









( The AlGaAs/Gas  DH provides



	-optical confinement by TIR

		� EMBED Equation.2  ���



	-carrier confinement by



		� EMBED Equation.2  ���





�

�

�

( DH Lasers more efficient than SH or homojunction lasers

	

	-lower threshold current densities



~1969: Alferov (Soviet Union) visited US



( told Panish and Hayashi (Bell Labs) and Kressel (RCA) that if the “active layer” (the low bandgap region in a DH laser—where carrier recombination occurs and results I photons) could be made ~0.1(m thick—that DH lasers could operate continuously at room temperature



( Kressel told Ettenberg and Nelson at RCA (response: “get out of here!”)



( Panish and Hayashi made first CW room temperature diode lasers in June 1970 

		� EMBED Equation.2  ���

( Alferov made the first DH laser (published in early 70)  � EMBED Equation.2  ���

( Ettenberg—lowest threshold DH � EMBED Equation.2  ��� in 1975

QW Lasers:

	� EMBED Equation.2  ��� routinely
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Note: this is a page from the Fiber Optics Telecom notes (5303)

�



Fig 5-12 (Fig 5-9 expanded)



window #1:  0.8 - 0.9(m

window #2:  1.25 - 1.35(m

window #3:  1.5 - 1.6(m

why not #4: 1.0 - 1.2(m ?



Bipolar Junction Transistors (BJT)



( Bardeen, Brattain, and Schokley—Dec 1947—Bell Labs (1948)



( bipolar refers to the use of both positive and negative charge carriers contribute to current flow



	( FETs are sometimes called unipolar—since only one type of charge carrier contributes to the current flow



Charge Transport in BJTs



Consider Fig 7-3 (p. 567)



� EMBED Equation.2  ���				(5-38)



� EMBED Equation.2  ���
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In reverse bias � EMBED Equation.2  ���,  I0



( is independent of VR

( is limited by the number of minority carriers within a diffusion length of the junction



�





	



( we can increase I0 by increasing � EMBED Equation.2  ��� or � EMBED Equation.2  ��� in (5-38)



How??

	



-shining light w/ � EMBED Equation.2  ��� generates EHP (Fig. 7-3b)



	-use a forward biased p-n junction to supply minority carriers (to the reversed biased junction)



Consider a p+-n-p structure
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( the source “emitter” of holes is the forward biased p+-n junction

( the reverse-biased n-p junction (Fig. 7.4) sweeps (or “collects”) the holes injected into the base

-minority carriers (holes) in the base provide the reverse current for the n-p junction



( BJTs are minority carrier devices (in the base)



( ideally, injected holes do not recombine in the base

-base is narrow

-holes diffuse to the reverse-biased n-p junction



-holes are swept across the n-p depletion region (drift due to the � EMBED Equation.2  ��� )



( need to make the base (n-region) narrow [typically � EMBED Equation.2  ���]

-no time for recombination

( need to make (p long

( � EMBED Equation.2  ���

	( � EMBED Equation.2  ��� is the diffusion length for holes in the base



	( � EMBED Equation.2  ���

( � EMBED Equation.2  ��� 			(Einstein Relations)



( � EMBED Equation.2  ���

( � EMBED Equation.2  ���			(p. 106, 4-8)



� EMBED Equation.2  ���



	Comments:



	(desirable) 	( � EMBED Equation.2  ��� “lightly doped” ( (p large

(desirable)	( � EMBED Equation.2  ��� “lightly doped” ( holes flow from emitter to base*

(not desirable) ( � EMBED Equation.2  ��� ( electrons flowing from base to emitter



*see Fig 5-14  p. 569



Fig 7.4:



( IE is the emitter current 

- mostly hole current

( IC is the collector current 

-mostly due to the holes injected into the base (properly designed)









( � EMBED Equation.2  ���



( IB is the base current 

	-should be small � EMBED Equation.2  ���

	-determined by:



��	+ a) electrons injected across the forward-biased p+-n junction—5  in Fig 7-5









�

�	(� EMBED Equation.2  ��� is small if � EMBED Equation.2  ���)

��+  b) recombination of injected holes and electrons in the base 4 in Fig 7-5



�- c) electrons swept into the base from the collector 3 (due to i )  thermal generation, and ii) electrons withing a diffusion length of the C-B junction edge



comment:



			� EMBED Equation.2  ���



typical example:  � EMBED Equation.2  ���



p+np Transistor -no bias







�



�

p+np Transistor w/ bias



�

�



In Fig 1-6:



( E-B junction forward biased reduces barrier for holes (and electrons)



( holes in base diffuse to B-C junction and are swept across the reverse biased depletion region



( hole current increases exponentially w/ VEB



Comment  (Homework problem):  the frequency response is limited by how fast holes can get across the n- base in a p+np transistor.







We can also make an n+pn transistor [same concept as p+np].



Which will work better at high frequency?



Note: for n+pn transistors, the speed is limited by how fast electrons can get across the p- base.



Recall (p. 83 of text, eq 3-36, 3-41):



	� EMBED Equation.2  ���								(3-36)



(V = velocity of carrier)



and the mobility ( is given by 



		� EMBED Equation.2  ���								Eq. (3-41)



and since



		� EMBED Equation.2  ���							(4-29  p. 117)



larger diffusion coefficients correspond to higher average velocities



( larger mobilities correspond to reduced transit time � EMBED Equation.2  ��� across the base



[can show � EMBED Equation.2  ���  		(7-67, p. 279)]



for a Si transistor (Appendix III)



		� EMBED Equation.2  ���



		� EMBED Equation.2  ���



( Si n+pn transistor is faster than a Si p+np transitor



�



Amplification in BJTs



(see Fig 7-5)



	The dominate component of the base current is due to EHP recombination in the bsae.  Consider an p+np BJT:



( between the 2 depletion regions, the n- type base is electrostatically neutral (Fig. 1-5  p.577) (� EMBED Equation.2  ���)



( the base current supplies the electrons that recombine with the holes









Consider the time electrons and holes spend in the base:



	tholes = transit time from E to C	� EMBED Equation.2  ���



	since		� EMBED Equation.2  ���



				� EMBED Equation.2  ���



				� EMBED Equation.2  ���



-electrons (majority carriers in the base) wait around to recombine with one of the holes that does not make it across the base



( for each electron entering the base



		� EMBED Equation.2  ���



holes make it from E ( C:



	� EMBED Equation.2  ���			

(also see Ex. 7-1, p.241)

�

Consider 7-6



� EMBED Equation.2  ���



					� EMBED Equation.2  ���



		

� EMBED Equation.2  ���  since



		

� EMBED Equation.2  ���















b) let	� EMBED Equation.2  ���

�

			� EMBED Equation.2  ���

��

					� EMBED Equation.2  ���









(BJT) Transistor as a Circuit Element (EE2352, Circuit Analysis, Krause p. 684)

h-parameters	(common-emitter config)

�



		



� EMBED Equation.2  ���

		

� EMBED Equation.2  ���







�

				� EMBED Equation.2  ���



	see Example 18.10 p. 685, Krause

�
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JFET Junction Field Effect Transistor

�

current flows from D ( S

	through the n-channel

Height of channel regulated by VG



				� EMBED Equation.2  ���



















  resistivity of channel fixed by doping:

� EMBED Equation.2  ���,	� EMBED Equation.2  ���� EMBED Equation.2  ���

  resistance of channel is given by

� EMBED Equation.2  ���

		where L is the length of the channel

		A is the cross sectional area of the channel

  A is reduced when W increases:

	� EMBED Equation.2  ���

	(Can control � EMBED Equation.2  ��� with � EMBED Equation.2  ���



  p+ regions heavily doped 

	( constant potential

  n-channel is lightly doped

( IDS causes a voltage variation along the channel  (Fig 8-1b)

V=VDS at drain end

V=0 at source end

( for VDS small, variation is linear

 voltage variation along the channel causes a           variation in the depletion width along the channel

� EMBED Equation.2  ���





� EMBED Equation.2  ��� Curve   � EMBED Equation.2  ���



�

	� EMBED Equation.2  ��� w/  � EMBED Equation.2  ���  (Fig. 8.2)



�

for small currents, Rchannel~constant

    � EMBED Equation.2  ���		(linear)



as VD increases W(x) increases noticeably (compared to W0)

	� EMBED Equation.2  ���

resistance increases

   � EMBED Equation.2  ���

ID - VD curve starts to “roll over”

VD increases until Wchannel ( 0 

	called “pinch-off”

What if VGS ( 0?		(VGS ( 0)

� EMBED Equation.2  ���

( depletion regions larger

( channel width (Wch) smaller

( Rch higher

	(IDS - VDS slopes smaller

( “pinch-off” or (VD)sat occurs at a lower voltage

( (ID)sat is smaller	Fig 8-3(b)



Comments:

beyond “pinch-off”, (VD ( (VD)sat

    ID is controlled by VG   







�
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�





Metal Oxide Semiconductor		FET

�

( eliminate the “gate junction”

( use a metal (Al) over SiO2

 with VG = 0, no current flow

 with VG > 0, positive charge on metal attracts np free carriers to the SiO2 - p interface & depletion layer is formed

 an n-type channel is formed between the two n+ regions

 current flow from D-S results in similar IDS - VDS curves

	( same reasoning as for JFET







IDS is controlled by VG

VG is insulated from the source, drain and substrate by SiO2

( high input impedance



Comments on Transistors

�

BJT							FET

-minority carriers			-majority carriers 

	in the base					all the way

	-for high speed,				-for high speed, 

	want large minority			want large majority

	carrier mobility				carrier mobility

     ( for Si, n+pn is fastest       ( for Si n-channel FET

									is fastest









































	






