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Final Report: DURIP Grant Number: W911NF1610140 

Sponsor: Army research Office (ARO), PI: Ali Adibi 

Program Title: An Ultrafast Testbed for Comprehensive Characterization of Photonics, 

Electronic, and Optoelectronic properties of Integrated Nanophotonic Structures  

 

I. Abstract 
In this DURIP program an ultrafast characterization testbed for the characterization of high-
speed integrated photonic devices such as high-speed integrated photonic modulators and detec-
tors was developed. A major requirement in performing successful research in this field is the 
availability of ultra-fast optoelectronic characterization tools that facilitate the study of ultrafast 
low-power devices and systems (e.g., modulators, switches, detectors). This characterization set-
up has been an enabling platform for development of ultrafast, compact, and low-power high 
speed optoelectronic devices under several DoD grants, including ARO-funded program for the 
development of ultrafast graphene-based modulators and several other programs supported by 
ONR, DARPA, and AFOSR. The developed characterization testbed has provided Adibi’s group 
at Georgia-Tech with an integrated ultrafast characterization tools, which has greatly enhanced 
its capability in fast and accurate characterization of high-speed integrated optoelectronic for the 
study of the device physics and high-speed device optimizations. The tool is also available to 
other research group at Georgia-Tech and outside researches as a shared facility. 
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II. Characterization Setup and Budget 

 
The high speed setup is realized by integrating high-speed characterization equipment to an al-

ready available photonic characterization setup. The following table details of the spent budget 

and the list of purchased equipment that are used in this setup. The extra $231.14 over the 

$145,000 budget was paid from the PI’s chair account in the School of ECE, Georgia Tech. 

 
Item Part # Description Manufacturer Vendor Quant. Unit($) Price ($) 

1 86100D 

Infiniium DCA-X 

Oscilloscope Main-

frame 

Keysight Keysight 1 $8,622.16 $8,622.16 

2 
N1045A 

 

60 GHz 2/4 Port 

Electrical Remote 

Sampling Head 

Keysight Keysight 1 $28,716.88 $28,716.88 

3 M8195A 

Arbitrary Wave-

form Generator 

65GSa/s 

Keysight Keysight 1 $85,866.87 $85,866.87 

4 i50-GS-150 
50 GHz infinity 

probe 
Cascade Cascade 1 $ 920.00 $ 920.00 

5 IO-H-1550FC 
IR Fiber Optic Iso-

lator with SM Fiber 
Thorlabs Thorlabs 2 $188.00 $376.00 

6 S7FC1013S 

Benchtop Fiber-

Coupled Semicon-

ductor Optical Am-

plifiers 

Thorlabs Thorlabs 1 $2,720.00 $2,720.00 

7 
SPA-180-37-

01-SMAA 

300 MHz to 18 

GHz, Medium 

Power Broadband 

Amplifier 

Fairview Mi-

crowave 

Fairview 

Microwave, 
1 $4,999.00 $4,999.00 

8  
Cable and connect-

ors 
 

Fairview 

Microwave 
1 $1,436.23 $1,436.23 

9 
XPDV2320R-

VM-FP 

50 GHz single pho-

todetector 
Finisar XSoptix 1 $4,396.00 $4,396.00 

10 2614B 
Source Measure-

ment Unit (SMU) 
Keithley Microlease 1 $6,364.00 $6,364.00 

11 2614B-probe SMU Probe Keithley Microlease 1 $814.00 $814.00 

Total $145,231.14 
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III. Supporting Information 
 

 

III.A. High-speed optoelectronic characterization testbed for integrated nanophotonic 

structures 

Figure 1 shows the schematic of the realized characterization testbed, which is used to measure 

the optical, electronic, and optoelectronic properties of an integrated photonic structure. The 

sample under test (SUT) placed on a highly functional 5D stage (with full positioning control 

over translation in three directions, rotation, and tilt. It is also monitored by a spatially designed 

microscope from the top that is connected to a camera to monitor different devices fabricated in 

the SUT (typically, 10s to 100s of devices are fabricated in a single substrate). On the optical 

side, the input light from a tunable laser source (in the optical communications wavelength win-

dow of 1450-1650 nm) is coupled into an integrated photonic waveguide on a chip either from 

the top (through a grating) or from the side (through a butt-coupled fiber). The light in the input 

waveguide will go through the photonic structure and will be coupled out either from the side (to 

a butt-coupled fiber) or from the top (through a grating into a fiber). The output light is analyzed 

by an ultra-fast detector or an ultrafast oscilloscope as shown in Figure 1. The testbed is capable 

of both input/output coupling formats with minimal modifications. By sweeping the wavelength 

of the input laser, the spectral characteristic of the device (e.g., resonance properties of a resona-

tor or the transfer function of a filter) can be studied.    

 

On the optoelectronic side, the electronic signal for modulating, tuning, or controlling the optical 

signal comes from a fast arbitrary wave generator (AWG) (65 GS/s M8195A Keysight), and it is 

applied to the photonic structure after the amplification by power amplifier (30 dBm Fairview 

Microwave SPA-180-37-01-SMAA) through the high speed probes (50 GHz Infinite Cascade 

i50-GS-150) as shown in Figure 1. The output optical signal of the nanophotonic (or plasmonic) 

is measured by first amplifying the optical signal using a low-noise optical semiconductor ampli-

fier (SOA, 14 dBm gain Thorlabs S7FC1013S) and then detected by a high speed detector 

(50GHz, Finisar XPDV2320R-VM-FP). Finally, the output signal is sampled and detected using 

a high-speed sampling oscilloscope (60 GS/s Keysight 86100D with N1045A sampling head), 

which can provide time-domain and spectral information such as eye diagram and spectral trans-

fer function of the device.    The testbed in Figure 1 can also be used to characterize the electron-

ic properties (e.g., current-voltage characteristics, resistance measurement, and capacitance 

measurement) of the integrated structures using the source measurement unit (SMU Keithley 

2614B). Such measurements are very important in working with emerging materials such as gra-

phene where the electronic properties (e.g., conductivity) have profound effects on the optoelec-

tronic characteristics of the device (e.g., modulation speed of a photonic modulator). The elec-

tronic characterization is performed by using two high-speed probes for applying the desired 

voltage and measuring the resulting current. The developed testbed enables to characterize dif-

ferent electronic, (passive) photonic, and (active) optoelectronic properties of an integrated opto-

electronic device/system. The implementation of the proposed set up was based on integration of 

high-speed RF/microwave signal generation/measurement equipment acquired through this DU-

RIP program funding with a scanning laser characterization setup for integrated photonic devices 

that was already available in Adibi’s lab.  Adibi’s lab is also equipped with a series on other high 

speed characterization equipment such as high-speed spectrum analyzers (20 GHz) and Network 

Analyzer (6 GHz) that can be used for supplementary characterizations. 
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The implemented high-speed characterization setup provides a high flexibility that can be used 

for different characterization configuration for different optoelectronic devices. Figure 2 shows 

the schematic of an example of such configurations for characterization of a high-speed modula-

tors. Very similar architecture with the application of a wideband off-chip modulator can be used 

to characterize high-speed integrated photodetector structures or to measure the response of a 

high-speed optical signal processing platform. The same architecture also can be used to charac-

terize high-speed optoelectronic systems such as optoelectronic oscillators (OEO) or high-speed 

optical signal processing systems. The same characterization system with a different configura-

tion also ca be used to characterize all-optical signal modulation and switching based on nonline-

ar integrated optoelectronic devices. The high flexibility of the proposed testbed along with the 

ability to excite and detect the signals at very high speeds make the proposed testbed a unique 

tool that can facilitate the study of several state-of-the-art integrated photonic structures that are 

Figure 1. Schematic of the realized high-speed characterization setup with multi-contact and high-speed probes 

based on tapered fiber or grating input/output coupling. The output light from a wideband tunable laser, amplified 

by an EDFA, is used to excite the integrated optical structure through a tapered fiber or grating coupler. The output 

of the integrated photonic structure is amplified using as OSA and then coupled to a high-speed photodetector. The 

optoelectronic properties of the high-speed integrated photonic device including, the transmission spectrum and 

input/output characteristic of the integrated photonic device, I/V characteristic of the optoelectronic devices, the 

optoelectronic transfer function of the device is measured under different applied electrical voltages to the device. 

The temperature of the devices is controlled using a TEC with heating and feedback control. The RF/Microwave 

output of the AWG is amplified by a power amplifier and is applied to the optoelectronic device and output of the 

detector is measured by an ultra-wideband and low-jitter sampling oscilloscope.  
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of high demand for DoD applications. In addition, the proposed testbed can be utilized for the 

characterization of a large variety of electronic and photonic structures beyond integrated optoe-

lectronic system.  

 

III.B. Example of the characterization results for high-speed photonic device characteriza-

tion 

The developed characterization setup in Figure 2 was used to characterizes different modulators 

fabricated in our group including a low-power and high-speed modulator based on hybrid Si/SiN 

material platform (Figure 3.a). The developed hybrid Si/SiN modulator integrates high Q resona-

tors in SiN with high-speed phase modulator in Si based carrier dispersion in vertical depletion-

mode PN-junction-based modulators in Si waveguide to develop high-speed, low-power, and 

highly linear modulators based coupling modulation. The characterized devices have Q factors in 

the range of 7×104 to 2.1×105. The high RF characterization is done sing the setup in Figure 2, 

The isolated insertion loss of the modulator device is measured to be between 3 to 6 dB depend-

ing on the modulation depth level, and additional insertion loss is due to the input/output grating 

losses, which are not necessarily optimized to work at 1550 nm SCL telecom band. The setup is 

built in the synchronous mode, in which a reference clock synchronizes the bit pattern generated 

by AWG and the digital sampling scope. The AWG can generate different PRBS patterns, and 

here we mainly used NRZ PRBS (27-1 pattern) with tunable speed through clocking. As the de-

sign of the modulator implies, the device can be characterized in on-off-keying (OOK) mode, 

and therefore the detection can be simplified to use a high-speed photodetector directly fed into 

the sampling scope through a transimpedance amplifier (TIA) stage for electronic signal amplifi-

cation and matching. 

 

A typical eye diagram result of the device is depicted in Figure 3(b). Here, the measurement is 

performed at 10 Gbaud/s OOK input signal. The microresonator Q factor of the device under test 

is measured to be 1.55×105, which leads to the 3-dB bandwidth limit of 1.26 GHz if the cavity 

Figure 162. Schematic of the high-speed characterization setup for measurement of the response of a high 

speed optoelectronic devices. In this schematic the transmission amplitude of an integrated high-speed mod-

ulator is measured using a direct detection schema. Similar configuration can be used for coherent detection 

of the output signal by mixing the optical signal with local oscillator (LO) laser before detection. 
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modulation was employed. Figure 3(c) shows the 

corresponding S21 measurement of the EO device, in 

which the 3-dB bandwidth is located well above 10 

GHz. This manifests the successful demonstration of 

coupling modulation for the device, as well as the 

RC bandwidth of the PN junction exceeding 10 GHz. 

We believe that the device is capable of working be-

yond 10 GHz if the RC limit is addressed through 

revised PN junction design to reduce parasitic capac-

itances. BER is also computed through eye diagram 

Q factor measurements, with the eye Q value of  

3.087. The corresponding BER is 1.02×10-3 ac-

cordingly, which is well below hard decision FEC 

limit. The increased value of noise is mainly intro-

duced through SOA, which is added to compensate 

the insertion loss of unoptimized I/O grating cou-

plers. The SOA can be eliminated if the design of I/O 

ports is optimized, hence opening the path for PAM 

modulations and enabling higher signal rates.      

 

III.C. The impact of the developed testbed on the 

past, current, and future ARO-funded research  

Adibi is h PI of the ARO-funded research entitled: 

Compact, Low-power, and High-speed Graphene-

based Integrated Modulator Technology. This project 

is focused on the realization of a new class of modu-

lators based on hybrid silicon-graphene (HSG) mate-

rial platform. By taking advantage of the high carrier 

mobility and the strong plasma dispersion effect of 

graphene combined with high light confinement in 

compact Si-photonic devices, this ARO-funded pro-

ject targets modulators with modulation speeds ex-

ceeding 100 Gb/s and sub-100 fJ/bit energy con-

sumption.  

 

Successful development of the proposed modulators 

requires detailed knowledge about the electronic properties of the graphene layers integrated on 

top of the Si or SiN substrates as well as those at different graphene layers in multi-layer gra-

phene structures. In addition, the performance of the proposed modulators has to be studied at 

high modulation speeds with the ability to shape the input signal. Previously different aspects of 

these devices were characterized at different locations within the Georgia Tech campus as there 

was no experimental facility with all the required equipment for all the required characterization, 

which did not allow for the needed simultaneous measurement of different parameters of the de-

vices. The developed characterization testbed has solved this issue by enabling to perform a 

complete high-speed characterization and has considerably transferred over flexibility in doing 

different high-speed characterization using different characterization configurations.  

Figure. 3. (a) The dark-field micrograph image 

of the fabricated modulator. (b) Measured eye 

diagram of PRBS (27-1 pattern) at 10 Gb/s 

generated using AWG. (c) The measured EOE 

S21 of the modulator after direct detection. 

The curve is normalized to S21 value at 1GHz. 
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This high-speed characterization will be also very useful for another pending proposal submitted 

to ARO for he high-speed characterization of optoelectronic properties of 2D heterostructure ma-

terials. 

 

III.D. Role of the Developed test setup in other DoD-funded projects 
The developed testbed has also greatly enhanced our characterization capability for several other 
projects on campus. Due to its importance for multiple projects, a separate lab in Adibi’s group is 
dedicated to this testbed, and the lab will be made accessible to other researchers on-campus. 
Both Georgia Tech and Georgia Tech Research Institute have strong DoD-funded research port-
folios in the areas of photonics, electronics, and optoelectronics, and the presence of this com-
prehensive characterization testbed will be highly beneficial for a large range of researchers in-
volved in these projects. Two of the other DoD-funded projects in Adibi’s group that have and 
will benefit from this research are listed below: 
 
1) Project Title: “A New Material and Device platform for Compact, High-gain Integrated Pho-
tonic Modulator Technology,” funded by the Office of Naval Research (ONR), start date: 
3/1/2015, duration 3 years; PI: Adibi, Co-PI: Eftekhar: 
This ONR-funded project is focused on the development of high-gain modulators at high modu-
lation speeds in hybrid silicon carbide/silicon nitride (SiC/SiN) and double-layer SiC material 
platforms. This project will heavily benefit from the proposed characterization testbed for both 
electronic characterization of the SiC layers and detailed investigation of the modulation perfor-
mance (especially the modulation speed).  
 
1) Project Title: “Nonlinear Optical Signal processing On Chip: A New Paradigm for Imple-
mentation of Optical logic Functionality,” funded by the Air Force Office of Scientific Research 
(AFOSR), start date: 9/1/2015, duration 3 years; PI: Adibi, Co-PI: Eftekhar: 
The AFOSR-funded project is focused on the development of the foundation for a new digital 
signal processing/computing platform in the optical domain through the development of innova-
tive high-speed and low-power nonlinear optical processing cores that can be co-integrated with 
digital signal processors to enable new functionalities such as very-high-speed signal processing 
and direct optical signal processing.  The core material platform for this project is hybrid Si/SiN-
based materials with potential infiltration with nonlinear optical polymer. Most of the devices 
that form the infrastructure for the proposed nonlinear signal processing functionalities have to 
operate at ultrahigh speeds, and they require a reliable testbed for the characterization of their 
optoelectronic properties. Thus, the AFOSR-funded project will considerably benefit from the 
availability of the proposed testbed in this DURIP proposal. 
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III.E. Final quotations of the purchased equipment 
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