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Abstract 

 

Integrated Photonic Digital to Analog Conversion based on Unsymmetrical Directional 

Coupler 

 

Digital-to-analog converters (DAC) are indispensable functional units in signal 

transmission and essential component for the optical computing [1]. The photonic DAC 

that converts electrical digital signals to an optical analog signal advantages in lowering 

system footprint, power, and cost. Especially with the required bandwidth increasing, it 

could mitigate the problems faced by its electrical counterparts in dealing with higher 

sampling rate reach to100GHz. Achieving such a DAC in silicon photonics is promising 

due to the integration capability of both electronics and photonics and large-scale DAC-

based photonic circuits can be further realized for on-chip optical signal processing and 

computing [2]. This thesis work explores the fundamentals of signal conversion by 

implementing integrated photonic circuit on silicon on insulator (SOI) platform. The 

performance of which is investigated through modeling, simulation and measurement.  
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I. Introduction   

1.1 General Picture 

High-speed digital-to-analog conversion (DAC) technique plays an important role in 

wideband radars, arbitrary waveform generation, instrumentation, communication and 

optical signal transmission and processing. However, due to the limited conversion rate, 

the current electronic DAC becomes the major bottleneck of many systems with 

wideband requirements [1,2], high power consumption. As the development of photonic 

technology, DAC with photonic processing has shown promising capability to increase 

the operating speed, with the small on chip footprint and lower power consumption due 

to the integration capability of both electronics and photonics and large scale DAC-based 

photonic circuits can be realized for on-chip optical signal processing Compared to the 

conventional electronic DACs, photonic DAC has the potential virtues such as high-

speed clocking and sampling, large bandwidth capability, small time jitter, lightweight 

components, resistance to electromagnetic interference etc. [3]. In addition, photonic 

DAC is compatible with the optical fiber communication and sensor networks which is 

the key advantage overcoming the traditional electrical DAC; therefore, it can be applied 

in label processor in all optical switching networks [4,5,6]  

Recently, silicon photonics has achieved a great development in optical computing 
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and information processing due to high bandwidth, high speed and CMOS capability. 

Silicon photonic technology opens the possibility for the realization of integrated optical 

circuit (OIC) on the single chip [2,7]. Various of passive and active silicon photonic  

components including grating coupler, directional coupler, power splitter, power  

combiner and electric optic modulator have been proposed and fabricated which provides 

a solid foundation for the fast development of OIC. 

In this thesis research, I proposed, simulated, fabricated and measured a new all  

 

 

 

Table 1. Performance comparison between electronic off-chip DAC, electronic on-chip DAC and this work 

[8,9,10,11].  

optical digital to analogue converter by using the silicon photonic technology over the 

silicon on insulator (SOI) platform 
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1.2 Fabrication opportunity  

Thanks to The George Washington University’s state of art Nanofabrication and 

Imaging Center (GWNIC), in house fabrication and nanoscale imaging can be realized 

and optimized which is the guarantee of successful integrated optical circuit design. In 

nanofabrication center, all main fabrication process has been operated which includes 

photoresist coating and baking, thickness of the photoresist measurement by using the 

profilometer with the accuracy of 1nm, high resolution Electron-beam lithography (EBL) 

by using Raith Voyager and Raith Pioneer EBL system, photoresist development, silicon 

etch, silicon deposition by using Plasma-enhanced chemical vapor deposition(PECVD) 

and metal deposition by using sputter deposition and E-beam evaporation and metal lift 

up. Meanwhile, high resolution and high quality images were taken by using Scanning 

Electron Microscopy(SEM) and Focus Ion Beam(FIB)[5]. Detailed fabrication process 

and calibration analysis will be discussed in following fabrication section. 

 

 

 

 

 

Figure 1 The layout of Raith Voyager 
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Fig 2 The layout of FIB SEM 
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II. Design and Simulation of proposed photonic digital to analog converter. 

2.1 Operating Principles and Structure  

Digital-to-analog converters (DAC) are indispensable functional units in signal 

transmission and essential component for the optical computing. The photonic DAC that 

converts electrical digital signals to an optical analog signal advantages in lowering 

system footprint, power, and cost. Especially with the required bandwidth increasing, it 

could mitigate the problems faced by its electrical counterparts in dealing with higher 

sampling rate reach to 100GHz. Achieving such a DAC in silicon photonics is promising 

due to the integration capability of both electronics and photonics and large-scale DAC-

based photonic circuits can be further realized for on-chip optical signal processing and 

computing. In this work, we demonstrated 4-bit D/A conversion with the utilization of 

asymmetrical directional coupler and Y-combiner. 

Fig 6. Shows the schematic diagram of the proposed DC scheme which converts the 

sequence of parallel digital signals into an analog output signal. In the schematic, one 

single continuous wave laser (CW laser source) is coupled into the system and passing 

through a sequence of asymmetrical directional couplers with the splitting ratio of 3:1. 

The left most channel then coupled into 25% of input lower, the second left channel is 

coupled into 0.25*0.751 of 𝑃𝑖𝑛, and each next channel is coupled into 

0.25*0.75(𝑛−1)𝑃𝑖𝑛. With the utilization of asymmetrical directional coupler, N separated 
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weighted continuous wave lasers in N channels are used to realize the different intensity 

weighting factors to optical carriers corresponding to each bit of the digital input signals, 

where N is the resolution of PDAC. The light power intensity of each channel is weighted 

by the factor of 0.750, 0.751, 0.752, 0.753, … , 0.75𝑁−1, respectively. Then, the optical 

carrier is fed into an electric-optical modulator to realize the optical intensity modulation. 

Each modulator is driven by one bit of the digital signal: the most significant bit (MSB) 

digital signal controls the modulator with the most amount of optical power 

0.25*0.75(0)𝑃𝑖𝑛. The least significant bit (LSB) digital signal controls the modulator in 

the path with the least amount of optical power 0.25*0.75(𝑛−1)𝑃𝑖𝑛. The driving digital 

signal is either on (1) or off (0) to control the weighted light to pass or to block. Then all 

modulated and tuned in phase optical signals would be combined by using sequence of 

Y-couplers. Then the output optical signal will be collected and converted by photo 

detector for the final output analog signal.  
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Fig. 3. Schematic diagram of the Photonic DAC concept. 

  Fig 4. shows the passive silicon circuit of proposed PDAC which was fabricated 

and  

 

 

 

 

 

 

Fig. 4. 4-bit PDAC design on SOI platform and schematic diagram of the silicon optical circuit. 

measured. The CW laser sauce is coupled in circuit by using grating coupler and is 
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led to each arm with different weight by using the asymmetrical directional coupler. Then 

for the modulator on each arm, the first edition of full edition design chose to cut the 

waveguide of each or not to perform as the perfect electro-absorption modulator as 

shown in Figure 5. to demonstrate functionally performance. Then there are total 16 

states of 4-bit digital signal combination with 16 slightly different circuit as shown in Fig 

5. 

 

Table 2. Operating chart of PDAC with different digital inputs. 

  Then for the second edition, the electro-absorption modulator with the stable 

performance will be implemented and taped out by “imec silicon photonics integration 

design”. 

 



 

9 

 

 

Fig. 5. GDS design of 4-bit PDAC with cut waveguide as perfect amplitude modulator. 

2.2 Simulation Method and Result  

Lumerical Interconnect photonic integrated circuit (PIC) simulation was run in the 

first step to verify the design and to perform analysis in the time and frequency domain. 

 Fig 6 shows the simulation built in Lumerical Interconnect. Four electro-absorption 

modulators were added and driven by NRZ pulse generator to inject sequence of binary 

digital signal into device with the preset frequency of 50Gbit/s. Sequence of waveguide Y 

branch were added with the splitting ratio for 25%/75% were added to weight each arm. 

Meanwhile, electrical noise source, optical noise source and thermal noise in PIN 

photodetector were added to simulate in more realistic simulation with the simulation 

result of eye diagram. 
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Fig. 6. Lumerical interconnect circuit simulation schematic of the 4-bit PDAC 

 The first run of Interconnect simulation results with no noise source added for 

2bit, 4bit  

Fig. 7. Theoretical ideal analog output and simulation result 
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and 8bit is shown in Fig 7. Fig 8. and Fig 9 is the diagram of analog and eye diagram 

of 4bit PDAC simulation with noise source added.  

Fig. 8. PDAC simulation with noise sources  

 

Fig. 9. Simulated eye diagram of PDAC  

 Meanwhile, to prove the silicon design works as calculation and simulation 

results shown before the fabrication, a 2bit PDAC circuit is simulated in Lumercial Mode 

solution shown in figure  
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Fig. 10. Four state 2bit PDAC circuit simulation with Lumerical Mode solution 

III. Study of Photonic Circuits and Silicon Components 

The optical property of each component and platform is studies and explained which 

all influences on the final performance of DAC. 

3.1 Silicon on Insulator (SOI)  

Silicon on insulator (SOI) technology refers to the use of a layered silicon-insulator 

silicon substrate in place of conventional silicon in semiconductor manufacturing [12,13]. 
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Fig. 11. The structure of SOI wafer 

The use of standard Silicon-on Insulator (SOI) wafers and standard Silicon 

processing technologies to create ultra-compact so-called “nanophotonic” components 

and circuits in Silicon has become popular technology for fabrication of nanophotonic 

circuit. Thus, this is platform I used for the fabrication of DAC.  

In these circuits one uses high refractive-index-contrast single-mode waveguides 

with a cross-section of the order of the wavelength squared to make passive or active 

devices. The core of the waveguide is Silicon while the cladding is either a dielectric such 

as SiO2 or air. The waveguide can be a conventional waveguide based on guiding by 

total internal reflection.  

The wafers used in silicon photonics are commonly referred to as “silicon-on-

insulator”. The typical 200 mm wafer consists of a 725μm silicon substrate, 2μm of 

oxide, and 220 nm of crystalline silicon layer, as shown in (Fig. 11). Then a layer of 

negative photoresist normally HSQ will be coated on the top of the waver and the design 

will be patterned on the top.  
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3.2 Waveguide on SOI platform 

On SOI platforms, strip waveguides are widely used for on-chip optical routing due 

to their good confinement for optical propagation modes which is also the one chosen for 

the thesis design [14]. However, the wavelength-dependent effective refractive index, ne 

f f (λ), of an optical mode in a strip waveguide is sensitive to the waveguide width and 

height. The ne f f (λ) is calculated for the fundamental transverse electric (TE) mode in 

strip waveguides with various widths and heights. The cross-section schematic for the 

simulated silicon waveguide is shown in Fig. 2(a), and simulation results of ne f f (λ) for 

various waveguide widths and heights are shown in Figs. 2(b) and 2(c), respectively. 

When the upper cladding has a different index than that of the buried oxide layer, or if the 

waveguide is in a small bend, guiding can be easily lost. Hence for the most effective 

guiding of light I choose to operate the DAC at 220 nm height and 500nm width. 

 

Fig. 12. a) Cross section waveguide on SOI wafer b,c) Relationship between refractive index of silicon as a 

function of wavelength with different waveguide dimension.  
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3.3 Directional coupler 

 As stated in the section of DAC operation principle, directional coupler plays an 

important role as the weighting of each bit which contribute to the linear weight different 

from the least significant bit (LSB) of DAC to the most significant bit (MSB) [15].    

 

Fig. 13. Schematic of directional coupler 

As shown in Fig 14. The standard directional coupler consists of two parallel 

waveguides and the main performance variable coupling coefficient is controlled by the 

length of parallel waveguides and the gap width between them.  
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Fig. 14. Lumerical FDTD simulation of directional coupler in TE and TM mode at the wavelength of 

1550nm. 

According to the Coupled Mode Theory (CMT), a DC with two identical parallel 

waveguides has an odd and an even super mode. The coupling between them brings 

power 𝐴 in one waveguide to another as: 

𝐾𝑐𝑜𝑢𝑝𝑙𝑒𝑑 = 𝐴sin2𝜅′𝐿 

where L is the length of coupler, 𝜅′ is the field coupling coefficient which 

determines the coupling strength in coupling section. 𝜅′ depends on the difference 

between the effective indices of the odd and even super modes as: 

𝜅′ =
𝜋

𝜆
(𝑛𝑜𝑑𝑑 − 𝑛𝑒𝑣𝑒𝑛) 

The equation of coupling coefficient shows it highly sensitive to their operating 

wavelengths. For DAC, coupling coefficient is the key factor which needs high robust for 

wavelength various and fabrication various since multiple coupler need to be 

implemented. Therefore, Lucas’s design of broadband silicon photonic directional 

coupler is used whose structure is shown in Fig 16.  
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Fig. 15. Schematic of broadband asymmetrical directional coupler from Lukas’s group.  

 This broadband compact in size, simple in structure and easy in fabricate coupler 

is designed to operate in the wavelength range of 1500 nm to 1600 nm. By tuning the 

length of symmetric coupler L1 and length of phase control section L2 showing in table 

1, the splitting ratio can be precisely controlled with the working bandwidth of 100 nm. 

Table 3. Performance chart of asymmetrical directional coupler 
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3.4 Y optical combiner and optical wave interference 

Y-shaped optical coupler is the key component for DAC to combine optical power of 

each arm controlled by bit switch. Meanwhile, Y-coupler is the place where optical wave 

interference happens. The quality of Y-coupler highly influences the performance. It’s 

important to understand the working theory if it.  

For -3dB Y-coupler, instead of adding the power intensity of input signal, it adds up 

the electric fields with the relation of  𝐸𝑜𝑢𝑡 =
𝐸1+𝐸2

√2
. It is a linearly adding up 

relationship for E-field of electromagnetic wave [16].  

For a monochromatic propagating wave, such as a plane wave or a Gaussian beam, 

the local intensity is related to the amplitude of electric field 𝐼 =
𝑐ε0𝑛

√2
|𝐸|2 The light 

intensity is proportional to the square of E-field which indicates that when one of the 

inputs is turned off, the remaining input experiences a 3 dB loss. Also, the equations 

show that even if the two inputs are of the same phase but not equal power, there is still 

los compare to the two-equal input with the same power density. 
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Fig. 16. Y-coupler simulation while upper waveguide is off 

 

 

Fig. 17. a) Constructive interference with the same amplitude. b) Destructive interference with the same 

amplitude. 
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Fig. 18. Schematic of waveform interference 

Since the Y-coupler can be regarded as combination of field and phase shifts 

through each arm, the output field in then a function of two input E-fields given by 

[23]  

𝐸𝑜𝑢𝑡 =
𝐸1𝑒−𝑖φ1 + 𝐸2𝑒−𝑖φ2

√2
 

where 𝜑1 and 𝜑2 are the phase induced through each of arms. Based on the 

proportional relationship between power density and E-field, the power density can 

be generalized by 

𝑃𝑜𝑢𝑡 =
𝐸1

2 + 𝐸2
2 + 2𝐸1𝐸2 cos ∆ 𝜑

2
 

where ∆𝜑 = 𝜑1 − 𝜑2. To maximize the output power of Y-coupler and final output 

of DAC shown in figure 15b, the phase of each two input arms of Y-coupler needs to 

be alignment by implementing phase tuner which will be discussed in following 

metal heater section. 

3.5 Grating coupler – Optical I/O 

Due to the large refractive index contrast between the silicon layer and its 

cladding, propagation modes can be highly confined within the waveguides, with 
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cross-sectional dimensions on the order of a few hundred nanometers. However, the 

waveguide with the nm scale cross section raise the problem of large mode 

mismatch when coupling light from an optical fiber to the sub-micron silicon 

waveguide core. Thus, compare to edge coupling, using grating coupler is a 

preferred approach for coupling light between planar SOI waveguides and optical 

fibers with the advantages of easy alignment, small footprint and enable automated 

measurement.  

 

Figure 19. Schematic of full-etched grating coupler in SOI platform. a). Top view; b). Sidewall view 

The grating coupler is essentially a Bragg grating optimized to diffract light from a 

free space source into a dielectric waveguide. The basic grating structure is a 

periodic structure with a finite number of rectangular grating teeth [17]. The grating 

period for vertical out-of-plane coupling is Λ = 𝜆/𝑛𝑒𝑓𝑓. To avoid second-order 

reflection at the waveguide-grating interface, the grating is detuned, and light is 

coupled out at a small angle with respect to the vertical direction. By using Lukas 

group’s design, the optimized sub-wavelength grating coupler for the TE00 mode has 
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a 593 nm grating period, a 237 nm grating width, and a 74 nm sub-wavelength 

grating. The optimized sub-wavelength grating coupler for the TM00 mode has a 960 

nm grating period, a 575 nm grating width, and a 140 nm sub-wavelength grating. 

The incident angles for the sub-wavelength TE and TM grating couplers are -25 

degrees and 10 degrees which is enough to remove the reflection.  

 

 

 

 

 

 

 

 

Fig. 20. The theoretical grating coupler model 

Meanwhile, the easiest way to increase the coupling efficiency is to put a top 

cladding layer onto the silicon. This layer increases the up/down ratio of the 

outcoupled power. Also, the thickness of the buried oxide layer is an important 

determinant of the coupling efficiency. A change in buried oxide thickness also 

changes the up/down ratio and the coupling strength of the grating.  
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3.6 Metal heater (Phase tuner) 

As mentioned in operation principle section, the interference of two light waves 

in Y-combiner needs to be constructive interference to which results to the most 

linear analog output signal. Constructive interference occurs when the phase 

difference between the waves is an even multiple of π (180 degree) which means 

effecting a change of silicon’s index of refraction is needed for each arm. Two 

mechanism are most commonly used: free-carrier plasma dispersion and the thermo-

optic effect. But the intrinsic optical loss due to free-carrier absorption and more 

complicate structure makes thermo-optic effect a better option for DAC. As a result 

of the relatively large thermo-optic coefficient of silicon near 300 Kelvin and at 

wavelengths near 1550 nm, dn/dT = 1.86×10^−4 K ^−1 [18] where n is the refractive 

index and T is temperature in Kelvin, thermal effects have been successfully used to 

tune interferometric devices.  
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Fig. 21. Optical image of the metal heater in DAC. 

As shown in Fig 22, a 5um wide gold wire is placed 2um above the waveguide to act 

as the heat wire used to thermally tuned the waveguide for the desired phase shift. The 

gap between heater and waveguide is surrounded silicon oxide. Fig 21 shows the 

Lumerical Mode simulation result of the phase shift as a function of input power. 
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Fig. 22. Structure cross-section of heater over silicon waveguide 

 

Fig. 23. Simulation result of relationship between input power and the phase shift. 
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3.7 Electric-absorption modulator (EAM) 

As mentioned in operation principle section, electrico-absorption modulator plays an 

important role as digital signal input for each bit of DAC. The performance characteristic 

of modulator such as extinction ratio, speed, power consumption, footprint and insertion 

loss all dramatically influence the overall performance of DAC. Meanwhile, since 

multiple modulators are needed to be integrated in circuit, for which n-bit DAC needs n 

modulators. The stable performance among all modulators in circuit is highly required. 

Thus, the design and tape out of active EAM in DAC will be provided by certain 

semiconductor foundry such as Imec, and their modulator performance values shown in 

table 2. will be used as key parameters for design, simulation and performance analysis of 

DAC [19]. 

Table 4. Performance of SiGe Electro-absorption modulator provided by imec [20] . 
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IV. Fabrication process  

4.1 Detailed passive silicon circuit fabrication recipe  

 Whole passive silicon circuit based on SOI platform and metal waveguide heater 

have been fabricated by using nanofabrication facilities in George Washington 

University. The fabrication used SOI wafer with 220 nm thick silicon on 2000 nm thick 

silicon dioxide. The substrates of chip were diced in 15 mm squares from 150 mm 

wafers. After Acetone and IPA solvent rinse and hot plate dehydration, the negative 

photoresist hydrogen silsesquioxane resist (6% HSQ, Dow-Corning XP-1541-006) was 

spin coated at 4000 rpm and then hotplate baked at 80 C degree for 4 minutes with the 

coating thickness of 140 ± 10 nm.  Electron beam lithography was then performed using 

Raith Voyager system operated at 30 kV energy, 1.38nA current with the exposure field 

size of 500 nm. An exposure base dose of 1800 µC/𝑐𝑚^2 for bulk silicon structure and 

base does of 2700 µC/𝑐𝑚^2 for FBMS waveguide were used. The resist was developed 

by dipping in 25% tetramethylammonium hydroxide (TMAH) solvent for 4 minutes, 

followed rinsing the chip for 60s in flowing DI water, an IPA rinse for 10 s, and then 

blown dry with nitrogen. The unexposed silicon area and exposed silicon oxide 

protection layer were etched by using Apex SLR inductively coupled plasma (ICP) 

system with 5 sccm gas flow of SF6 and 5sccm gas flow of C4F8, pressure of 15 mT, 

ICP power of 300W, bias power of 20 W with a platen temperature of 20 C degree. The 



 

28 

 

2000 nm thickness silicon oxide layer is deposited on the top of chip to create larger 

refractive index contrast between silicon layer and cladding for highly confine 

propagating modes within the waveguides by using Versaline plasma enhanced chemical 

vapor deposition (PECVD) system.  

 

Fig. 24. The schematic of silicon fabrication process  

4.2 Hydrogen silsesuinxane (HSQ) 

  HSQ is a cage-like siloxane-based polymer with the general formula 

(HSiO3/2)2 n where every silicon atom is bound to three oxygen atoms and one hydrogen 

atom, forming a three-dimensional ladder structure. HSQ has long been used as a low-k 

dielectric in the semiconductor industry [21] and has also become a widely used negative 

electron beam resist. Since it is readily patterned using e-beam lithography [22], it can be 

directly used as a mask without the need for an additional etching step. The fabrication 

https://www.osapublishing.org/oe/fulltext.cfm?uri=oe-19-20-18827&id=222473#ref5
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steps for this process are shown in Figure 25 .

 

Fig. 25. The schematic of silicon fabrication process by using HSQ 

V. Measurement  

To ensure each taped out silicon component has the same performance compare to 

simulation, each of them was fabricated and measured before to fabricate complete 

circuit.  

As shown in Fig 25, a special circuit is fabricated and measured to see the output of 

each asymmetrical directional coupler. The lowest output is the amount of power through 

the MSB bit arm after one time splitting and the second top output is the amount of 

power through the LSB bit arm after three times splitting. Total four lower outputs have 

the exact same relationship compare to the simulation. 

Then circuits shown in Fig 26 were designed and measured to test y-coupler especial 

https://www.osapublishing.org/oe/fulltext.cfm?uri=oe-19-20-18827&id=222473#g001
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to measure output power when only when power in one arm passes through the Y coupler 

and to compare with the results from Fig 27. The measure results prove that when there is 

only input for y- coupler, -3dB loss will happen. 

 

Fig. 26. Circuit and CCD measurement image for asymmetrical directional coupler.  

 

 

Fig. 27. Circuits and measure results for single input y-coupler. 
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  After the performance of theses main components is proved, the complete 

circuits were fabricated, and measurement as shown in Fig 25. This is one example 

circuit whose two right arms were cut. 

 

Fig. 28. Circuit and CCD measurement image for complete PDAC circuit.  

 All sixteen outputs for 16 passive PDAC circuits were measured as shown in Fig 

29 and Fig 30. 
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Fig. 29. The schematic of silicon fabrication process by using HSQ 
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Fig 30. E-field intensity vs. 4bit digital inputs 

VI. Conclusion 

The proposed PDAC could be specifically implemented into the system who needs 

the ultra-high speed linear electric field analog signal as their inputs. The optical 4f 

correction system is the one perfectly fits this device for the input image processing. Each 

pixel of the input image needs one PDAC to convert the binary digital input to the 

electric field to represent the grey scale to show the monochrome. By implementing the 

PDAC, four-bit resolution of each pixel with the speed of 50GHz can be realized.   
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As the result, we have demonstrated the functionally of the fabricated 2bit PDAC 

with the expected linearly analog output which matches the theoretical analysis and 

Lumerical interconnect simulation. Now we are focus on measuring the fabricated 4bit 

PDAC and to cascade design to build 8bit PDAC to further increase analog output 

channels. 
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