we measured a 4 dB-lower IMD3; power for the
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Fig. 5- 12 Third order SFDR of phase modulated links

We then calculated the SFDR3 of the links using the measured OIP3 and noise levels. As shown
in Fig. 5-12, we find that the link with a quadrature biased MZI has a 3-dB higher SFDR3 than

the link with an optimally biased MZI does.

5.4 Summary

In this chapter, the performance of phase modulated analog photonic links with a MZI under
different bias conditions and a high-power high-linearity MUTC photodiode was investigated.
An expression of the link gain under different bias points of the MZI is derived and compared to

the experimental data. Noise and SFDR3 in the phase modulated analog photonic link were
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analyzed. In the experiment, a record-high RF gain of 25 dB, 18 dB NF and 114 dB/Hz** SFDR;
were obtained at 10 GHz under 130 mA photocurrent with optimal biased MZI and a 28-um
diameter single device. 16 dB RF gain, 16 dB NF and 118 Hz*® SFDR; were measured at 10
GHz under 100 mA total DC photocurrent with quadrature biased MZI and a balanced

photodiode. The measured link gain agrees well with the calculation.
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Chapter 6. High-Optical-Conversion-Gain Low-Noise

Balanced Photoreceiver

6.1 Introduction

A balanced photodiode (PD) pair with subsequent transimpedance amplifier (TIA) is a key
component in optical front ends that require differential and/or coherent detection schemes of
low-level signals [77, 78]. Since photocurrents are subtracted on the balanced photodiode chip,
any common mode input, including excess noise, can be effectively suppressed, which can
enhance the SNR and reduce the input current to the TIA.

In this work, and in collaboration with Prof. Steven Bowers’ group, we developed a
balanced photoreceiver by co-packaging a MUTC13 balanced photodiode pair and a TIA built in
a 130 nm RF CMOS. The first generation photoreceiver we developed had a bandwidth of 9 GHz
at 2 mA total photocurrent under reverse 5 V bias. A conversion gain of 21 V/W and a 86 pW/Hz
noise equivalent power (NEP) were measured at 1060 nm wavelength. The total DC power
consumption of the TIA including the buffer stage was 95 mW at 2 V. For the second generation
photoreceiver, Prof. Steven Bowers’ group optimized the design of TIA. As a result, we obtained
a much higher conversion gain of 2132 V/W when the balanced photodiodes worked in

differential mode.
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6.2 Balanced Photoreceiver Design
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Fig. 6- 1 (a) Balanced photoreceiver with a TIA schematic diagram; (b) Integrated balanced photoreceiver including

a balanced photodetector, surface-mount bias-T, and a TIA in 130 nm RF CMOS on a gold plated Rogers 4350
board.
A schematic of the balanced photoreceiver is shown in Fig. 6-1 (a). It includes a top-illuminated

balanced photodetector, a surface mount bias-tee, and a TIA with differential output. We used 15-
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um diameter MUTC 13 balanced photodiodes flip-chip bonded onto AIN substrate similar to the
one described in chapter 2. The fact that these photodiodes have excellent high-power handling
capability with saturation currents up to 100 mA makes the receiver suitable for input signals
with large DC components. In addition, the excellent common mode rejection ratio of our
balanced photodiode is helpful to cancel the common mode noise into the receiver. For the TIA
we chose the regulated cascade TIA topology mainly because of its ability to provide a small
input impedance to the PDs. The TIA chip also includes an output buffer stage in order to drive a
standard 50 Q load. More details about the TIA can be found in ref. [79].

The balanced photodetector and the TIA were co-packaged on a Rogers 4350 board as
shown in Fig. 6-1 (b). Gold wire bonds connect active devices with the RF transmission lines
that were implemented as low-loss 50 Q conductor-backed coplanar waveguides. The DC
supplies include two opposite voltages for the photodiodes and two supplies for the TIA and

buffer stage. The total photoreceiver area amounts to 78 mm?.

6.3 Experiment Results

Balanced

detector

Photoreceiver Package Fiber array

. -

+— Heterodyne setup

Fig. 6- 2 Experimental setup for characterizing CMRR and beat notes of balanced photoreceivers. ESA: electrical

spectrum analyzer; PLL: phase locked loop.

One potential application of our balanced photoreceiver is the detection of a weak beat note

around 1060 nm that arises from self-referencing of an octave spanning frequency comb as
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described in ref. [66]. To this end we used the optical heterodyne setup in Fig. 6-2 to characterize
both, the complete balanced photoreceiver as described above and a balanced photodiode pair
only. The experiments were carried out in collaboration with Prof. Steven Bowers’ group. In the
experiments two pairs of tunable lasers were available to generate heterodyne optical signals
around 1550 nm and 1060 nm wavelengths, respectively. Changing the wavelength of one laser
in the pair allowed us to characterize the device under test at different RF frequencies. Switching
between common mode and differential mode was achieved by tuning the free space optical
delay lines. We used a 2-channel lensed fiber array with 250- #M pitch for optical input coupling
to illuminate both photodiodes in the balanced photorecevier simultaneously. A phase locked
loop (PLL) was employed to stabilize the heterodyne optical signal at 1.55 um. We used a
differential RF probe (inset of fig. 6-2) to extract the output signal followed by an RF balun to
convert to the single-ended input of the electrical spectrum analyzer. Probe and RF cable loss in
the setup were 3 dB at 2.6 GHz and 5.0 dB at 7.8 GHz.

The dark currents of the 15 pum-diameter balanced photodiodes in the photoreceiver were
below 100 nA under 5 V reverse bias as shown in Fig. 2-27 (b). Owing to the optimized anti-
reflection coating for 1060 nm wavelength, the responsivity was 0.48 A/W and 0.65 A/W at 1550
nm and 1060 nm, respectively. The measured frequency responses in common mode, differential
mode, and from individual photodiodes (D1 and D2) in the balanced photodetector at 5 V reverse
bias are shown in Fig. 2-29. We calculated the common mode rejection ratio by subtracting the
measured common mode response from the measured differential mode response and obtained a

CMRR of 20 dB up to 9 GHz. The bandwidth in differential mode was 12 GHz.
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Fig. 6- 3 Output RF performance of co-packaged balanced photoreceiver at 1 mA average photocurrent

Fig. 6-3 shows the results for the co-packaged balanced photoreceiver. Here we obtained 9 GHz
differential bandwidth and 20 dB CMRR within 9 GHz. The photocurrent is 2 mA in total while
the RF power in differential mode is -7.8 dBm at 9 GHz. As shown in Fig. 2-29, the balanced
photodiode delivers -12 dBm RF power at 9 GHz when it works at differential mode and 2 mA
total DC photocurrent flowing in the balanced photodiode. Therefore, the TIA provides 4.2 dB

gain. We can also calculate the conversion gain of this photoreceiver,

21070 I,
G= \/1000 *Rigad / (Rj 6.1)

where P is the input optical power in dBm, R,y is the load resistance, typically it is 50 Q, |,
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is the total DC photocurrent flowing in the balanced photodiode, R is the responsivity of the
photodiode. Here, for this photoreceiver, we have -12 dBm output RF power with 2 mA total
photocurrent flowing in the photodiode and responsivity of this photodiode is about 0.65 A/W at
1550 nm. Therefore, we can determine a conversion gain of 22 V/W at 9 GHz at wavelength of
1550 nm for this photoreceiver.

We also measured the signal to noise ratio performance of our integrated balanced
photoreceiver under weak optical illumination at 1550 nm and 1060 nm, respectively. Both, the
balanced photodetector and the TIA were biased at 2 V. The TIA total power consumption
(including buffer stage) was 95 mW. When the heterodyne optical signals coupled into the
photoreceiver were 150 W from laser 1 and 50 pW from laser 2 around 1550 nm, we obtained
15 dB SNR at 2.6 GHz as shown in Fig. 6-4 (a). Fig. 6-4 (b) shows the beat note with 120 uW

from both lasers around 1060 nm; the SNR was 53 dB at 7.8 GHz.

Mkr1 2.612 4 GHz
Ref -75.00 dBm -90.22 dBm . Ref -20.00 dBm

SNR = .
15dB [ SNR=53 dB

IJ‘J

i

wu i u

i

Center 2.62000 GHz " span wn 0 MHz Start 7.0000 GHz - “Stop 8.0000 GHz
#Res BW 100 kHz VEW 100 kHz Sweep 1.000 ms (1001 pts) #Res BW 300 kHz #VBW 20 kHz Sweep 130.0 ms (1001 pts)

(a) (b)
Fig. 6- 4 (a) SNR measured with 150 uW from laser 1 and 50 pW from laser 2. (laser wavelengths around 1550 nm);

(b) SNR measured with 120 pW from both lasers (laser wavelengths around 1060 nm)
From Fig. 6-4 (b) we calculated the optical conversion gain at 1060 nm wavelength to be 21

V/W at 7.8 GHz. The noise equivalent power (NEP) of this photoreceiver was 86 pW/ vHz
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using an output noise power density of -156 dBm/Hz that was obtained from noise floor

measurements without optical input signals.

First generation Second generation
Transimpedance (dBQ) 63.5 62
Bandwidth (GHz) 14 11
TIA+Buffer DC Power (mW) | 95 58
NEP ( pW / JHz ) 86 46

Tab. 6- 1 Characterization of the first generation TIA and the second generation TIA

To further improve the ability to detect weak signals, Prof. Steven Bowers’ group designed a
second generation TIA that was co-packaged with our 15- #M diameter balanced photodetector
with new version CPW as shown in Fig. 2-12 (b) to further improve the conversion gain of the

photoreceiver. The characterization of both generations of TIAs are shown in Tab. 6-1.
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Fig. 6- 5 Output RF performance of co-packaged balanced photoreceiver at 0.01 mA average DC photocurrent per

photodiode

Fig. 6-5 shows the measured results of the second generation photoreceiver’s performance with
0.02 mA total DC photocurrent flowing in the balanced PD. The balanced photodiode was biased
at -5 V and TIA was biased at 2 V. We can see that CMRR within 8 GHz is about 30 dB which is
about 10 dB higher than in the first generation. This improvement may come from a better

CMRR of the balanced photodiode with the new CPW design. The measured NEP of this second

generation photoreceiver was about 46 pW/Hz .
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Fig. 6- 6 Conversion gain measurement of co-packaged balanced photoreceiver at 0.01 mA average DC
photocurrent per photodiode
Fig. 6-6 shows the conversion gain measurement of the co-packaged balanced photoreceiver at
0.01 mA average DC photocurrent per photodiode while the balanced photodiode was reversed
biased at 5 V and the TIA was biased at 2 V. Owing to the optimized TIA design, more than 1500
V/W conversion gain was measured for both balanced photodiodes in differential mode and a
single PD in the balanced configuration. The fact that both curves agree is expected because the
conversion gain is referenced to the optical input power of both PDs and the photoreceiver’s gain

is determined by the TIA gain only.
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6.4 Summary

We have developed a 9 GHz balanced photoreceiver by co-packaging an InP-based
balanced photodiode pair with a TIA built in a 130 nm RF CMOS. We measured 21 V/W optical
conversion gain at 1060 nm wavelength, 86 pW/Hz NEP, and a CMRR of 20 dB. An SNR of 15
dB was measured when detecting the beat note of 150 uW and 50 pW optical signals. With the
optimized second generation photoreceiver, we obtained 30 dB CMRR within 9 GHz and a 2162

V/W peak conversion gain was measured at 3 GHz.
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Chapter 7. Balanced Traveling Wave High Power

Photodiode

7.1 Introduction

To improve the power handling of a photodetector, it is generally helpful to maximize the device
area [47, 48, 49, 50]. However, if we make the device larger, the bandwidth will be reduced as
larger device areas lead to a larger capacitance. Simply connecting PDs in parallel can also
improve the saturation currents and thus provide a larger output RF power; however, the
capacitance will be accumulated and thus the bandwidth will be limited.

To overcome this trade-off, my group has previously designed a traveling wave
photodetector. In 2013, Dr. Allen Cross designed a photodiode array with four photodiodes [80].
In this structure, four MUTC photodiodes were flip-chip bonded onto a transmission line on AIN
substrate. High RF output power levels of 26 dBm and 21 dBm were achieved at 35 GHz and 48
GHz, respectively, using 28- #M diameter photodidoes, which is 2.5 times the RF output power
of one discrete 28- #M diameter photodiode.

For the analog photonic link applications, we also need to consider the noise in the link. A
balanced photodiode is helpful to reduce link noise as shown in Chapter 5. Here, in this chapter,
we introduce the traveling wave design to a flip-chip bonded balanced photodiode. We expect a
high power handling and also benefits in noise reduction in analog photonic link from this

balanced traveling-wave high power photodiode.
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7.2 Balanced Traveling Wave High Power Photodiode Design and

Measurement
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Fig. 7- 1 (a) Balanced Traveling wave photodetector with four pairs of balanced PDs in parallel; (b) AIN submount
for the balanced traveling wave PD; (c) balanced traveling-wave device equivalent circuit with four pairs of

balanced photodiodes. (C,, parallel capacitance; R, , parallel resistance; R, , series resistance; L., series inductance;
Z , characteristic impedance of the unloaded lossless CPW; e, , effective dielectric constant; d , distance between

adjacent PDs.)

To further improve the power handling and cancel common-mode noise in the analog photonic

link described in chapter 4 and chapter 5, the traveling-wave concept can be introduced to
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balanced PDs [81]. As shown in Fig. 7-1(a), four pairs of balanced photodiodes were fabricated
in parallel. Fig. 7-1 (b) is the transmission line designed for the four pairs balanced photodiodes
that are shown in Fig. 7-1 (a). The transmission line is deposited on an AIN submount for flip-
chip bonding to improve the power handling of the devices. These balanced photodiodes share
the CPW shown in Fig. 7-1(b) after flip-chip bonding. Then, the entire structure can be treated as
a capacitively loaded transmission line [82]. Fig. 7-1 (c) presents the equivalent circuit of a

traveling-wave device with four pairs of balanced photodiode. For a given characteristic
impedance of the capacitively loaded transmission line Z, and phase velocity Yo = C/ «/Qﬁ

where C is the velocity of light in free space and €« is the effective dielectric constant, the

required impedance Z of the unloaded lossless CPW can be expressed by [82]

_ Z, /v,
1(Zyv,) -Cq/d (7.1)

C,: can be measured by a LCR meter as shown in Fig. 2-23 (a). Then, according to the distance
between each balanced photodiode pair d, we can obtain the required impedance of the unloaded
CPW. Typically, it is desired to match the impedance of the traveling wave PD to the external
load, which is usually 50 Q for the measurement environment.

In my design, the distance between adjacent PDs is set as d=250um | the capacitance of
the balanced PDs is set as C, =140 fF which is double of the capacitance of a single PD in the
balanced configuration shown in Fig. 7-1 (c), the characteristic impedance of the capacitively
loaded transmission line z,is set as 50 Q, the phase velocity V, is set as 86 Mm/ps | and the

impedance of the unloaded CPW becomes Z =77Q .

It should be mentioned that the distributed traveling wave PDs may suffer from the
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potential phase mismatch due to the different optical and electrical propagation constants and
path lengths in the device [82]. However, in our design, the photodiode is back illuminated
through individual fibers and thus we can easily tune the optical signal phase by tuning an optical
delay line placed in front of the photodiodes. By tuning the optical delay lines, we can achieve
that all four photodiodes work in phase.

Therefore, in the design of the back illuminated traveling wave photodetector, we do not
need to consider the phase mismatch between the optical and electrical propagation constants
and path lengths since the optical phase can be controlled externally. The length difference

between the adjacent optical delay lines for the matched RF phase can be calculated by,

d
o)

Where d is the transmission line length between adjacent PDs in the traveling-wave

configuration.
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Fig. 7- 2 (a) Balanced Traveling wave photodetector with two pair of balanced PDs in parallel; (b) submount for the
balanced traveling wave PD.

Similarly, I designed a balanced traveling wave photodetector with two pairs of balanced PDs in

parallel as shown in Fig. 7-2 (a) and its submount shown in Fig. 7-2 (b). With two pairs of

balanced PDs, we expect that the total output RF power and the saturation current can be

doubled when compared to the conventional balanced PD described in chapter 2.

Fig. 7- 3 Flip-chip bonded traveling wave photodetector with four pairs of balanced PDs on an AIN submount

Fig. 7-3 shows a flip-chip bonded traveling wave photodetector with four pairs of balanced
MUTC 13 PDs after flip-chip bonding onto an AIN submount. The epitaxial structure is the same
as the one described in chapter 2. In this configuration pads A and B belong to traveling wave
devices, pads C, D, E and F refer to single devices on the same chip. The responsivity at 1550
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nm was 0.48 A/W while it was 0.62 A/W at 1060 nm since the AR coating was optimized for

1060 nm wavelength. The p-mesa size of the traveling wave balanced device is 15 #m.,
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Fig. 7- 4 Dark current of the flip-chip bonded traveling wave photodetector with four pairs of 15- #m diameter
balanced PDs on an AIN submount
Fig. 7-4 shows the measured dark current of the traveling wave device with four pairs of 15- #M
diameter balanced PDs on an AIN submount. The dark current was measured by placing two
needles on pad A and the center ground as shown in Fig. 7-3. This measured dark current is the
total dark current of the four pairs balanced photodiodes and remains below 100 #A . According
to the measured data, I found that none of the PDs were short, however, from this measurement,

it cannot be guaranteed that none of the PDs is open. To this end, the PDs need to be illuminated

114



one by one and the photocurrent needs to be measured separately.
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Chapter 8. Conclusion and Future Work

8.1 Conclusion

In this work, I designed, fabricated, flip-chip bonded and characterized a high power high
linearity MUTC 13 PD at wavelengths of 1550 nm and 1060 nm. The dark current of the device
is typically below 100 nA at -5 V bias. With an optimized AR coating a responsivity of 0.65 A/W
and 0.62 A/W at wavelengths of 1550 nm and 1060 nm were measured, respectively. At 1550
nm, 3-dB bandwidths of 41 GHz, 35 GHz, 30 GHz, 20 GHz and 14 GHz of 10 pm, 15 pum, 20
um , 24 ym and 28 pm single PDs were measured, respectively at -5 V bias voltage and 10 mA
photocurrent. The 3-dB bandwidth measured at a wavelength of 1060 nm was similar to the
bandwidth measured at 1550 nm. Saturation currents of 90 mA, 108 mA and 155 mA were
measured for both our single device and one photodiode in a balanced configuration with 20
pm , 24 pm and 28 wm diameters at their 3-dB bandwidth. The measured CMRR of the MUTC
13 balanced photodiodes with old CPW design is about 20 dB within their bandwidth while it is
30 dB with new CPW design. A record high 50 dBm OIP3 was also measured under -6 V bias
voltage on our 24- um diameter PD.

The balanced MUTC 13 photodiode was then used in an IM/DD analog photonic link
with a quadrature biased dual-output MZM at 20 GHz. This is the first analog photonic link
demonstrated at 20 GHz that utilizes a high power photodiode. An expression for the link gain
with a dual output modulator biased at quadrature point was derived. 16 dBm link gain and 117.6
dB-Hz”® SFDR3 at 20 GHz were measured in our experiment. The measured link gain agrees
well with our calculation.

Furthermore, the performance of phase modulated analog photonic links with a MZI
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under different bias conditions and a high-power high-linearity MUTC photodiode was
investigated. An expression of the link gain under different bias points of the MZI was derived
and compared to the experimental data. Noise and SFDR3 in the phase modulated analog
photonic link were analyzed. In the experiment, 25 dB RF gain, 18 dB NF and 114 dB/Hz*?
SFDR3 were obtained at 10 GHz under 130 mA photocurrent with optimal biased MZI and a 28-
um diameter single device. 16 dB RF gain, 16 dB NF and 118 Hz?* SFDR; were measured at 10
GHz under 100 mA total DC photocurrent with quadrature biased MZI and a balanced 24- um
diameter photodiode. The measured link gain agrees well with the calculation.

We also have developed a 9 GHz balanced photoreceiver by co-packaging an InP-based
balanced 15- um diameter photodiode pair with a TIA built in a 130 nm RF CMOS. 21 V/W
optical conversion gain at 1060 nm wavelength, 86 pW/Hz NEP, and a CMRR of 20 dB were
measured. An SNR of 15 dB was measured when detecting the beat note of 150 W and 50 pW
optical signals. With our second generation phtoreceiver designed by Prof. Steven Bowers’
group, we obtained 30 dB CMRR within 9 GHz and a 2162 V/W peak conversion gain was
measured at 3 GHz.

To further improve the analog photonic link performance with a high power photodiode, I
designed a balanced traveling wave MUTC photodiode in this work. The traveling wave
balanced high power photodiode has the potential to improve the power handling of a
photodetector and cancel the common mode noise in the analog photonic link. I designed two
kind of traveling wave devices in this work, one with two pairs of balanced photodiodes and one
with four pairs of balanced photodiodes. Preliminary data on those devices has been measured,

such as the [-V curve and responsivity.
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8.2 Future Work

In Chapter 7, I designed a traveling wave high power balanced photodiode. Preliminary results
including I-V curves have been measured and reveal the basic functionality of the devices.
However, other important key figures, including responsivity, bandwidth, saturation current and
CMRR have not been measured so far.

A future measurement may include the responsivity of each photodiode in the traveling-
wave device at both wavelengths of 1550 nm and 1060 nm. For this measurement, we need to
shine light on the photodiodes in the traveling-wave structure one by one and measure the
respective photocurrents individually to verify that all PDs are functioning.

Next, the bandwidth and saturation currents of the traveling-wave devices should be
measured. To this end all of the photodiodes in the traveling-wave structure need be to measured
simultaneously. Here we need to use a two-dimensional multi-channel lensed fiber array and
match optical and electrical signal propagations lengths by using external optical delay lines.
Unfortunately, until now, I have not found a commercially available fiber array that would fulfill
our requirements. However, an alternative method may require the use of multiple two-channel
fiber arrays that can be aligned to the chip in close proximity.

Similarly, the CMRR of those traveling wave devices can be measured with the
commercial two channel lensed fiber arrays. Eight units of optical delay lines should be used for
the traveling-wave device with four pairs of balanced photodiode and four units of optical delay
lines should be used for the traveling-wave device with two pairs of balanced photodiode due to
the fact that these photodiodes should be phase matched during the CMRR measurement.

Once the above measurements are successfully completed the traveling-wave photodetector can

be deployed in the analog photonic links, both in the IM/DD link and phase modulated link.
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Owing to the potential improvement in device high power capability and bandwidth, one can
expect that the link performance in terms of gain, bandwidth, and noise figure can be further

enhanced.
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