THE INTERACTION OF RADIATION AND MATTER: SEMICLASSICAL THEORY

VII. SEMICONDUCTOR PHOTONICS
A. PRELIMINARIES: SEMICONDUCTOR BACK GROUNDZ9
THE CRYSTAL HAMILTONIAN
For an assembly of atomsthe classical energy isthe sum of the following:
» thekinetic energy of the nuclei;
* thepotentia energy of the nuclel in one another's electrostatic field;
» thekinetic energy of the electrons,
» thepotentia energy of the electronsin the field of the nuclei;
» thepotentia energy of the electronsin one another's electrostatic field;
» the magnetic energy associated with spin and orbital variables.
Dividing the electrons into core and vaence electrons and leaving out magnetic effects
leads to the following expression for the crystal Hamiltonian:

w =8P 8 U(R, - R)+A LA V(M- R.)+8 SL20%

2Ma ab | Zm I, a I, m |FI_ le

[ VII-0]

wherea and b label theions, | and m label the electrons, p isthe momentum, M is an
ionic mass, mis the mass of an electron, U (I?Qa - ﬁzb) is the interionic potential, and

V(FI - ﬁea) is the valence-electron-ion potential.

The quantum mechanics of the assembly is treated to a good approximation by taking
the total wavefunction of the system as the product

x=Y(F: R) F(R) [ VII-1]

29 This discussion draws heavily on B. K. Ridley, Quantum Processes in Semiconductors (3rd edition), Clarendon
Press (1993).
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where F(Ii):F(Iia,Rb,Rd,lig,...) is the wavefunction of al the ions and

Y(F;Ii):Y(Fk,Fl,Fm,rn,...;Ra,Rb,Rd,Iig,...) is the wavefunction of all the

electrons at the instantaneousionic positions. The Schrodinger equation is then written

[ VII-2]

+[}[ aice Y (FiR)F (R)- Y (R) 9 e F (ﬁz)] =EY (RR)F (R)

where the total Hamiltonian is parsed into two independent components -- viz.

o B2 o ~ -
H ravice =azpva+aU (Ra- Ry) . [ VII-3a]
a a a,b
o P2 o (- =\ 2 €l4pe
}[elec:a&*—av(n' Ra)+a Q/ EO. [V”'gb]
I Zm L a I, m |rl_ rm|

The essential assumption of the adiabatic approximation isthat the bracketed
term isnegligible and that the global problem may be treated as two independent
problems -- viz.

}[Iattice F (ﬁ) = Eiattioe F (Izé) [ Vi I-4a]
I o Y(FiR) = Eo V(T R) [VII-4b]
Asafurther refinement, the electron problem must be parsed once more as

}[PJBC = {}[dec}static + {}[elec} dynamic
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where {#/ ..} ... definesthe problem of the many electron system interacting with the

staticionic lattice and {# ..} 4. inCOrporates the effects of the electron-phonon

interaction.

LATTICE VIBRATIONS

For abrief overview of lattice vibrations see the webpage entitled Self Study Materials
on Solid State Electronics 2 at
http://deas.harvard.edu/courses/ap216/lectures/Is 2/1s2_u7/sse tut_2/solid2.html

BLOCH ELECTRONS - Solutions of the Schrédinger equation for a single
electron or quasi-particle moving in a periodic lattice

If the electron-electron is averaged out, deviations from the average may be treated
perturbations -- i.e., we make the replacement
2 e’l4 pe,

l,m |F| - rm|

D (}[ elec)0+(}[ elec)l [V||-5]

where (71 ), leads to aconstant replusive electronic energy component and (# ),

isasmall fluctuating electron-electron interaction. If we neglect these fluctuations, each
electron interacts independently with a screened lattice potential. In this approximation,
the electronic wavefunction can be expressed as

Y(7i Ro)= Oy (7 Ro) [VII-6]

with the requirement that the occupation of one-electron states isin accordance with
Pauli exclusion principle. Thus, each the wavefunction for each electrons satisfiesa
Schrédinger equation in the form
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(7 £a) . ¥ olFiRo) == == N2y (R Ro) +V(F) v (7 Ro) = €,y (7 Ro) [ ViI-7a]
or smplifying the notation
SRy (7)+V(7) v (F) =€y (7) [VII-7b]

SCHEMATIC PERIODIC LATTICE POTENTIAL
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The lattice potential far from the surface of the crystal has the property that, for all
latticevectors Ry,; = ¢, &, +/,a,+/, a,

V(R)=V(F+Ry) [VII-8]

Bloch's (Flogquet's) theorem: Thefunction

V()= ()" w(r) exeli k%) [ViI-o]

where U (F) Is a function with the same spatial periodicity as V(F)that is an
eigenfunction of Equation [ VII-7].

Proof of theorem:
First rewrite Equation [ VII-7b ] as

7 () y(F)=€y(r) [VII-70']
Shifting the origin by alattice vector, we again rewrite Equation [ VII-7b] as
7{(?+Ifem) y(F+|§M) =e y(F+I§M) [ VII-7b" ]
In light of periodicity expressed in Equation [ VII-8], it follows that
9 (F)y (F+|-:QM) =€y (F+I§M) [VII-10]

Thus, any linear combination of the possible eigenfunctions
Y(F“i[g]) isa valid eigenstate of the energy@! In particular, let us

choose the combination
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= exp(i k%) dy (“ﬁm) eXp[- i R>(F+|fz[q)] I

where k is, for the moment, taken to be an arbitrary complex vector. Since the

summation includes al possible lattice vectors it must be a periodic function of r
with the period of the lattice and may be identified with u(¥) of Equation

[ VII-9].% If weimpose cyclical boundary conditionson y (), we see that, of

necessity, k isareal vector! QED
Inlight of Bloch'stheorem, Equation [ VII-7b ] may be rewrite in the form

# (F) u(F)= %(N +] R)2+V(F)EUR(F):GR u(F) . [VII-12]

@D, D

Since the reciprocal lattice vectors of crystal are defined®! so that exp(i Ry XG[m]) =1

any function written in the form

[é]C[m] exp( i Gy ><F)

30 Wekeep for the record Uk(f) P é y(F+I52M) eXF{- i R’(F"‘ﬁm)]
[1]

31 Thereciprocal lattice vectors: G[m]=ﬁ1151+m2 b, +m, b,
where i
B oop_f2 & . p o5 & & o, & &
b, =2p —2 , by =2p ——— by=2p——=
1 p_xéz'ag 2 palx " a, 3= 4P @, a,
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has the spatial periodicity of the lattice. Conversely, we are allowed to expand V(T)
and u, () in Fourier series--viz.

V(F)= é]v[m] expl i Gy ) [ VII-13a]

u(F)= éq;u[’““](k) exp( i Gng ><F) [ VII-14a]

where Vi =V €10 v (F) exp( | Ging >¢) [ VII-13b]
and g (K) = * QDI uy(F) expl- 1 Gy %) [VII-14b]

Substituting these expressions into Equation [ VI1I-12 ] and equating various Fourier
components, we obtain the following infinite set of algebraic equations:

h? _ o _ ~
™ (G[m]+k) U[m](k)+[aq]qu U[m].[mq(k)=e; u[m](k) [ VII-15]

which can, in principle, be solved for €; and u[m](k) . If we were to turn off the

lattice potentia off to effectuate the empty lattice approximation, the
eigenfunctions and eigenval ues should, obviously, be those of a free electron and

given by
y{(F) Py i(F)=(+) " exp(i k<) [VII-16]
o PR
and P e=—- [VII-17]
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1D EMPTY LATTICE MODEL
extended zone scheme reduced zone scheme

With gradual restoration of the lattice potential, the wave function is gradually
transformed from a plane wave, Equation [ V11-16 ], to a Bloch function, Equation
[ VII-9]. Ingeneral, thevalue of k iswell defined since it does not change from its
original value and the plane wave merely becomes modulated by the function u, (7).
Clearly, it is also possible to write the Bloch wave function in the form

vi(r)=(") *{ w(r) ew(i Gyt o[ 1 (K- Gt viteas

and since both u,(r) and exp( i G[m] xf) are spatially periodic, so is their product.

Thus, the wave function can be considered as obeying the Bloch theorem with any
empty latice wave vector k- G;. Accordingly, the theorem alows for two
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alternative modes of classifying solutions -- i.e. a solution may be specified with the
original value of k (extended zone scheme) or with that value "reduced" by areciprocal
lattice vector plus aband index (reduced zone scheme).

Inthenearly free electron approximation we usethe Y i(F) functions as abasis
set and take the periodic potential V (F) asasmall static perturbation. Using Equations
[ A-6¢c] and [ A-7b] of this set of lecture notes (at the end of the Section |1, Review of
Basic Quantum Mechanics: Dynamic Behavior of Quantum Systems) we obtain
lee |v]e)
|E§%Jew+é“£JLJQ—L§l [VII-19]
€. &
2

Ker.lv]e)

0 [¢]
S Tee

[VII-20]

In light of Equation [ VII-13a] we may write
(6§¢|V| e’ >:(‘V)'1 d\]\)ﬁ exp(— i RN)V(T) exp(i RXf)
(fV)'l C\[\i)ﬁ exp[— [ (IZ(IL R) ><F] ['éx]v[m] exp( i Gy ><F)[V||_21]

=V d (K + Gy - K9
so that Equations[ VI1-19] and [ V11-20 ] become

o \__VMm
k G g /er?+é -’ [ VII-22]
[m]

k

€ )»|€)+a

[m]
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2
o |Mm|
e »e°+ VII-23
am] ek+G - e) [ ]

k
Clearly, the strongest departure from free electron behavior occurs when the
denominator vanishes-- i.e. when

—hz _ 2 5
€lc,, " & Tomel Cim k| - K[ 5

k+ G

[VII-24]

e~ 12 .= 5
=5 el Gl | + 2%k §=0

Equation[ VI1-24 ] is the famous Bragg scattering condition or the condition
which defines the boundaries of the Brillouin zones. At the zone edge for a particular
pair of degenerate free electron states the appropriate pair of equation from the set in
Equation [ VII-19] may be approximated

[€0- €] ualk )*V[ ) uw(K) = 0

[e [ VII-25a]

-€ ] Ufm) +V[m] u[o](k) 0

k+G[

or

_ 1l 0 0 0\’ 2U
e = _2,:\eAk+é[m] +€ i\/( S e‘k) +4[ Vi | E; [VII-25b]
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1D NEARLY FREE ELECTRON MODEL

reduced zone scheme

extended zone scheme

Energy

Energy
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These considerations then provide the context for the examination of real band
structures.

Diamond Structure Brillouin Zone and Nomincature
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Silicon - band structure
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For more on band structures go to:
http://www.deas.har vard.edu/cour ses/ap216/images/bandgap_engineering/bandgap_engineering.html

For more on pn junction physics go to:
http://www.deas.har var d.edu/cour ses/ap216/images/pn_junction/pn_junction.html
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B. OPTICAL PROPERTIES OF BULK (3-D) SEMICONDUCTOR?®?

FREE-CARRIER THEORY

For most of our considerations a parabolic-band model provides a reasonable
picture of optical properties. In this model we assume that near a band edge the single
particle energy of the electron measured with respect to the edge isgiven by

—~ 12
k™ p2k?
e‘k:—lil—:—r [V||-26a]
2m 2m

wherethe effective mass m isameasure of the inverse curvature of the band.33
Introducing the notion of a deficiency of electronsin the valence band -- i.e. holes --
as positive charge carriers, the parabolic-band model isre-interpreted as, respectively,
the quasiparticle energies of an eectron in the conduction band and a holein the valence
band

— 12
i |k 2 |2
e, - K[ 7k [VII-26b]
' 2m, 2m,
K Rz 21,2
e = | _ Ik [ VII-26¢]

32 This section draws heavily on Weng W. Chow, Stephan W. Koch and Murray. Sargent |11, Semiconductor -

33

Laser Physics, Springer-Verlag (1994)
That is, the effective massis given by

1 19
e h—ﬂ—kek‘
m ﬂ Band edge

and, thus, in the conduction band the effective mass of electrons is positive and in the
valence band it is negative--i.e. m, >0 and m, < 0.
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wherem, = m, >0 and m, >0 accounts for aggregate dynamics of al the electron in
the valence minus the single empty state.3* Of course, the single particle picture
discussed thus far, does not include the critically important effects of the inter-electronic
Coulomb interactions and, in particular, carrier-carrier scattering. Inwhat is
usually cdled free-carrier theory, it is assumed that carrier-carrier scattering
causes arapid "thermalization" (relaxation timeslessthan 0.1 picoseconds) of excited
conduction band electrons (and valence band holes) and, consequently, it is assumed
that carriers within _a band are in quasiequilibrium with energies distributed
according to a Fermi-Dirac distribution (see illustration on the next page).ss,, 36
Accordingly, the carrier density for agiven band (i.e. a= e for the conduction band
and a = h for the valence band) is determined by the condition

1 o 1231 4 3. AU
N==98 f ==& le .Gb(e . )‘ﬂ+1 VI1-27
a Vges ak Vges% pe ak nll a % [ ]

where V is the volume of the sample and M) is the carrier quasichemical
potential (or imref © quasi-Fermi energy).3’ In the discussion of Equation

35

36

37

The hole energy isthe energy of the filled valence minus the energy of the filled with a vacant electronic state so
that an increase in hole momentum leads to an increase in hole energy. Since M, must of necessity include the

many-body Coulomb interactions among the valence electrons.

See a Derivation of the Fermi-Dirac distribution function at http://ece-www.col orado.edu/~bart/book/fermi-
dirac_derivation.htm

See the applets Fermi Level vs. Carrier Concentration and Doping of Donor and Acceptor Impurities
(at http://www.acsu.buffal 0.edu/~wie/appl et/fermi/fermi.html)

and Fermi Level, Fermi Function and Electron Occupancy of Localized Energy States
(at http://www.acsu.buffal 0.edu/~wie/appl et/fermi/functionAndStates/functionAndStates.html).

As are the electron and hole energies ea i, theimrefs IT] are measured with respect to the appropriate band
edge-- viz.

m, :(EF)C -Ec and M =E,- (EF)V
Thus, if M <0 the band does contain enough carriers to populate any state with a probability greater than one-half.
R. Victor Jones, April 4, 2000
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[ 1V-5] of this set of lectures, it was argued that the 3-D density of statesin k spaceis
given by

r (k) dk= % k? dk [VII-28]

which translates (within a given band) into a density of states per unit energy per unit
volume of

1 dk 1 a@m g
(€)=3 Mg = o e o Vi [ViI-29]

Hence, for a3D semiconductor, Equation [ VI1-27 ] becomes

N, = ¥(\)((E)f(e)de _ 1 @nd s {exp| b(E, - )]}'1de [VII-30]
a_0 a a a_zpzéhzzo a p a rrL a

Farmi Function
E
- Ef+ 0. 7=y

1
FET4 0.1
Er Er

e
- EF- 0.1s% - Ef -0 -~

T-0"K

1 : 1 1
fE) 10 0a fEl 10 oS
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OPTICAL MATRIX ELEMENTS
Since optical interactions in a semiconductor are essential distributed, it is probably
more precise and appropriate in this case to write the interaction Hamiltonian as 38

= %A@:%A b %[tzxﬁ]exp[ (Wt Rradﬁ)]+... [VII-31]

Thus, the critical optical matrix element 39 between a state in the valence band and one

in the conduction band is
eA )
<evk cR¢> = 2_rr(1) exp[ I Wiag

e M. [ VII-32a]

ke

}[ |

wherethe so caledtransition matrix element isgiven by
W ieie® OFF Uy (7) expl- 1k o#] {50 exp[- 1 K, 7]} u,; (F) exp] iko3] [ViI-320]

Using the expansion for u, in Equation [ VII-12a] the matrix element becomes

MVIZ, cke™ [é] [é:] u:[m](R) uC[m“] (T(G)

' (‘!‘l‘jir‘exp[-i(R+R,ad+G[m])><?

38 |n the next set of lectures, The Interaction of Radiation and Matter: Quantum Theory, we develop the
following expression for the nonrelativistic Hamiltonian of a single charged particle:

[VII-33]
{& <2} exp[ i (R¢+ G[mq)xr]

o= [ . gA |
- g +—[7- qA]
) a > q
where P isthe canonical conjugate momentum of the charged particle.

39 The Fermi Golden Rule and first-order perturbation theory tells us that ther adiation-induced transition
rate isgiven by

o 2 .
& 219, ]1)]de-e).
f
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However, ? b - i 7N sothat

M kck¢_aa{he>(k¢+G )} Uy (K) Uegng (K9

[l [md [VII-34]

C[Djr exp[ +K - K& G- G[mq)ﬁ]
Withthe parsing F =R, +F and using the defining relationship exp(i Ry XG[m]) =1,
the volume integral may be expressed

() exp[ (K& K- Ky Gpng - Giog) ]

N\ \

unit cell

ﬁexp[ RG‘rR Ko M]

Thesummatlonaexp[ k¢ k- k, XR[/]] P O unless
[1]

ke k+k, »k. [VII-36]

--i.e. essentially only vertical transitions are allowed! Therefore,

TN A
unit cell D [m] [m [ VII-37a]
- QT exp[ m])’*‘]

unit cell

For a given polarization of the applied field, the transition matrix can be written

= @Dt {r exp[ ¢ K- K+ Gpog- G[m])x‘] [VII-35]
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M vo o= { polarization factor} M . [ VII-37b]

where the polarization factors are of order one and typical vaues of [M |2 aregivenin
the following table:40

Material system 2IM’/m  (inev)
GaAs 28.8
Aly Gag-x As (x<0.3) 29.83 + 2.85 x
Iny Gag.x AS 28.8- 6.6 X
InP 19.7
In1x Gax Asy P1y (x=0.47Yy) 19.7+56y

Of course, the radiation must also satisfy the energy conservation condition

2 1,2 2 1,2 2 1,2
DE =nw, :eg+h SR, :eg+h X [ VII-38a]
2m,  2m, 2m,
where i:i+i. [ VII-38b]
m m m,

"FREE-CARRIER THEORY" OF OPTICAL PROCESSESS

The bottom line is that in the free-carrier theory of optical interactions, the
effective Hamiltonian for the carriers -- i.e. "free" particle kinetic energy plus
electromagnetic interaction -- is separableinto aseries of k -dependent terms.4t  Thus,

40 From Diode Lasers and Photonic Integrated Circuits by Larry A. Coldren and Scott W. Corzine, Wiley (1995)
41 In particular, it can be shown -- see Weng W. Chow, Stephan W. Koch and Murray. Sargent IlI,
Semiconductor-Laser Physics, Springer-Verlag (1994) -- that
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if we neglect k k¢ correlations in the treatment of optical properties, we need only

consider the following manifold of states:
130=1,1,:K)

|07=|00, K}

Equation [ VI1I-37a] tells us that the absorption or emission of a single photon connect
only the two states in the manifold which can be identified as |0, 0, :k} _and |1, 1, : k)

where the first number in the ket specifies electron occupancy of a state with
momentum 7 k and the second hole occupancy of astate with momentum - 7Kk .

o 1€ n kU €n2k2U * i
Hy= QL& +——Uaj a +&—0b b - Y6+ M ag by | E(z,t)y
eff ?Té 9 zmecﬂak ag ézmm,ﬂ-k & [”k ag by + M ag k]q )[V)

where{a}i, alz} and {5{, ER} are, respectively, electron and hole {creation, destruction} operators. M is
the dipole matrix element between vertical statesin the valence and conduction bands.
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ENERGY DIAGRAM FOR BULK LASERS

Electron Energy

fexplp{Ea- E;0] + 1}

[

:'al:-

__ r;i_'__E“’

{explR(En- Eg ]+ 11

Sinceno k k¢ correlations are involved in the free carrier theory, the density operator of
the complete system may be expressed as a product of component density operators

r=0r(K) [VII1-39]
K

so that the Schrédinger equation of motion for the density operator is also separable -- viz.
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. i _ _
(k)= - [ #a(k).r (k) ] [VII-39]

C. INJECTION LASER THEORY

(For pictorials on laser configurations go to:
http://www.deas.harvard.edu/cour ses/ap216/images/injection_laser s/laser _structures/laser _structures.html)

A fairly satisfactory model of lasing (and other optical processes) in semiconductors
may be obtain by adaptation of the two-level, semiclassical discussed earlier. Inlight
of the discussion in the previous section, we adapt the two-level theory by making the
identifications

raa(R) p rlm(R) {11,k |r

rbb(R)IDr 00R)=<OeOh:F<|r|O 0, (

r oK) P rioo(K) ={ 1.1k |r] 0, 0:k Y={ 3k |r]| 0k }==r (K]

}=1 o (K) [VII--40]

Given thefree carrier effective Hamiltonian discussed above and the equation of
motion expressed in Equation [ VI1-31 ], we can write

5 (K) = { 3K |r(K)| 0k )

[ VII--41a]

_‘
w
@
—
~
~—
|
NN
w
~
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\_/
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~
~
I
St =
w
=]
—
~
~—
~
(@
~
%
—
~
~—
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~
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[ VII--41b]
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foo (K) = OR | (R)] 0K Y=~ L[ (R){ O | 2 o (K)| 3 )

2] ra () 3 |04 (R) 0k )

[ VII--41c]

which tells us, once again, that r , b r  is driven by r_-r P r - and vice

r 00
versa. Thereis, however, an important new element to be considered in this problem to
wit, as we have illustrated above, we are, in fact, actualy dealing with a four-level
system which includes of the states | 1, 0,:k } and | 0,1,:k } aswell asthe pseudo "a"
and "b" states. Fortunately, inclusion of these states does not unduly complicate the
analysis since, as discussed above, electron-electron scattering induces a rapid relaxation or
"thermalization” of the probability of finding a given state occupied. After thermalization,
the probability of finding a state with a particular momentum valuein a given band is

provided by a Fermi-Dirac distribution referenced to a quasi-Fermi energy or imref
appropriate to that band. To obtain an expressionfor r _, - r ,, we note that*2

tr[ 1 (K) =1 o (K) #110(K) #1 2 (K) +7 s (K) =1 [VII-42]

r-r bb:r33(R)-roo(R):{ r33(R)+r22 (R)}+{r33(R)+rll(R)}- 1

= ne(R)+nh(I2)- 1 Vi3]

where ne(R) is the probability43 of finding a electron with momentum # k independent of

whether or not there is a hole with momentum - 7k and nh(R) is the corresponding

42 That is, there must be either 0 or 1 electronsand 0 or 1 holesin the given K state.

43 In the second quantization representation of the problem, the n’s are expectation values of the appropriate

number operators.
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probability for a hole. Adapting Equations[ VI-13a-c ] from earlier in this set of lecture
notes,* we may write

where L ; ( a=eorh ) represents the pumping rate due to carrier injection and n, (R)

c-Cc

the effect of carrier-carrier scattering. g, n, (‘) and G n ( )nh(k) are, respectively,

phenomenological representations of nonradiative decay and radiative “bimolecular”
recombination (spontaneous emission), respectively. The probability difference (gain
factor)

i

D(R)O ne(R)+nh(R) 1=n, (R) nh(R):l

@: D D

e (b

is the critical factor in the analysis of stimulated processes -- i.e. for inversion
D(R) >0. This gain factor may be written as D(R) = ne(IZ)- [1- nh(R)] -~ i.e. the
population inversion is proportional to the probability difference of an eectron in
corresponding k -states in the conduction and valence bands. Alternatively and more
usefully, we see that it varies directly with the product of

44 Thatis r.=1 .- 0.M.- [i 20 +cc]
Fop=1 gbrbb+[lhlq/abr +CC]
( ab+gab)rab+| Y, [raa' rbb]

[ VII--44a]
[ VII--44b]
[ VII--44c ]

L et VIl--45
N O -
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the spontaneous emission factor ne(R) nh(R)
and the so called absorption factor € 4 e 4 u,
1- e - e Al Ig
(k) g (k) g

Inthe spirit of thefree carrier model and in the unsaturated limit the n, (R) 'saregiven
by thequasi equilibrium Fermi-Dirac distributions -- viz.

u_ l

na(R) p f,= ‘Iiexpgb(ea—k- rq) 8+1§ [VII--46]

Thus, the absor ption factor isgiven by

1 S L 1L:jé 1 13— (e +€ - M- m)”
e - L - 1= U
. (k) e (k) g : [VII--47]

=1- eq] b(E,- D) |
and thespontaneous emission factor isgiven by
N . N Ll NS
ne(R) nh(R) :%‘ expg,-b(ehk- m) Eexp[ b(ek- Dr‘r)] +1E“4I {‘expg)(ehk- m)ﬁﬂg [VII--48]

21,2
where €, = >

and DN m,+m,= (EF)C_ (EF)V' eg -

45 For plotting purposesiit is useful to write the complete gain factor as

..-1 1
& X

oy 1 é & T
D(k)_%engbegelH 1+r XF+X'“EH+1?; _%eXpébegé_lﬂ 1+r thZHJrlgv)

wherer® m/m,, x= 1w, /€, x. = DE. /€, and x, = m/€,.
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absorption spantaneouys
factor ernission factor B p,- €,) values
1} 2.0
n.s 1.5
0.73t 1.0
0ost 0.6 0.5
1]
0.25¢
Rl ap-€) 0-4
1 2 3 4 S
-0, /
b5} % Bl ap-g)
-2 -1 1 3 4 o
gain
factar
FHy &) values 2
n.s 1.5
1.0
0n.& 0.5
1]
0.4
0.2
Flap-€)
1 3 4 o

Therefore, for population inversion DM €=(E.). - (E;), - (eg+e) >0 which is

avery stringent condition!
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Adapting Equation [ VI-26a] from earlier in this set of lecture notes,* we may see that

thesmall signal gain inasemiconductor, may be expressed in the form

Gain(WAk) U |

in bulk material

M - -

-1

k){ the density of paired statesatk{ L{w. - w ;g [VII--49]
ofK){ b L(w, - wiign)

vk ck

P the density of paired states varies as the square root of the energy.

Therefore, we may draw the following gain curves:

0.14} / o1
~ m e_.=0.
2 012} m, / € 4=0.05 ~ 0.05 nt*>g
E 2
> 0.1y S 0.04
S 0.08} -
£ £o.03
= 0.06} 5
~ < 0.02
S 0.04} ~ [
g =
S 0.01
0.02 3
Wy / eg
N\ \ \ ' '

0.98 1.02 1.04 1.06 1.08 1.1 1.12 0.98 1.02 1. 1.06 1.08 1.2\ 1.12

Gaininabulk semiconductor with D E. / €, =1.00, 1.02, 1.04, 1.06, 1.08, and 1.10

46 Thatis

s
play
=
=
:
=
Sk
® o
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relative gain

GAIN VARIATION WITH CARRIER CONCENTRATION

increasing
injection
current

0 P - b (AW~ Eyy)
2 3 d S =] )
oo \\ \
-1t

QUANTUM CONFINEMENT

. 10 |4<L;/2
In an idealized quantum well V(z) =i
¥ |4>L/2

which yieldsasingle electron energy

2

e 7K.
E”(k“):anllf)er 2m,

and density of paired states which is a constant or a staircase.
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i) ET Electron Energy
ChH i
o {explplE,- Ec 0] + 1}
]
:
oy YW Eﬂ?lhﬂ'g}:?ﬂp
B :
i i :
v it o] [ AR Nt ] |
Vi khl
AlGads (raAs Alzads
-1
A Quantum Well Structure lexplR(En- Epd] + 1}

R. Victor Jones, April 4, 2000



THE INTERACTION OF RADIATION AND MATTER: SEMICLASSICAL THEORY PAGE 111

0.8}
m, / e 4=0.05
0.6}

0.4}

0.2}

Gain (arbitrary units)

Wy / &g

N \ \
0.98 1.02 1.04 1.06 1.08 1.1 1.12

Gainina2D semiconductor with D E. / €, = 1.06, 1.08, and 1.10

n.ar
06l irl(:_rea§ing
injection
current
c D.dr
'©
o
S oz}l
)
©
o
o - b (Aw- Eg)
1 2 ] 4 2 & 7
-0.2r
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