From p.64 of Advanced Semiconductor Fundamentals, Modular Series ... Vol. VI  R.F. Pierret



Phase and Group Velocity



Consider  a travelling wave of the form



� EMBED Equation.2  ���



or							� EMBED Equation.2  ���

�

� EMBED Equation.2  ���
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(  the phase of the wave ((z,,t) varies in space and time



(  consider a fixed point on the wave:



� EMBED Equation.2  ���							(1)



how fast does this fixed point on the wave move?



- take the derivative of (1) wrt t:



� EMBED Equation.2  ���



� EMBED Equation.2  ���										(2)



A wave of consisting of a single frequency has little information.



Consider H. W. #4, problem 2:
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where � EMBED Equation.2  ���



where � EMBED Equation.2  ���

and



� EMBED Equation.2  ���



and we have previously defined



	� EMBED Equation.2  ���								(3a)

	� EMBED Equation.2  ���								(3b)



so



� EMBED Equation.2  ���



phase velocity		� EMBED Equation.2  ���							(4)



note: for an electromagnetic wave in free space,



		� EMBED Equation.2  ���



(speed of light in a vacuum)



		� EMBED Equation.2  ���				(n = index of refraction)



How fast does a fixed point on the “envelope” travel?



� EMBED Equation.2  ���								(5)



differentiate wrt to time:



� EMBED Equation.2  ���



� EMBED Equation.2  ���							(6)







Examples:



-  AM radio modulation

-  digital or analog modulation of light on an optical 	fiber



Significance:



-  information travels at the group velocity, not the 	phase veloctiy



-  the velocity of a “matter wave” is the group velocity

(recall discussion of wave packets beginning on p.107)
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Effective Mass in a Periodic Potential



-  what is the velocity of an electron in a 	semiconductor?



-  suprisingly (?), if we consider the classical concept that F=ma, the mass of the electron “appears” to vary!



(  an electron is a wave packet like we discussed back 	around page 112:

�







and because it is a wave packet,  the velocity of the electron is the velocity of the “modulation” envelope:



	� EMBED Equation.2  ���										(1)





(see Homework set #4, problem)

since � EMBED Equation.2  ��� ,  � EMBED Equation.2  ��� , and



		� EMBED Equation.2  ���									(2)





and if a force is applied (somehow), and the electron (wave packet) velocity changes, we can express the accelleration as



		� EMBED Equation.2  ���							(3)



		� EMBED Equation.2  ���									(4)



	Suppose a small electric field � EMBED Equation.2  ��� is applied to the ID crystal.



The energy gained by the electron (work done on the electron by the � EMBED Equation.2  ��� field) in time dt is



	� EMBED Equation.2  ���							(5a)



	� EMBED Equation.2  ���									(5b)



� EMBED Equation.2  ���						(5c)



so

	� EMBED Equation.2  ���									(6)



and we can re-write (4) as









� EMBED Equation.2  ���								(7)



so from the point of view of F=ma, the electron appears to have an effective mass m*, where



� EMBED Equation.2  ���								(8) and (3-3)









�



Comments



(  m* can be positive or negative



(  m* is positive in the lower half of the energy band



(  and negative in the upper half



-  at k=0, an applied � EMBED Equation.2  ��� causes k to increase in time until vg is a maximum at � EMBED Equation.2  ���









-  a further increase in energy results in a decrease in velocity -- which can be interpreted as a negative mass --- or behavior as a positively charged particle





More on Energy Bands



-  near the top and bottom of a band, the E-k relationship is parabolic:

��since

		� EMBED Equation.2  ���						(8) and (3-3)



m* = constant, near the top or bottom of an energy band.  (known as “parabolic band” approximation)



Carriers and Currents



two types of carriers in semiconductors:



-  conduction band electrons

-  valence band holes

(where do holes come from?)



�			T = 0( K��





-  if Eg is large, no electrons (at T=300(K) make it to band 3 and the material is an insulator (diamond)



-  if Eg is small, thermal energy excites a limited number of electrons from the top of the 2nd band to the bottom of the 3rd band. (Si, Ge, GaAs, ...)



(  What happens when a voltage is applied to a crystal?

��- band 4 - no electrons - no contribution to current (charge transport)



- band 1 - all states are occupied by electrons



� EMBED Equation.2  ���



because all states are filled, band symmetry requires that for each electron with a velocity v in the +x direction, there is an electron with a velocity v going in the -x direction.  Therefore, no net current in band 1



*  totally empty and totally filled bands do not contribute to net charge transport.



*  under equilibrium conditions, the partially filled bands (2 & 3) are symmetric about the band center, and no current flows.



*  if an electic field is applied, the filled state distribution in bands 2 & 3 become skewed (asymetric) and a net current (I) can flow:



For band 3,



	� EMBED Equation.2  ���									(1)



where I3 = net current in band 3,

�



L = length of the crystal

vi = velocity of the electron in the ith state 



(the summation covers all filled states).



for the second band, we could write:



	� EMBED Equation.2  ���								(2a)



2a is cumbersome, and extends over a large # of states.





We can simplify (2a) since



		� EMBED Equation.2  ���



we can write



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



� EMBED Equation.2  ���										(2b)



where vi in (2b) is the velocity 



		� EMBED Equation.2  ���



associtated with the empty states.



*  Equation 2b is what we would expect if



	( positively charged entities (electrons?) were 				placed in the empty electronic states and



	( the remainder of the states are considered to be unoccupied (see Fig. 3.11b)





Concept  the overall motion of electrons in a nearly filled band (#2) can be described by considering just the motion of the empty electronic states -- provided that the effective mass of the empty states is the negative of that given by Eq. 8 (p.176) and 3-3 (text)



	� EMBED Equation.2  ���� EMBED Equation.2  ���						(8a)



	� EMBED Equation.2  ���						(8b)

Note:  m* near the top of a band is negative,

	(see p.176), so



we can model the motion of electrons in a nearly filled band n terms of a positively charged entity [with a charge equal to theat of an electron but of opposite sign] with a positive effective mass occupying empty electronic states.



		This entity is called a hole.



William Schockley’s Parking Garage Analogy:  instead of keeping track of the cars in a crowded parking garage, it is simpler to keep track of the empty spaces, or holes.









*Examples of Real E-k diagram

�



� EMBED Equation.2  ���
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Comments on the Valence Band



( valence band maximum always occurs at the zone 	center



(  valence band consists of 3 subbands -- “heavy hole”, 	“light hole”, and “split-off” subbands 



( in Si, the hh and lh are indistinguishable on the 	energy scales of Fig 3.13



note: since � EMBED Equation.2  ���

																			�

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





( when ci is large (high curvature) the effective mass 			is low

( “light hole” subband



( when ci is small (low curvature) the effective mass 			is high



( “heavy hole” subband



Comments on Conduction Band



( like the valence band, it is composed of subbands



( the conduction-band minimum (or “valley”) varies 	from material to material -- and may (GaAs) or may 	not (Si, Ge) be located at k=0



( Si conduction band minimum occurs at k ( 0.8 (2(/a) 	along the <100> direction. (indirect)

	

( GaAs conduction band minimum occurs at k=0 	(direct)



* Semiconductors fall into 2 categories



- direct energy gap -- an electron at the bottom of the valence band can combine with a hole at the top of the valence band without a change in k ((k=0) [(semiconductor lasers*]

- indirect energy gap -- a change in k is required for 

	e--h+ recombination (lattice heating or traps)



				�

Fig. 3-5 Direct and indirect electron transistions in semiconductors (a) direct ransition with accompanying photon emission (b) indirect transition via a defect level.
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Where do subbands come from?



(  the Kronig-Penny Model only considered 1-electron 	in a periodic potential (ID)



(  in bringing atoms together to “make” a crystal, we have electrons in s and p shells -- electrons in these different shells give rise to the subbands (light holes, heavy holes, split-off)



Energy Band Variation w/ Composition



as x varies from 0 to 1 in AlxGa(1-x)As (GaAs(AlAs)

Fig. 3-3  Formation of energy bands as a diamond cystal is formed by bringing together isolated carbon atoms.

			�

���(  the band gap energies increase (as x changes from 		0(1)



(  AlxGa1-xAs becomes “indirect” for x ( 0.38



Example: What wavelength lasers can we make if we use AlGaAs?



� EMBED Equation.2  ���� EMBED Equation.2  ���	(x=0, GaAs)



� EMBED Equation.2  ���		(x=0.38, Al0.38Ga0.62As)



� EMBED Equation.2  ���

� EMBED Equation.2  ���







from  � EMBED Equation.2  ��� (see page 172.3)

we have



		� EMBED Equation.2  ���



		� EMBED Equation.2  ���

� EMBED Equation.2  ���



� EMBED Equation.2  ���



� EMBED Equation.2  ���







� EMBED Equation.2  ���





comment:



(  (max is about 0.86 to 0.88 (m



- Eg depends somewhat on doping (p + n type)



(  (min is about 0.75(m for practical purposes.

	Why?



(  your CD player has an AlGaAs laser with ((0.78(m



(  for optical storage (or CD’s), the amount of information stored is ~ 1/(2
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