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Abstract 
        For high bit rates and long haul optical communication systems using a single-mode fiber, a modulator with low 

chirp and small size are demanded. An electro-absorption modulator is very attractive because it has some advantages 

of not only low chirp and small size but also the elimination of polarization control through monolithic integration with 

a distributed feedback (DFB) laser. The modulation bandwidth of traditional lumped electro-absorption modulators 

(EAMs) is usually limited by the RC time constant, but the effective resistance R and capacitance C are not easily 

extracted for advanced device geometries.  This paper has presented the important transmission characteristics of EA 

modulators such as transmission performance efficiency, insertion loss, extinction ratio, , over wide range of the 

affecting parameters for different selected electro-absorption materials to be the major of interest.   
 

Keywords: GaAs semiconductor material, Electro absorption modulator, and High Speed switching applications. 
 

I. Introduction 
        Silicon photonics has become a very attractive research area in the past decade due to the potential of 

monolithically integrating photonic devices with complementary-metal-oxide-semiconductor (CMOS) microelectronic 

circuits on this platform [1]. Such an integration approach is crucial for the successful realization of next generation low 

cost optical links for data COM and Tele COM applications, and has further application potential in areas such as 

chemical and biochemical sensing. Recently interest is increasing in the integration of optical links into microprocessors 

to facilitate high performance and low-cost super computing [2]. Significant research effort in this area, has led to the 

demonstration of essential building-block components, including silicon based lasers [3], photo detectors [4], and 

modulators [5]. Among these, high speed silicon based modulators are critical components that have proved difficult to 

realize in practical devices. Owing to the weak electro-optical effect of silicon, most demonstrated waveguide based 

silicon modulators utilize the free carrier dispersion effect [6]. The fastest silicon modulator demonstrated uses this 

effect and operates at 40Gb/s but has a limited extinction ratio of 1dB. To achieve an acceptable extinction ratio, the 

device is usually a few millimeters long and works at 6-10 V reverse bias because of the weak free carrier effect. The 

power consumption of this type of device is in the order of a few hundred miliwalts. Recently, Ref. [7] demonstrated a 

waveguide integrated Ge Si modulator based on the electro-absorption (EA) effect with 1.2 GHz modulation speed. The 

EA effect is known as the Franz-Keldysh (FK) effect in bulk semiconductors and the quantum-confined Stark effect 

(QCSE) in quantum-well (QW) structures [7].   

        Electro-Absorption Modulators (EAMs) are among the most important components of high-speed Wavelength 

Division Multiplexing (WDM) optical communications devices and systems. EAM are widely used as stand alone 

devices [8], as part of Electro-Absorption Modulated Lasers (EML), and as part of multi-component Planar Lightwave 

Circuits (PLC). Since the first proposed EAM based on optical absorption of light in a bulk structure more than two 

decades ago, advances have been made in modulator performances such as extinction ratio, polarization insensitivity, 

and bandwidth. Multiple Quantum Well (MQW) structures in the active region have become the structures of choice for 

EAM due to their improved extinction and reduced polarization sensitivity through applied strain [9]. While lumped 

electrode devices have demonstrated performance at rates of 10 Gb/s and higher, the more recent traveling wave 

electrode devices have been shown to work at rates of 43 Gb/s and above. Compared to the other popular class of 

modulators, Mach Zehnder based Lithium Niobate modulators, EAM offer a number of advantages such as low voltage 

drive, small size, high bandwidth, and potential for monolithic integration with other optoelectronic devices. For good 

performance of the modulator, a high extinction ratio is necessary. The vast majority of all designed and fabricated 

EAM employ a straight section of single-mode waveguide where optical absorption takes place under a bias voltage. 
 

II. Device Modeling 
        Based on MATLAB curve fitting program, the relation between modulator transmission (Tm) and the applied bias 

voltage can be estimated by the following expression [10]: 

 3322
0312.000432.0654.0 BBBm VVVT          (1) 

As well as the relations between extinction ratio (ER) and insertion loss (IL) and operating signal wavelength, applied 

bias voltage can be estimated by the following formulas [11]: 

 3322
654.100543.00324.0 BBB VVVER            (2) 
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 3322
00654.0543.1732.0 BBB VVVIL          (3) 

The intrinsic absorption and gain of GaAs can be estimated based on Ref. [12], which they are given by: 

 3322

0 00544.0065433.03243.1 BBB VVV          (4) 

 3322
05875.000365.0654.3 BBB VVVG          (5) 

The output power of the modulator can be given by the mathematical equation [13]: 

 )(exp 0 mSout LPP           (6) 

The effective index of the mode obtained from the optical simulation is used to calculate the transmittance of an optical 

signal through the modulator or modulation efficiency ηm using the following equations: 

  mLm   exp           (7) 
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Where α denotes the power absorption coefficient, Lm is the length of the device, ng is the group index of the 

waveguide, neff  is the effective index, λ is the wavelength of operation. The first term of Eq. (8) essentially accounts for 

the slowed propagation of the light due to the reduced group velocity of the mode in the waveguide. This term is 

important in nano sized waveguides because the group index is significantly larger than the effective index of the mode 

[14, 15]. The effective and group index are calculated using the mode solver and the well known equation: 
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The set of parameters is recast and dimensionally adjusted as [15]: C1= 8.906, C2= 2.3501, C3=c3T
2
; c3= (0.25286/T0)

2
, 

and C4=c4 (1.921+ 0.257x10
-4

T); c4=0.03454. Then the first and second differentiation of above empirical eq. (9) with 

respect to operating optical signal wavelength, λ that gives: 
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        (11) 

Based on curve fitting MATLAB program, the fitting relation between confinement  , bias voltage and operating 

optical signal wavelength by the following formula [16-19]: 

 3322
0321.065433.00654.0 BBB VVV          (12) 

The input resistance can be further reduced using multiple vias with a tradeoff of more insertion loss [20, 21]: 

 R=ρ Lm/A          (13)   

Where ρ is the resistivity, Lm is the modulator length and A=tW is the contact area (thickness x width). The time 

constant of the device and switching speed can be calculated as follows [22]: 

 τ=R CLaser          (14) 

 
laserRC

SS
2

1
            (15) 

The relation between power length product and switching speed for electro-absorption materials can be estimated based 

on MATLAB curve fitting program [23]: 

 32
0654.165.154.2 SSSSSSPLP          (16) 

The relative refractive index difference Δn can be estimated by the following formula: 

 
m

Beff

L

Vrn

n
41

3
5.0

           (17) 

Therefore the optimum length for GaAs electro-optic absorption modulator can be given by [24]: 

 
n

Lopt



5.0

.           (18) 

The modulator phase shift Δφ can be expressed as the following formula [25]: 

 





mLn


2
          (19) 

The modulation bandwidth Δfm can be estimated by the following expression [26]: 

 
m

m
CR

f
7.0

           (20) 

Where the capacitance of modulator device can be estimated by the following formula [27]: 

 Cm=
t

Lc mr



 0           (21) 
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Lastly, the modulator temperature coefficient rise (degree C/μm) can be given by [28, 29]: 

 

dT

dn
L

T

eff

m

m

2


           (22)  

 

III. Simulation Results and Performance Analysis 
        The model has been investigated high performance broadband integrated electro optic absorption modulators in 

high speed optical fiber communication systems over wide range of the affecting operating parameters as shown in 

Table 2. 
 

Table 2: Proposed operating parameters for electro-absorption modulators [3, 6, 9, 22]. 

Parameter Definition Value and unit 

T0 Room temperature 300 K 

Lm Modulator length 100 μm-500 μm 

W Modulator width 50 μm-200 μm 

t Modulator thickness 25 nm-100 nm 

Ps Input signal power 100 mWatt—500 mWatt 

 Operating signal wavelength 1300 nm—1550 nm 

r41 Electro-optic coefficient 1.4x10-10 cm/Volt 

VB Applied bias voltage 0 Volt—5 Volt 

εr Relative permittivity 1.65 

c Speed of light 3x108 m/sec 

ε0 Free space permittivity 8.854x10-12 F/cm 

T Ambient temperature 300 K-400 K 

ρ Resistivity  2.65x109 ohm.cm 

CLaser Input laser capacitance 0.5 nF 

 

Based on the model equations analysis, assumed set of the operating parameters, and the set of the series of the Figs. (1-

18), the following facts are assured: 

i) Fig 1 has assured that modulator transmission increases with increasing operating optical signal wavelength and 

decreasing applied bias voltage. 

ii)  Fig. 2 has demonstrated that modulator extinction ratio increases with increasing both operating optical signal 

wavelength and decreasing applied bias voltage. 

iii) Figs. (3, 4) have indicated that modulator insertion loss and intrinsic modal absorption decreases with 

increasing both operating optical signal wavelength and decreasing applied bias voltage. 

iv) Fig. 5 has assured that modulator gain increases with increasing operating optical signal wavelength and 

decreasing applied bias voltage. 

v) Figs. (6, 7) have demonstrated that modulator output power increases with increasing both operating optical 

signal wavelength and applied bias voltage while decreasing of modulator length. 

vi) Figs. (8, 9) have proved that modulation efficiency increases with increasing operating optical signal 

wavelength while decreasing of modulator length and surrounding ambient temperature. 

vii) Fig. 10 has demonstrated that modulator confinement increases with decreasing both operating optical signal 

wavelength and decreasing applied bias voltage. 
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Fig. 1. Modulator transmission in relation to applied bias voltage and operating optical signal wavelength at the 

assumed set of the operating parameters. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

1300 1350 1400 1450 1500 1550

VB=0 Volt

VB=1.5 Volt

VB=3.5 Volt

VB=5 Volt

 
Operating optical signal wavelength, λ, μm 

Fig. 2. extinction ratio in relation to applied bias voltage and operating optical signal wavelength at the assumed set of 

the operating parameters. 
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Fig. 3. Insertion loss in relation to applied bias voltage and operating optical signal wavelength at the assumed set of the 

operating parameters. 
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Fig. 4. Intrinsic modal absorption in relation to applied bias voltage and operating optical signal wavelength at the 

assumed set of the operating parameters. 
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Fig. 5. Modulator gain in relation to applied bias voltage and operating optical signal wavelength at the assumed set of 

the operating parameters. 
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Fig. 6. Modulator output power in relation to applied bias voltage and operating optical signal wavelength at the 

assumed set of the operating parameters. 
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Fig. 7. Modulator output power in relation to applied bias voltage and operating optical signal wavelength at the 

assumed set of the operating parameters. 
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Fig. 8. Modulation efficiency in relation to ambient temperature and operating optical signal wavelength at the assumed 

set of the operating parameters. 
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Ambient temperature, T, K 

Fig. 9. Modulation efficiency in relation to ambient temperature and operating optical signal wavelength at the assumed 

set of the operating parameters. 
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Fig. 10. Modulator confinement factor relation to applied bias voltage and operating optical signal wavelength at the 

assumed set of the operating parameters. 
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Fig. 11. Variations of modulator switching speed against variations of modulator thickness and width at the assumed set 

of the operating parameters. 
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Modulator thickness, t, nm 

Fig. 12. Variations of modulator switching speed against variations of modulator thickness and width at the assumed set 

of the operating parameters. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

25 37.5 50 62.5 75 87.5 100

W= 50 μm

W= 125 μm

W= 200 μm

 
Modulator thickness, t, nm 

Fig. 13. Variations of modulator power length product against variations of modulator thickness and width at the 

assumed set of the operating parameters. 
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Fig. 14. Variations of modulator power length product against variations of modulator thickness and width at the 

assumed set of the operating parameters. 
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Fig. 15. Optimum modulator length relation to applied bias voltage and operating optical signal wavelength at the 

assumed set of the operating parameters. 
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Fig. 16. Modulator phase shift in relation to modulator length and operating optical signal wavelength at the assumed 

set of the operating parameters. 
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Fig. 17. Modulation bandwidth in relation to modulator thickness and operating optical signal wavelength at the 

assumed set of the operating parameters. 
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Fig. 18. Modulator temperature coefficient rise in relation ambient temperature and operating optical signal wavelength 

at the assumed set of the operating parameters. 

 

viii) Figs. (11-14) have proved that modulator switching speed and power length product increases with increasing 

both width and thickness while decreasing of modulator length. 

ix) Fig 15 has assured that modulator optimum length increases with increasing operating optical signal 

wavelength and decreasing applied bias voltage. 

x) Fig 16 has indicated that modulator phase shift increases with decreasing operating optical signal wavelength and 

increasing modulator length. 

xi) Fig 17 has assured that modulation bandwidth increases with increasing both operating optical signal 

wavelength and modulator thickness. 

xii) Fig 18 has assured that modulator temperature coefficient rise increases with increasing both operating optical 

signal wavelength and ambient temperature. 

 

IV. Conclusions 
        In a summary, the model has been investigated based on GaAs Electro-optic absorption modulator for fast 

switching speed and high transmission efficiency over wide range of the affecting parameters. It is theoretically found 

that the increased modulator thickness and operating optical signal wavelength, this results in the increased modulation 

bandwidth. As well as it is observed that the increased both modulator dimensions (modulator thickness x modulator 

width), this leads to the increased modulator switching speed and reduced transit time and then to increase power length 

product through the device. Finally it is theoretically found that the dramatic effects of modulator length and increasing 

ambient temperatures on the modulator transmission performance efficiency and operation characteristics. 
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