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EXECUTIVE SUMMARY 

The importance of Quantum Science has been recognized by both military and civilian 
leadership, and is specifically identified as a Modernization Priority in the National 
Defense Strategy as dictated by the Office of the Secretary of Defense. Furthermore, 
Quantum Science addresses all four Strategic Product Areas outlined by Army Futures 
Command; 1) Quantum Edge Technology, 2) Artificial Intelligence Training and 
Assessment Technologies, 3) Persistent Tactical ISTAR (Intelligence, Surveillance, 
Target Acquisitions and Reconnaissance) in Contested Environments, and 4) Tactical 
Networking and Communications in Contested Environments.  

Combat Capabilities Development Command (CCDC) Armaments Center has need of 
research to advance its understanding of quantum technologies, and assist in its efforts 
to bring the Warfighter of today, the solutions of tomorrow. The ideal research will be done 
by a contractor(s) whom possesses a deep understanding of the subject, and well 
developed facilities for exploring a wide range of basic 

research in the fields of quantum mechanics and Nonlinear Optics, hereafter referred to 
as Quantum Photonics. It is also desirable that the contractor(s) has experience with 
systems engineering (e.g. trade space studies, validation, verification, and reliability 
engineering.) The contractor would be expected to perform basic research, provide 
technical data, and prototypes. It is desirable that CCDC Armaments Center would be 
responsible for identifying Military Applications for said research and performing the 
engineering efforts required to integrate these technologies into appropriate form factors 
for weapons and fire control platforms. 

A.1 SYSTEM DESIGN  

Introduction:  
Public key encryption provides the authentication, integrity, confidentiality, and key 
exchange to safeguard all the information, financial transactions, and data stored 
over networks. This encryption standard relies on the fact that computers cannot solve 
the prime factoring fast enough to break it. With the advent of quantum computers and 
increasing number of usable qubits, an implementation of Shor’s algorithm may easily 
break the public key encryption standard, leaving our information at stake.  
 
While the cyber security is coming up with post quantum cryptography by creating harder 
problems that quantum computers may not solve, the solution offered by quantum 
information science is quantum key distribution (QKD). QKD enables two pre-
authenticated users to share secret symmetric keys between the users. Later, the users 
may securely communicate by Symmetric key encryptions using the keys exchanged.   
 
Principle:  
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There are two different ways to implement QKD. The Prepare & Measure and 
Entanglement based QKD. First, we discuss, the working principle of each of the schemes 
and then compare.  
 
Prepare & Measure QKD: (PM)  
Unlike classical measurement, quantum measurement does not guaranty same 
results. But rather we only get a probabilistic prediction. We use this to our advantage to 
transfer the secret keys between two users. The sender, say Alice may prepare the system 
in a particular state and send it to the receiver Bob, who makes the measurement. Bob 
does not know what basis Alice used to prepare the system; he randomly measures a 
basis each time. Post measurement, he compares the basis with Alice without sharing the 
measurement information. Therefore, the measurement information can be used as the 
secret key, without revealing much information to any eavesdropper.  The security is 
derived from the quantum non-colony theorem.  
 
Entanglement based QKD: (EB)  
The birth of a photon in a nonlinear crystal is truly random governed by the property of 
physics. Keys for encryption can be exchanged when this randomness is shared between 
two parties by a pair of entangled twin photons. Since these photons are 
entangled, measurement on one photon collapses the state of the other. Therefore, no 
eavesdropper can measure the photon state during transit without being noticed, making 
Quantum Key Distribution un-hackable.   
 
Comparison of P&M and EB:  
P&M can be implemented with the commercial off the shelf components. The sender 
may not need any expensive measurement devices such as single photon detectors, as he 
is only preparing the system and not measuring. Though he may need couple of random 
number generators, one for preparing the system and another for choosing the basis. 
Another biggest advantage of the P&M scheme is that it can operate at very high 
rates(1GHz) compared to the EB QKD(1MHz).  
 
Though EB QKD is slow, it comes with some key components like device 
independency which means there is no need for trusting the sender and ability to send 
over long distance by storing and retransmitting. In our lab at QuEST we do Entanglement 
Based QKD with arrival time as our basis of measurement.   
 
Key Distillation:   
The keys distributed, however, may not be the same on both nodes. This is due to several 
reasons like dark counts in the detector, efficiency of the detector and fiber 
loss. Therefore, we employ filtration techniques to ensure the purity of the keys. We use 
classical internet to transfer partial information of the keys, sent from one node to the 
other, where this information is retrieved and validated. The partial information is the 
XOR of a combination of few keys referenced by an ID (REFID). Since the XOR 
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and REFID cannot reveal any information to the eavesdropper, the key generated is safe 
ensuring purity.    
 
Another reason for key impurity is the jitter from detectors and electronic 
devices example amplifier and time to digital convertor (TDC). Our design recovers these 
keys using Error Correction protocols such as LDPC, parity checking.    
   
Key Synchronization:   
While the entangled photons are transmitted from the source to the nodes, we need a 
mechanism to secure the keys congruently in a synchronized fashion. It is challenging to 
synchronize the clock in all the nodes participating in key exchange. To solve this 
problem, we send an optical periodic pulse (Reference Pulse) of 10MHz along with the 
entangled photons. Each node has the capacity to count this reference pulse called 
REFID. Hence, with the help of this REFID, we can synchronize the keys in the nodes 
during the key exchange.    
 
Though we can synchronize the keys with the REFID, we still must work to find any offset 
of the REFIDs between any two participating nodes.   
   
Software Infrastructure:   
Presently we have a custom python-based software system to transfer the 
messages/data using TCP/IP protocol. This infrastructure has a server, that maintains the 
list of active nodes, and the graphical platform for the nodes capable 
of establishing TCP/IP connection with the server and other active nodes. Once 
the connection is established, the data can be transferred securely encrypted by the 
quantum keys. 
 https://github.com/Qu-EST/EncryptionTool2   
This system can be made more robust by implementing communication using 
the standard protocol for messaging,  ZeroMessageQueue  protocol rather than 
the custom messaging protocol.   

  
The system design of temporal reference timing of the system where optical pulses at 
1550 nm are co-propagating with the time–energy entangled photon pairs in the 
quantum channels will be used as the temporal reference. The same optical pulse will be 
used as triggering an optical up-conversion pulse at both detection ends of Alice and Bob. 
By using a high speed, short rise time amplified photo-receiver, low timing jitter reference 
trigger of less than 25 ps is obtained and verified. This allows both Alice and Bob to 
generate the optical pump pulse for the up-conversion detector and to share the identical 
reference time for high dimensional (up to 5-bit) time bin measurement based on photon 
arrival with sufficiently low timing jitter. An optical beam tracking system for free space 
quantum key distribution has been finalized and will be tested in the following 
performance period. 

 

https://github.com/Qu-EST/EncryptionTool2
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Figure 1 The Schematic of the entire QKD system 
 
 
A.2 DEVICES AND SPECS  

 
Figure 2  Coincidence to Accidental Ratio (CAR) as a function of the photon production rate 
 

The design and poling period for quasi-phase-matched, single-spatial-mode periodically 
poled lithium niobate (PPLN) nanowaveguide for spontaneous parametric down 
conversion (SPDC ->651.44 nm -1299.4 nm +1306.3 nm) has been finalized by August 
2020. The fabrication of the PPLN nanowaveguide has been optimized in the last 
performance period by the end of November 2020.  The preliminary characterization of 
the fabricated PPLN nanowaveguide for generation of the photon pair via SPDC process. 
O band photon pairs are generated from an HCP waveguide. The pump wavelength is 
651.44nm which generates a broadband photon pair across the O band. Filter and 
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separated by using wavelength division multiplexing filters, the signal photon (1299.4nm) 
and idler photon (1306.3nm), are selected from the in broadband SPDC spectrum to 
measure the coincidence to accidental ratio (CAR) value. Highest CAR of about 800 is 
observed at a photon pair detection rate of 50 kHz, as shown in Fig. 2. Further 
optimization on the CAR and photon pair production rate is currently in progress by 
temperature tuning of photonic-chip and coupling loss reduction of chip packaging 
scheme. With efficient coupling of photon pairs into a single-mode fiber, the coincidence 
to accidental ratio greater than 1000-5000 at photon generation rate of 0.1 MHz is 
anticipated for efficient quantum key generation and distribution.  

 

 

 

Figure 3  The SEM micrograph of multiples PPLN nanowaveguides on a single chip, indicating highly 
uniformity in poling period. Vertical bright lines are the poled nanowaveguides and the horizontal grey lines 
are the marking of previously present electrodes used for poling process. 

 

On the other hand, the designs and poling period PPLN nanowaveguide  (shown in Fig. 3) 
for upconversion via sum frequency generation (SFG -> 1547.5 nm + 1315 nm ->711.6) of 
the photon pair has been fabricated. The phase matching curve of the SFG is obtained 
from a 2mm long and 600nm thick Z-cut waveguide, which is shallow etched by 380nm, 
with a 1.5um silicon oxide cladding on the top. The chip is placed on a stage whose 
temperature is stabilized at 48 degrees Celsius. To measure the sum frequency 
generation(SFG) phase matching curve, a weak signal at 1306nm and a pump, swept from 
1500 to 1600nm, are combined through a O/C band WDM. The experiment setup is 
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depicted in Fig. 4. The up-converted signal is measured by a silicon power meter. The SFG 
phase matching curve is presented in Fig. 5. The phase matching bandwidth is 32nm. To 
measure the up-conversion efficiency, the pump wavelength is fixed at 1547.5nm, the 
peak of the SFG curve. The pump power is gradually increased, with a fixed signal power 
at 35.5 µW. The result is shown in Fig.5 where a normalized conversion efficiency, 
500%/W, is obtained by linear fitting. Photonic chip packaging for efficient coupling of up-
converted photon pairs into the multimode fiber has been initiated and currently in 
process of final optimization. 
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Figure 4  The experiment setup for phase matching measurement 
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Figure 5  The Phase matching curve of sum frequency generation PPLN nanowaveguide 
 

 

Figure 6  Measured SFG power as a function of the pump power with constant signal power 
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A.3 QUANTUM KEY GENERATION HARDWARE AND ALGORITHM DEVELOPMENT 

High efficiency silicon APD has been chosen and tested by vendors to have detection 
efficiency of > 65%. Verification on detection efficiency and timing jitter of the silicon APD 
will be carried out upon receiving it.  

An upgraded home-built integrated time-to-digital converter (TDC) with a system on chip 
(SoC) field programmable gated array (FPGA) provides faster and more diverse functions 
for the QKD electronic hardware has been fabricated and delivered. 1st revision has been 
performed after the first round of tests and inspections were carried out. Figure 7 is the 
top layer printed circuit board design of the electronic hardware that performs quantum 
keys collection and quantum keys processing. The hardware allows 10 ps timing 
resolution for measurement of randomly arriving entangled photons at two distanced up-
conversion detectors, combining with 33 ps jitter from the APD and small jitter from the 
laser, the overall system jitter is obtained at 39 ps full-wave-half-max. The recorded 
arrival time of the detected photon is encoded as the quantum random key for encryption 
of information.  
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Figure 7  The top layer printed circuit board design of the electronic hardware that performs quantum keys 
collection and quantum keys processing. 
 

A quantum key synchronization system by using real time detection of synchronized laser 
pulse has been developed and in the process of being integrated into the present system. 
This synchronization scheme allows users from different ends identify the corresponding 
quantum keys for each others’ data encryption and decryption.  An XOR quantum key 
filtration based on a parity-check algorithm for the error reconciliation in the generated 
keys to distill the true quantum random keys. These keys are then appended to form a 
256-key length before applied Advanced Symmetric Encryption (ASE) algorithm to 
perform symmetric classical communication. Refer to EncryptionTool2-master.zip for 
software details of application layers communication between parties.  

The fidelity and true quantum random key rate of our system will be monitored using this 
algorithm for robust operation over the propagation losses, finite detection efficiency, 
noise counts in detection or act of eavesdropping.  
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An improved version of real time parity-check algorithm combined with the upgraded TDC 
and key synchronize system is expected to enhance the true quantum key generation rate 
and improve security against eavesdropping. A custom python-based software system is 
currently in development for real time transfer of the generated quantum key using 
TCP/IP protocol to the computer. 

A.4: QUANTUM KEY GENERATION HARDWARE AND ALGORITHM DEVELOPMENT: 

High efficiency silicon APD has been chosen and tested by vendor to have 
detection efficiency of > 65%. Verification on detection efficiency and timing jitter 
of the silicon APD will be carried out upon receiving it. An upgraded home-built 
integrated time-to-digital converter (TDC) electronic chip with 10 ps timing 
resolution for measurement of randomly arriving entangled photon at two 
distanced up-conversion detectors has been fabricated and delivered. 1st revision 
has been performed after first round of tests and inspections were carried out. The 
recorded arrival time of the detected photon is encoded as the quantum random 
key for encryption of information. A XOR quantum key filtration based on parity-
check algorithm for the error reconciliation in the generated keys to distill the true 
quantum random key for cryptographic use. The fidelity and true quantum random 
key rate of our system will be monitored using this algorithm for robust operation 
over the propagation losses, finite detection efficiency, noise counts in detection 
or act of eavesdropping. Furthermore, quantum key synchronization system by 
using real time detection of synchronized laser pulse has been developed and in 
the process of integrated into the present system. An improved version of real time 
parity-check algorithm combined with the upgraded TDC and key synchronize 
system is expected to enhance the true quantum key generation rate and improved 
security against eavesdropping. A custom python-based software system in 
currently in development for real time transfer the generated quantum key using 
TCP/IP protocol to computer. 
 

A. Multimode interference (MMI) couplers, Bragg grating filters, high quality micro-
ring resonators and low-loss inverse tapered couplers all developed on Phototonic 
Integrated Chips (PIC). Sample PICs for testing, demonstration and evaluation 
with be delivered every 6 months. 

B.1: INVERSED TAPER COUPLER ON LITHIUM NIOBATE ON INSULATOR (LNOI) 

PLATFORM 

High coupling efficiency from fiber to photonic chip is important in practical application. 
However, the large optical mode mismatch between nanowaveguide and optical fiber leads 
to very inefficient coupling. Thus we employ inversed taper coupler to gradually expand the 
optical mode in the nanowaguide to match the mode in fiber. 

Design and Fabrication:  
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As shown in Figure 8, we gradually reduce the top width of the waveguide from 1500 nm to 
100 nm along hundreds of micron meters. During the process, the optical mode in the 
waveguide will start to leak out into the cladding layer and be expanded. 

The whole chip is fabricated on 300-nm X-cut LNOI wafer using standard nanofabrication 
recipes (see Appendix I) developed at Quest group at Stevens Institute of Technology. Figure 
8 (c) shows the SEM images of the cross-section of the fabricated taper. 

 

Figure 8. (a) and (b) are the schematics of the inverse taper coupler.  (c) SEM image of the cross-section of 
the coupler. 

In our initial packaging test, we could achieve good coupling performance however the 
coupling starts to degrade after a week or two. And the packaged sample is very sensitive to 
high temperature > 50 oC. We identified the potential reason and solved those issues by 
combing U-groove design (see Fig. 10 (a)) and high-temperature post bake after UV curing.  
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Figure 9. (a) Packaging system for photonic chip, including UV light source, microscope imaging system and 
coupling stage (b) Actual image of the packaged photonic chip. Input and output fiber are SMF-28 fibers with 
FC/PC connector, which are spliced with UHNA7 Nufern fiber connecting to the chip. 

 

Figure 10. (a) SEM image of fabricated U-groove (b) Long-term stability of packaged photonic chip with inverse 
tapered coupler. The insertion loss variation is ± 0.3 dB over a month. The chip is curing with 140 second UV 
light and baked at over 90 oC for 60 minutes. 

                                                                  

B.2: UNBALANCED MACH-ZEHNDER INTERFEROMETER (MZI) WITH MULTIMODE 

INTERFERENCE (MMI) COUPLER ON LITHIUM NIOBATE ON INSULATOR (LNOI) 

PLATFORM 

In this report, we demonstrate high performance unbalanced Mach-Zehnder interferometer 
with multimode interference coupler based on LNOI platform. This photonic device could be 
used for high-speed electro-optic modulator, quantum information processing, etc. 

Design and Fabrication: 

As shown in Fig. 11, the input light is split into 50/50 via the first MMI coupler and they pass 
through two waveguide arms with different path lengths. Then they will be recombined 
together at the second MMI coupler. The different path length DL will introduce an additional 
phase shift Df for the light travelling in the upper arm, according to the equation of Df = 
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2p*n/l*DL, where n is the effective refraction index of the waveguide, l is wavelength of the 
light. Once the DL is fixed, we could sweep the wavelength to introduce the phase shift 
change Df from 0 to 2p thus to have interference fringe. To have the good visibility (or 
extinction ratio ER =Tmax/Tmin) of the interference fringe, we need make sure that the MMI 
coupler have near 50/50 splitting ratio and minimal propagation loss in two waveguide arms.  

   

Figure 11. (a) Schematic of the unbalanced MZI. (b) Simulated transmission profile of MMI couplers. 

The whole chip is fabricated on 300-nm X-cut LNOI wafer using standard nanofabrication 
recipes (see Appendix II) developed at Quest group at stevens institute of technology. Figure 
12 shows the SEM images of fabricated components. 

 

Figure 12. SEM images of (a) waveguide cross-section (b) MMI coupler. 

Measurement Results: 

As shown in Fig. 13, we first splice the single mode fiber (SMF-28) to the ultra-high numerical 
aperture fiber (UHNA-7, NA=0.41, Nefern) with <1 dB splicing loss. This large NA is important 
for satisfying mode matching between fiber and nanowavguide. The whole chip is placed on 
the glass substrate, which could be transferred to other holders, such as thermoelectric 
cooler (TEC) holder for temperature controlling. 
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Figure 13. Actual image of the packaged photonic chip. Input and output fiber are SMF-28 fibers with FC/PC 
connector, which are spliced with UHNA7 Nufern fiber connecting to the chip. 

Characterization of insertion loss  

To maintain good coupling stability, we develop U-groove structure and post-cure method 
for packaging. As shown in Fig. 14 (b), we achieve about -16 dB of the total insertion loss of 
the photonic chip (including total splicing loss 1.5~ 2dB). And the long-term stability is ± 0.3 
dB around a month. The insertion loss is slightly higher than previous deliver chip (-10 dB 
insertion loss). Because the inversed taper coupler is not implemented in this photonic chip 
considering difficulty in production yield. In principle, we could improve the insertion loss up 
to -10 dB by adding the inversed taper coupler. 

 

Figure 14. (a) Typical image of fabricated U-groove (b) Long-term stability of packaged photonic chip with 
inverse tapered coupler. The chip is curing with 140 second UV light and baked at over 90 oC for 30 minutes. 
(c) Transmission spectrum of the unbalanced MZI interferometer. The extinction ratio is over 20 dB. 

Characterization of extinction ratio  

As mentioned in Section I, the extinction ratio is one of key performance for the 
interferometer. We sweep telecom laser (Santec, TSL 550, 1500-1630 nm) to examine the 
transmission of the unbalanced MZI. As shown in Fig. 14 (c), we achieve over 20 dB ER in the 
telecom band, which indicates high quality MMI and low-loss photonic circuit fabricated on 
this photonic chip. 
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B.3: BRAGG GRATING FILTER ON LITHIUM NIOBATE ON INSULATOR (LNOI) 

PLATFORM 

In this report, we demonstrate high performance Bragg grating filter based on LNOI platform. 
This photonic device could be used for pump rejection in quantum photonic experiment. 

Design and Fabrication 

The fundamental principle of Bragg grating filter is Fresnel reflection, where light traveling 
between media of different refractive indices may both reflect and refract at the interface. The 
refractive index will alternate over a defined length. The reflected wavelength (Bragg 
wavelength) gives by lB = 2 neff Λ, where neff is the effective refractive index of the grating 
waveguide and Λ is the grating period. The length of the whole Bragg grating will affect the 
extinction ratio (ER, portion of light will be reflected) and bandwidth. The longer length gives 
large ER and smaller bandwidth. However, the insertion loss could also increase. On the other 
hand, the difference of refraction index between core and Bragg structure will also have similar 
effect as the length on ER and bandwidth.  

   

Figure 15. (a) Schematic of one cell of Bragg grating. (b) Simulated transmission spectrum of Bragg filter based 
on LNOI, 1100-nm width, 300-nm thickness, period Λ=480nm, 62 sidewall angle. 

The whole chip is fabricated on 300-nm X-cut LNOI wafer using standard nanofabrication recipes 
(see Appendix III) developed at Quest group at stevens institute of technology. Figure 16 shows 
the SEM images of fabricated components. 

      

Figure 16. (a) Bragg grating period L=480 nm (b) Fabricated Bragg grating. 

Measurement Results 

https://en.wikipedia.org/wiki/Fresnel_equations
https://en.wikipedia.org/wiki/Reflection_(physics)
https://en.wikipedia.org/wiki/Refraction
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As shown in Fig. 17, we first splice the single mode fiber (SMF-28) to the ultra-high numerical 
aperture fiber (UHNA-7, NA=0.41, Nefern) with <1 dB splicing loss. This large NA is important for 
satisfying mode matching between fiber and nanowavguide. The whole chip is placed on the glass 
substrate, which could be transferred to other holders, such as thermoelectric cooler (TEC) 
holder for temperature controlling. 

 

Figure 17. Actual image of the packaged photonic chip. Input and output fiber are SMF-28 fibers with FC/PC 
connector, which are spliced with UHNA7 Nufern fiber connecting to the chip. 

Characterization of insertion loss  

To maintain good coupling stability, we develop U-groove structure and post-cure method for 
packaging. As shown in Fig. 18 (b), we achieve about -16 dB of the total insertion loss of the 
photonic chip (including total splicing loss 1.5~ 2dB). And the long-term stability is ± 0.5 dB 
around a month.  

 

 

 

 

 

            

Figure 18 . Typical image of fabricated U-groove. (b) Transmission spectrum of the Bragg filter. The extinction ratio is over 14 
dB. 
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Characterization of insertion loss  

 
As mentioned in Section I, the extinction ratio is one of key performance for the Bragg grating. 
We sweep telecom laser (Santec, TSL 550, 1500-1630 nm) to examine the transmission of the 
Bragg grating filter. As shown in Fig. 18 (b), we achieve over 14 dB ER in the telecom band, which 
indicates high quality Bragg grating filter and low-loss photonic circuit fabricated on this photonic 
chip. 
 
 
B.4:  INVERSE TAPER & U-GROOVE ON 300NM X-CUT LNOI NANOFABRICATION 

RECIPE 

A.  inverse taper & waveguide part 

1. Pre-cleaning :10min Piranha + 30min 180℃ bake 
2. HSQ resist: 120s Surpass 3000 + 50s spin rate 3000r/s(~780nm thickness) + 8min 

110℃&2min 180℃ bake 
3. EBL(waveguide + marker layer) single pass 3nA current + 2500 dose 
4. 35s TMAH developer, SEM check 
5. Ion milling LN etch:(fully etch) more than 13 min (normal etching rate ~24nm/min) 
6. Cleaning process: 60min 50℃ RCA + 60s Gold/Cr etch + 20s BOE, SEM check 
7. PECVD: 28min(50nm/min) slow SiO2 deposition (1.4um deposition + 2um substrate=3.4 

totally SiO2 thickness) 

B.  U-groove part 

1. PMMA 950 A11 resist: two times 60s spin rate 1900r/s + 2min 180℃ 
bake(~3.9*2=7.8um thickness) 

2. Scrape away the PMMA resist over marker areas for better alignment + 30s Discharge 
3. EBL(U-groove +maker layer) single pass 50nA + 1400 dose 
4. 40s MIBK:IPA 3:1 developer, continuously every 5s develop& Microscope check until 

fully developed 
5. ICP FL SiO2 etch: 14min (Si02:PMMA etching rate 800nm:1200nm/3min) + Stylus 

selectivity check 
6. Post-cleaning: 20min Acetone + 10 min Piranha 
7. Dicing 
8. FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um etch depth) 

 

Unbalanced MZI with MMI coupler on 300nm X-cut LNOI nanofabrication recipe 

A.  MMI & waveguide part 

1. Pre-cleaning :10min Piranha + 30min 180℃ bake 
2. HSQ resist: 120s Surpass 3000 + 50s spin rate 3000r/s                    (~780nm thickness) + 

8min 110℃ 
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3. EBL(waveguide + marker layer) single pass 3nA current                  + 2500 dose 
4. 35s TMAH developer, SEM check 
5. Ion milling LN etch:(fully etch) more than 13 min (normal etching rate ~24nm/min) 
6. Cleaning process: 60min 50℃ RCA + 60s Gold/Cr etch +                20s BOE, SEM check 
7. PECVD: 28min(50nm/min) slow SiO2 deposition (1.4um              deposition + 2um 

substrate=3.4 totally SiO2 thickness) 

B.  U-groove part 

1. PMMA 950 A11 resist: two times 60s spin rate 1900r/s + 2min 180℃ bake(~3.9*2=7.8um 
thickness) 

2. Scrape away the PMMA resist over marker areas for better alignment + 30s Discharge 
3. EBL(U-groove +maker layer) single pass 50nA + 1400 dose 
4. 40s MIBK:IPA 3:1 developer, continuously every 5s develop & Microscope check until 

fully developed 
5. ICP FL SiO2 etch: 14min (Si02:PMMA etching rate 800nm:1200nm/3min) + Stylus 

selectivity check 
6. Post-cleaning: 20min Acetone + 10 min Piranha 
7. Dicing 
8.  FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um etch depth) 

 

Bragg grating filter on 300nm X-cut LNOI nanofabrication recipe 

A.  Bragg & waveguide part 

1. Pre-cleaning :10min Piranha + 30min 180℃ bake 
2. HSQ resist: 120s Surpass 3000 + 50s spin rate 3000r/s       (~780nm thickness) + 8min 

110℃ 
3. EBL(waveguide + marker layer) single pass 3nA current + 2500 dose 
4. 35s TMAH developer, SEM check 
5. Ion milling LN etch:(fully etch) more than 13 min (normal etching rate ~24nm/min) 
6. Cleaning process: 60min 50℃ RCA + 60s Gold/Cr etch + 20s BOE, SEM check 
7. PECVD: 28min(50nm/min) slow SiO2 deposition (1.4um deposition + 2um substrate=3.4 

totally SiO2 thickness) 

B.  U-groove part 

1. PMMA 950 A11 resist: two times 60s spin rate 1900r/s + 2min 180℃ 
bake(~3.9*2=7.8um thickness) 

2. Scrape away the PMMA resist over marker areas for better alignment + 30s Discharge 
3. EBL(U-groove +maker layer) single pass 50nA + 1400 dose 
4. 40s MIBK:IPA 3:1 developer, continuously every 5s develop & Microscope check until 

fully developed 
5. ICP FL SiO2 etch: 14min (Si02:PMMA etching rate  800nm:1200nm/3min) + Stylus 

selectivity check 
6. Post-cleaning: 20min Acetone + 10 min Piranha 
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7. Dicing 
8. FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um etch depth) 

 

 

B. High efficiency (Greater than three-thousand percent conversion efficiency over a 
waveguide of between two millimeters and two centimeters in length) non-linear 
nanowaveguides for sum frequency generation (SFG) and quasi-phase-matched 
(QPM) microring cavity sample PICs for testing, demonstration and evaluation 
delivered every 6 months. 

In this report, we demonstrate high conversion efficiency PPLN nanowaveguide based on LNOI 
platform. This photonic device could be used for quantum photonic experiment. 

C.1: DESIGN AND FABRICATION 

For a quasi-phase matched PPLN waveguide, nonlinear parametric processes (second-harmonic 
generation, SHG) are efficient only when the interacting optical waves satisfy the energy and 
momentum conservations (phase matching) given as, ∆K=ks−2kp−2π/ΛSHG=0, where ks and kp are 
the wavenumber for signal and pump light, ΛSHG is the poling period. According to the mode 
simulation, we calculate the required poling period to be about 4 µm. 

 

Figure 19. (a) and (b) simulated TM00 modes for 1550 nm and 775 nm. 

The whole chip is fabricated on 700-nm Z-cut LNOI wafer using standard nanofabrication recipes 
(see Appendix IV) developed at Quest group at stevens institute of technology. Figure 20 shows 
the SEM images of PPLN waveguide. For plug-and-play photonic device, we also fabricated U-
groove structures as shown in the microscope image. 
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Figure 20. (a) SEM image of poled region. (b) Microscope image of fabricated PPLN with U-groove.   
 
C.2: MEASUREMENT RESULTS 

 

Figure 21. Actual image of the packaged photonic chip. Input and output fiber are SMF-28 fibers with FC/PC 
connector, which are spliced with UHNA7 Nufern fiber connecting to the chip. 

Characterization of insertion loss and SHG  

We first use lensed fiber to characterize its nonlinear property. We achieve 88% W-1 (or 2200%W-

1cm-2) SHG efficiency with a 2-mm long PPLN nanowaveguide. Its dispersion is carefully 
engineered to achieve ultra-broadband phase matching bandwidth (~80 nm), as shown in Figure 
22. Yet during the final packaging, the insertion loss increases from 17 dB to 27 dB due to 
overheating problem during post baking process. 

 

Figure 22. Phase matched curve of SHG before packaging. 

 

PPLN nanowaveguide on 700nm Z-cut LNOI nanofabrication recipe 

A.  waveguide part 

1. Pre-cleaning :10min Piranha + 30min 180℃ bake 
2. HSQ resist: 120s Surpass 3000 + 90s spin rate 3000r/s(~830nm thickness) + 8min 110℃ 
3. EBL(waveguide + marker layer) single pass 5nA current + 2500 dose 
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4. 35s TMAH developer, SEM check 
5. ICP CL LN etch:(shallow etch) 19min (normal etching rate ~20nm/min) 
6. Cleaning process: 60min 50℃ RCA + 120s BOE, SEM check 
7. PECVD: 2min(50nm/min) slow SiO2 deposition (100nm) 

B.   electrode part 
1. PMMA 495 A6 resist: 75s spin rate 1500r/s +1min 180℃ bake 
2. PMMA 950 A4 resist: 75s spin rate 1500r/s +1min 180℃ bake 
3. EBL(electrode + marker layer) single pass 50nA current + 850 dose 
4. 100s MIBK:IPA 1.5:1 developer & Microscope check until fully developed 
5. Ebeam Evaprator 30nm(0.05nm/s) Chromium deposition then 60nm(0.1nm/s) Gold 

deposition 
6. 20 min PG remover 100℃ & Microscope check until fully lifted  off 
7. Apply 30 poling pulses of 700V 1m(outside cleanroom operation ) 
8. Alternately 30s Au&Cr etch(totally 3 min) + 10 min  Piranha 
9. SEM check on poling pattern PECVD: 20min(50nm/min)  
10. slow SiO2 deposition (1.0um + 100nm former deposition +2um substrate=3.3um totally  

SiO2 thickness) 
 
C.  U-groove part 

1. PMMA 950 A11 resist: two times 60s spin rate 1400r/s + 2min 180℃ 
bake(~2.9*2=5.8um thickness) 

2. Scrape away the PMMA resist over marker areas for better alignment + 30s Discharge 
3. EBL(U-groove +maker layer) single pass 50nA + 1500 dose 
4. 30s MIBK:IPA 1.5:1 developer, continuously every 5s develop & Microscope check until 

fully developed 
5. ICP FL SiO2 etch: 4min (Si02:PMMA etching rate 1000nm:1200nm/3min) + Stylus 

selectivity check 
6. ICP CL LN etch:(fully etch) 16.5min (normal etching rate  ~20nm/min) + Stylus selectivity 

check 
7. ICP FL SiO2 etch: 6.5min (Si02:PMMA etching rate 1000nm:1200nm/3min) + Stylus 

selectivity check 
8. Post-cleaning: 20min Acetone + 10 min Piranha 
9. Dicing 
10. FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um etch depth) 

 
 

C. Hardware and software for Quantum Random Number Generator (QRNG). 

D.1  QRNG PRINCIPLE 

QuEST quantum random number generator (QRNG) provides genuine and direct RNs which are 
user-defined, arbitrary distribution functions, without the need for any postprocessing such as 
randomness distillation or distribution transformation. Figure 23 demonstrates the system 
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design of QuEST QRNG. It is based on measuring the stochastic arrival time of single photons 
whose temporal waveforms are shaped using an electro-optical modulator. By using nanosecond 
photon pulses and an avalanche photon detector with picosecond timing resolution and low dark 
counts, we generate QRNs in a variety of uniform and tailored distributions by employing high-
dimensional temporal encoding. 

 

 

Figure 23   
 

D.2 SYSTEM DESIGN 

 
A 650nm laser is sent to the EOM to be modulated as the desired shape of QRNs probability 
distribution. In this design, the RF signal to the EOM is sent directly from the FPGA. After the 
modulated optical signal is attenuated to single photon level, it is detected by Silicon single 
photon detector (SPD).  

a. EOM:  

The electro-optic modulator is fabricated on a lithium-niobate on-insulator wafer with a 600-nm 
lithium-niobate thin film which is bonded on top of a 2-micron silicon oxide layer, supported on 
a 500-micron thick silicon substrate. The complete fabrication process is composed with three 
stages. The first stage is to fabricate waveguide structure. The following stage is to fabricate 
trenches in order to place the gold pads. And the final stage is to fabricate electrode. See figure 
24 for the design pattern.  
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Figure 24   
 

b. Data processing and acquisition hardware 

We designed a new hardware where the Time-to-digital converter (TDC), Zynq FPGA, and Digital-
to-analog converter (DAC) are all in a single printed circuit board. See figure 25. With 20 ps timing 
jitter from the TDC, 33 ps jitter from the SPD, and 6 ps jitter from the laser, the system overall 
full-wave-half-max timing jitter is approximately 39 ps.  

The TDC harvests the arrival time of these single photons by measuring the electrical signal from 
the SPD compared to a periodic reference signal from FPGA. The SPD is free-running silicon 
avalanche photodiode with 12.5% quantum efficiency and ultralow dark count (≈1.4 Hz). This 
system is also designed to have the FPGA to collect, and stream or save QRNs directly to a 
computer via Ethernet interface. The FPGA controls the DAC to output analog signals used for 
reference clock and RF for the EOM .  
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Figure 25  
c. Other components 

 
QuEST QRNG complete system uses other commercially available components such as visible 
laser, ID 100 Silicon single photon detector, Thorlabs motor fiber polarization controller, and 
some AC/DC, DC/DC power supplies for all components and DC bias adjustment.  

 
D.3: RANDOMNESS AND ENTROPY TESTS 

 
The quality of the QRNs is mainly limited by the dark counts of the APD. This is a common 
challenge in almost all single-photon-detection-based approaches, because of which the security 
of the QRNs can be compromised. To quantify this effect, we define the quantum-to-classical 
ratio (QCR) as the ratio of the registered photon counts from single photons (N_p) to those from 
the detector dark counts (N_d ): QCR  10 log 10 N_p ∕N_d . Yet with the remarkably low dark 
count of the Si-APD (∼1.4 Hz), our QCR is measured to be more than 38 dB even for a very low 
mean photon counting rate ∼10 kHz. While such a high QCR is not critical for uniform random 
numbers as the dark counts themselves are usually uniformly distributed, it is critical for creating 
QRNs in nonuniform distributions. The current ultrahigh QCR leads to ultrapure QRNs with 
negligible bias whose statistics reflect the fundamentally stochastic quantum measurements. 
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Finally, to eliminate potential bias caused by the multiphoton effects, we keep the photon 
detection rate to be less than 0.01 per pulse. 
 
To further examine the randomness of the uniform QRNs, we convert the raw QRNs into binary 
numbers, concatenate them, and apply the Dieharder battery of tests (DBT) [32], which covers 
both the NIST and Diehard statistical testing suites. Such a dedicated test package requires a 
significantly larger sample size than the widely adopted NIST test but provides much more 
comprehensive and stringent evaluations as it analyzes the P-values by a Kuiper Kolmogorov 
Smirnov test, which is highly sensitive to any statistical deviation from the uniform distribution. 
Our random numbers pass all the tests in the DBT package. 
 

 

Figure 26: Dieharder test results of a typical 0.2 billion uniform QRNs with 1ps bin-width resolution 
 
D.4:  INSTALLATION AND USER INTERFACE 

a. Requirements 
- QuEST QRNG prototype box should be handled and carried gently and always 

placed in the designated orientation as indicated on the box label to protect the 
photonic chip.  

- 120V AC 
- Two USB connectors 
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- Ethernet connector 
- Personal computer with Windows or Linux operating system. 

 
b. Installation  

 
Turn on the QRNG box by plugging the power cable to a 120V AC source. Open FPC Thorlabs 
motor controller interface. Plug in the USB cable of the FPC to the PC. All devices inside the box 
should be on and FPGA should have been programmed from the QuEST software instruction 
embedded in a flash memory.  Open Thorlabs FPC controller software and QuEST QRNG client 
software. Users should be able to observe data and control the polarization.  
 

c. User interface 
 

QuEST QRNG also allows users to observe live streaming data and histogram. and control the 
QRNs probability distribution from our completed built-in-lab GUI. See figure 27. Time bin 
resolution which decides the dimensionality of QRNs can also be specified. Besides, streaming 
QRNs can be saved directly to users’ platforms via Ethernet TCP protocol by controlling from the 
same GUI.  
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    Figure 27   
d. Software programming 

QuEST QRNG software interface and data transmission are written in C with Qt libraries. Users 
are fully provided with these software. See QRNG_Client_ardec_deliverable.zip for details of the 
code. Below is one of the main functions of this program that shows all parallel threads running 
during the QRNG operation including TCP/IP configuration and connection, collecting raw data 
and converting into decimal format, appending and sending data over GUI display.  
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D. SWaP (Size Weight and Power) Reduced LiDAR (Laser imaging Detection and 
Ranging) system integrating high efficiency nonlinear waveguide, directional couplers, 
microring filters with 20-30 dB rejection ratio and mechanically stable and robust V-
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groove structures with inverse tapered couplers; fiber-coupled, fully enclosed chip 
device for the quantum LiDAR application. 

 
In this report, we demonstrate highly integrated nonlinear photonic chip, including PPLN 
nanowaveguide, 4×4 MMI coupler, microring filter and U-groove, for stable on-chip photon-pair 
generation and filtering. 

Design and Fabrication 

 
Figure 28. Microscope image of the fabricated photonic device. 

As shown in the Figure 28, we try to integrate different photonic elements (U-groove, PPLN, MMI 
and Microring) to demonstrate integrated photonic device. The PPLN region will allow to create 
photon pair, then be split into four channels via MMI splitter, and later be filtered through 
microring filter with specific wavelength requirement. 

            

Figure 29. Microscope image of the fabricated photonic device. 

The whole chip is fabricated on 700-nm Z-cut LNOI wafer using standard nanofabrication recipes 
(see Appendix IV) developed at Quest group at stevens institute of technology. Figure 29 shows 
the SEM images of fabricated components. 
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Figure 30. (a) SEM image of PPLN section (b) Output spectrum of microring filter. 

 

E. Explore Transition of Research Into Production: The contractor shall provide technical 
support and Government personnel trainings at their contractor facility for developing 
quantum expertise at CCDC Armaments Center. 
Status: We have provided technical supports as requested through weekly meetings 
and briefings as required.    
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APPENDIX I  

Inverse taper & U-groove on 300nm X-cut LNOI 
nanofabrication recipe 
A.  inverse taper & waveguide part 

8. Pre-cleaning :10min Piranha + 30min 180℃ bake 
9. HSQ resist: 120s Surpass 3000 + 50s spin rate 3000r/s(~780nm 

thickness) + 8min 110℃&2min 180℃ bake 
10. EBL(waveguide + marker layer) single pass 3nA current + 

2500 dose 
11. 35s TMAH developer, SEM check 
12. Ion milling LN etch:(fully etch) more than 13 min (normal 

etching rate ~24nm/min) 
13. Cleaning process: 60min 50℃ RCA + 60s Gold/Cr etch + 

20s BOE, SEM check 
14. PECVD: 28min(50nm/min) slow SiO2 deposition (1.4um 

deposition + 2um substrate=3.4 totally SiO2 thickness) 
B.  U-groove part 

9. PMMA 950 A11 resist: two times 60s spin rate 1900r/s + 2min 
180℃ bake(~3.9*2=7.8um thickness) 

10. Scrape away the PMMA resist over marker areas for better 
alignment + 30s Discharge 

11. EBL(U-groove +maker layer) single pass 50nA + 1400 dose 
12. 40s MIBK:IPA 3:1 developer, continuously every 5s 

develop& Microscope check until fully developed 
13. ICP FL SiO2 etch: 14min (Si02:PMMA etching rate 

800nm:1200nm/3min) + Stylus selectivity check 
14. Post-cleaning: 20min Acetone + 10 min Piranha 
15. Dicing 
16. FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um 

etch depth) 
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APPENDIX II 

Unbalanced MZI with MMI coupler on 300nm X-cut LNOI 
nanofabrication recipe 
A.  MMI & waveguide part 

8. Pre-cleaning :10min Piranha + 30min 180℃ bake 
9. HSQ resist: 120s Surpass 3000 + 50s spin rate 3000r/s                    

(~780nm thickness) + 8min 110℃ 
10. EBL(waveguide + marker layer) single pass 3nA current                  

+ 2500 dose 
11. 35s TMAH developer, SEM check 
12. Ion milling LN etch:(fully etch) more than 13 min (normal 

etching rate ~24nm/min) 
13. Cleaning process: 60min 50℃ RCA + 60s Gold/Cr etch +                

20s BOE, SEM check 
14. PECVD: 28min(50nm/min) slow SiO2 deposition (1.4um              

deposition + 2um substrate=3.4 totally SiO2 thickness) 
B.  U-groove part 

9. PMMA 950 A11 resist: two times 60s spin rate 1900r/s + 2min 
180℃ bake(~3.9*2=7.8um thickness) 

10. Scrape away the PMMA resist over marker areas for better 
alignment + 30s Discharge 

11. EBL(U-groove +maker layer) single pass 50nA + 1400 dose 
12. 40s MIBK:IPA 3:1 developer, continuously every 5s develop 

& Microscope check until fully developed 
13. ICP FL SiO2 etch: 14min (Si02:PMMA etching rate 

800nm:1200nm/3min) + Stylus selectivity check 
14. Post-cleaning: 20min Acetone + 10 min Piranha 
15. Dicing 
16.  FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um 

etch depth) 
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APPENDIX III 

Bragg grating filter on 300nm X-cut LNOI 
nanofabrication recipe 
A.  Bragg & waveguide part 

8. Pre-cleaning :10min Piranha + 30min 180℃ bake 
9. HSQ resist: 120s Surpass 3000 + 50s spin rate 3000r/s       

(~780nm thickness) + 8min 110℃ 
10. EBL(waveguide + marker layer) single pass 3nA current + 

2500 dose 
11. 35s TMAH developer, SEM check 
12. Ion milling LN etch:(fully etch) more than 13 min (normal 

etching rate ~24nm/min) 
13. Cleaning process: 60min 50℃ RCA + 60s Gold/Cr etch + 

20s BOE, SEM check 
14. PECVD: 28min(50nm/min) slow SiO2 deposition (1.4um 

deposition + 2um substrate=3.4 totally SiO2 thickness) 
B.  U-groove part 

9. PMMA 950 A11 resist: two times 60s spin rate 1900r/s + 2min 
180℃ bake(~3.9*2=7.8um thickness) 

10. Scrape away the PMMA resist over marker areas for better 
alignment + 30s Discharge 

11. EBL(U-groove +maker layer) single pass 50nA + 1400 dose 
12. 40s MIBK:IPA 3:1 developer, continuously every 5s develop 

& Microscope check until fully developed 
13. ICP FL SiO2 etch: 14min (Si02:PMMA etching rate  

800nm:1200nm/3min) + Stylus selectivity check 
14. Post-cleaning: 20min Acetone + 10 min Piranha 
15. Dicing 
16. FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um 

etch depth) 
 

 



 

Contract No. W15QKN-18-D-0040 UNCLASSIFIED   Report No. SERC-2021-TR-011 
36 

APPENDIX IV 

PPLN nanowaveguide on 700nm Z-cut LNOI 
nanofabrication recipe 
A.  waveguide part 

8. Pre-cleaning :10min Piranha + 30min 180℃ bake 
9. HSQ resist: 120s Surpass 3000 + 90s spin rate 3000r/s(~830nm 

thickness) + 8min 110℃ 
10. EBL(waveguide + marker layer) single pass 5nA current + 

2500 dose 
11. 35s TMAH developer, SEM check 
12. ICP CL LN etch:(shallow etch) 19min (normal etching rate 

~20nm/min) 
13. Cleaning process: 60min 50℃ RCA + 120s BOE, SEM 

check 
14. PECVD: 2min(50nm/min) slow SiO2 deposition (100nm) 

B.   electrode part 
11. PMMA 495 A6 resist: 75s spin rate 1500r/s +1min 180℃ 

bake 
12. PMMA 950 A4 resist: 75s spin rate 1500r/s +1min 180℃ 

bake 
13. EBL(electrode + marker layer) single pass 50nA current + 

850 dose 
14. 100s MIBK:IPA 1.5:1 developer & Microscope check until 

fully developed 
15. Ebeam Evaprator 30nm(0.05nm/s) Chromium deposition 

then 60nm(0.1nm/s) Gold deposition 
16. 20 min PG remover 100℃ & Microscope check until fully 

lifted  off 
17. Apply 30 poling pulses of 700V 1m(outside cleanroom 

operation ) 
18. Alternately 30s Au&Cr etch(totally 3 min) + 10 min  Piranha 
19. SEM check on poling pattern PECVD: 20min(50nm/min)  
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20. slow SiO2 deposition (1.0um + 100nm former deposition 
+2um substrate=3.3um totally  SiO2 thickness) 

 
C.  U-groove part 

11. PMMA 950 A11 resist: two times 60s spin rate 1400r/s + 
2min 180℃ bake(~2.9*2=5.8um thickness) 

12. Scrape away the PMMA resist over marker areas for better 
alignment + 30s Discharge 

13. EBL(U-groove +maker layer) single pass 50nA + 1500 dose 
14. 30s MIBK:IPA 1.5:1 developer, continuously every 5s 

develop & Microscope check until fully developed 
15. ICP FL SiO2 etch: 4min (Si02:PMMA etching rate 

1000nm:1200nm/3min) + Stylus selectivity check 
16. ICP CL LN etch:(fully etch) 16.5min (normal etching rate  

~20nm/min) + Stylus selectivity check 
17. ICP FL SiO2 etch: 6.5min (Si02:PMMA etching rate 

1000nm:1200nm/3min) + Stylus selectivity check 
18. Post-cleaning: 20min Acetone + 10 min Piranha 
19. Dicing 
20. FL BOSCH etch: 100 loops (etching rate 0.9um/loop ~90um 

etch depth) 
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