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Abstract

       In optical communication system the modulated information is processed by an optical source to generate an optical signal. This signal is transmitted through an optical fiber and finally the photodetector at the receiving end as a first part of optical receiver. 
       This paper describes the interface circuitry to convert from the optical domain to the electrical domain. This is used to design an integrated CMOS Optical receiver for gigabit optical communication systems.

                The responsivity of photodetectors is studied theoretically in relation with wave length and reverse bias voltages. The results show that the responsivity of Si photodetector will not decreased if the reverse bias voltage decreases when it is operated below 4.5µm wave length, thus the photodetector offers acceptable responsivity at lowest bias voltage this means low size and low cost of photodetector. The results also show 1.1µm wave length is a cut off wave length. MATLAB program are designed in order to achieve this task at high speed and accuracies. 

الخلاصة

في نظام الاتصالات البصرية فان المعلومات المحملة تتعامل مع المصدر الضوئي لتوليد الإشارة الضوئية وهذه الإشارة تنتقل عن طريق الليف الضوئي وأخيرا تؤثر على الكاشف الضوئي في جهة الاستلام ,والذي يعتبر الجزء الأول من المستلم الضوئي.

في هذا البحث وصف لدائرة الفصل لتحويل الإشارة من الوسط البصري إلى الوسط الكهربائي. والمستخدمة في تصميم المستلم الضوئي, المؤلف من دوائر التكاملCMOS والمعدة لأنظمة الاتصالات البصرية ذو الترددات العالية. 

استجابة الكاشفات الضوئية تمت دراستها نظريا بالعلاقة مع الطول ألموجي وفولتية الانعكاس. بينت النتائج إن استجابة الكاشف الضوئي السليكوني لاتتناقص في حالة انخفاض فولتية الانعكاس عند عمله لطول موجي اقل من 4.5 مايكرو متر وبهذه الطريقة فان الكاشف الضوئي يبدي استجابة مقبولة في اقل فولتية انعكاس وهذا يعني تقليل الكلفة والحجم. وكذلك أظهرت النتائج بان الطول ألموجي 1.1 مايكرو متر هو الطول ألموجي للقطع وتوقف الكاشف. لقد صمم برنامج  ماتلاب لانجاز هذا البحث بالسرعة والدقة المطلوبة .

  Introduction
    The demand for high-speed data transmission systems arises from the need to transmit large amounts of data in short time as possible. This is due to expansion in using computers all over the word and the large computer networks become established. [Frouzan,1991]

    Data transportation can easily be accomplished by implementing short distance applications such as optical-based local area networks (LAN). The success of these systems has encouraged the optical communication technology.

    A typical fiber-optic communication system has a light source, in which the intensity of the light is varied by the message source. The output of the modulator is the input to a light-conducting fiber, the receiver typically consists of a photodetector.[Ziemer and Tranter 2002]

         Since the receiver circuit is fabricated in a Silicon CMOS process. low cost, high complexity Silicon CMOS circuitry is a prime candidate for low cost, high performance integrated optoelectronics. [Lee, 1994] Silicon photodetector is viable candidates for the fabrication of silicon monolithic receivers for fiber-optic data links, simplifying integration issues, excellent linearity with respect to incident light, low noise, wide spectral response, compact and light weight and long life.[Ghioi, 1996].
         The objective of this paper is to study the responsivity of Si photodetector in relation with reverse bias voltage and wavelength to design the photodetector with lower size and cost suitable for an integrated CMOS optical receiver.

         There are different kinds of different random fluctuations, such as shot noise and Johnson noise are excluded in this research because they are unavoidable by the detector. 

Principle Of Operation

    Silicon photodetector are required to convert light input into an electric current. When light pulses hit the detector, a fraction of photons penetrates the detector, generating a photo current through the creation of electron-hole pairs.

    Figure (1) shows a cross section of a photodiode. The P-layer material at the active surface and the N material at the substrate form a PN junction which operates as a photoelectric converter. The usual P- layer for a Si photodiode is formed by selective diffusion of Boron (metallic element) to a thickness of approximately 1 µm or less and the neutral region at the junction between the P- and N- layers is known as the depletion layer. By controlling the thickness of the outer P-layer, substrate N- layer and bottom N-layer as well as the doping concentration, the spectral response and frequency response can be controlled. When light strikes a photodiode, the electron within the crystal structure becomes excited. If the light energy is greater than the band gap energy Eg. The electrons are pulled up into the conduction band, leaving holes in their place in the valence band. (See fig (2) ). These electron-hole pairs occur throughout the p-layer, depletion layer and N-layer materials. In the depletion layer the electric field accelerates the electrons toward the N-layer and the holes toward the P-layer of the electron-hole pairs generated in the N-layer, the electrons, along with electrons that have arrived from the P-layer, are left in the N-layer conduction band. The holes at this time are being diffused through the N-layer up to the depletion layer while being accelerated, and collected in the P-layer valence band, in this manner, electron-hole pairs which are generated in proportion to the amount of incident light are collected in the N- and P-layers. This results in a positive charge in the P-layer and a negative charge in the N-layer if an external circuit is connected between the P- and N-layers, electrons will flow away from the N-layer, and holes will flow away from the P-layer toward the opposite respective electrodes. These electrons and holes generating a current flow in a semiconductor are called the carriers. 


Figure(1) photodiode cross section
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Figure (2)  photodiode p-n junction state

    The energy of a photon is related to the wavelength of the photon by Planck’s constant K and velocity of light C , As such the wavelength of light that can be absorbed by a semiconductor is given by equation (1). Photons with an energy smaller than band gap energy Eg, however cannot absorbed and the semiconductor is transparent for light with wave length longer than cut off wavelength [N.A. Drego 2003]

                                      λc=KC/Eg ---------------------------------------------------------- (1) 

Absorption Coefficient

    The optical absorption coefficient α is the most important optical constant for photodetectors. The absorption of photons in a photodetectors to produce carrier pairs and thus a photo current, depends on the absorption coefficient α for the light in the semiconductor used to fabricate the detector. The absorption coefficient determines the penetration depth 1/α of the light in the semiconductor material according to Lambert-Beer’s law:-

                                  I(y)=Io exp(-αy) ----------------------------------------------------(2)

Where Io is intensity factor (ehp/cm3) electron – hole / cm3.

    The absorption coefficients strongly depend on the wave length of the light. Silicon is the economically most important semiconductor and it is worthwhile to investigate Silicon optoelectronic devices and integrated circuits in spite of the non optimum optical absorption of Silicon. The absorption coefficients of Silicon for wavelengths which are the most important ones in practice are listed in table (1).[H.Zimmer Mann 2004]

Table(1) Absorption coefficient of Silicon for different wavelength

	No
	Wavelength in µ m

λ
	Absorption coefficient          α(m-1)

	1-
	0.3
	108

	2-
	0.4
	107

	3-
	0.45
	2.6*106

	4-
	0.5
	106

	5-
	0.6
	5*105

	6-
	0.7
	2.4*105

	7-
	0.8
	105

	8-
	0.9
	3.8*104

	9-
	1.0
	104

	10-
	1.1
	103


Quantum Efficiency Of Silicon Photodetector

    Photon flux travels through the semiconductor exponentially, hence, the optical power, P(x), at a depth of x below the surface can be defined as:

P(x)=(1-Rf) Poe-α(λ)x  -----------------------------    (3)

Here, Rf is the reflectivity at the entrance face of the photodetector, Po is the incident optical power level and α(λ) is the absorption coefficient at a wavelength of λ. The optical power being effectively absorbed is across the depletion region. Assuming that the reflectivity tends to be infinitesimal, the absorbed power is

P=Po(e-α(λ)x1 - e-α(λ)x2) ---------------------------  (4)

    Where x1 and x2 are the distance from the detector surface to the top and bottom of the depletion region respectively. The quantum efficiency η of a photodetector is the ratio between the number of the electron-hole carrier pairs generated and incident photon of photon energy KV. Relating the quantum efficiency to power absorption in Equation (4),η is:-[Y.J.Chen 2005]
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Where K  is Planck’s Constant = 6.626*10-34 m2kg/s

            V is frequency of photon = C / λ

             C is velocity of light =3*108 m/s

Responsivity

    In a photodetector, the responsivity is the ratio of the electrical output to the optical input. Responsivity R is usually expressed in amperes per watt, or volts per watt. It is affected by the characteristics of the semiconductor material of the detector, as described in Equation below [Y.J.Chen 2005]:-

                                               R = 
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Where q is the unit electron charge.

Depletion Region Equations 


[image: image5.wmf]    Due to difference in potential between P-type and n-type semiconductors, an electric field results at the barrier called as barrier voltage Vjo. It can be showed that Vjo is:[NIIT 2004]

Vjo=VT  ln
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Where 

VT=K’
[image: image7.wmf]T/q is the thermal voltage

K’=Boltzmann’s constant (1.38*10-23J/K)

T=Absolute room temperature in Kelvin (300k)

q =Charge of an electron (1.6*10-19c)

ND=Donor concentration (3.3*1019/cm3)

NA=Acceptor concentration (1.3*1015/cm3)

ni = Intrinsic concentration(1010/cm3)

   With the barrier voltage known, the total width of the depletion region for an applied reverse-bias voltage VR is:[ Y.J.Chen 2005]

Wd= xn+xp
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Wdo=
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Where xn, and xp are the junction depths from the metallurgical junction on the n-type material and p-type material respectively.

 εs =permittivity of Silicon(1.05*10-10F/m).

Wd= Wdo 
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From Equations (10) & (12)
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Similarly
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Results and Discussions

    To calculate the responsivity of Silicon photodetector, it is computed with Equation (6). The quantum efficiency of a photodetector is computed with Equation (5), when α(λ) (m-1) is  absorption coefficient at wavelength λ, table(1) shows Absorption coefficients for different wavelengths are used in calculation. x1 and x2 are computed with Equations (14) and (15).Wdo is computed with Equation (9), Vjo =0,842 from Equation (7). From Equations (14),(15) and (10) , the Depletion region is a function of reverse-bias voltage VR, thus the calculation procedure are repeated for different values of VR  and as fellow:- [1.5V,3V,5V,10V,15 and 30V].  Because half of the photodetector is masked with floating metals, when the detector is illuminated with light, only half of the photon flux is absorbed by the semiconductor, while the reset is reflected. Thus, the effective responsivity only has a value of that computed with Equation (6). It is direct proportional to wavelength and η, but η is proportional exponentially to absorption coefficient (equation 5) and depletion region. By using Matlap program for calculation and plot the graphs of Responsivity vs. wavelength at different values of VR. Figure (3) shows the graph.

    A Silicon photodetector is feasible to convert the optical signal to an electrical signal in the form of electrical current. Since the receiver circuit is fabricated in a silicon CMOS process, silicon photodetector could be used, simplifying integration issues. It can be used with high data rate. 

Conclusion

       From Figure (3) the reponsivity of the detector depends on wavelength, it has different curves with different values of reverse-bias voltage VR.. The detector offer better responsivity when VR is increased. But when the wavelength below 4.5 µm the responsivity is not change and it is not affected by VR therefore it is recommended to design the photodetector with lowest VR when the system is operated with wavelength less than 4.5 µm to reduce the size and cost of receiver. Furthermore and from figure (3) the Silicon photodetector has a significant responsivity at wavelengths below its cutoff wavelength (1.1 µm), therefore it must be used below this wavelength.
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Figure (3) Responsivity of photodetector vs. wavelength
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