[.ecture 13: Semiconductors
lasers

* Quasi-Fermi levels
* Optical properties

* pn junctions




Last time:

Intrinsic: n-type: p-type:

_ - ]

Fermi Fermi Fermi

“PE) ° “PE) “ “PE) ©

n=p n>p n<p
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n-type:

If Fermi level 1s all the way up 1n the conduction
band, we call it “degenerately’ doped:

energy

“P(E) °
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Quasi-Fermi levels:
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In equilibrium, Eg_ ., 1s the same for n, p calculation.

Out of equilibrium, we use a different value of E_, . for

electrons and holes: F, and F . This 1s usetul later.
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Quasi-Fermi levels:

Electron P(E)

<
<

PE) \° p(E)
Hole P(E)
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Quasi-Fermi levels:

+ This is NON-EQUILIBRIUM.

 How do we get 1t? p-n junction diode, to be
discussed later.

* For now, assume we have this “population
inversion” and derive optical quantities.
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Optical transitions:
Spontaneous emission:

AS10u2

v

This slide only considers energy.
We must also consitder MOMENTUM. ..
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Full Schrodinger equation:

Free particle:
0 -
zha Y(r,t) ——2—V Y(r,t)

Plane wave solutions:

W(F, 1) = A-eFT

We separated r and t dependence:

W) =p(F)-e ™ W) =de

Gives time independent Schrodinger equation: @ = £ /fi

2
=~ ~
———Vyr)=L£-y(r) L
2m F=-VV(7)
If the electron feels an external force through potential V(r) then new term:
I e pep——
- %Vzw(r) +uV(r)W(r)'— E-y(r)
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Full Schrodinger equation:

2
=~ _ _ .
——Vyr)+V(r)y(r)=E-y(r)
2m
For one electron in a hydrogen atom:
2
N e
V(I" ) =~ Solutions are not plane waves!
a

But for many atoms in a crystal,

LGEDY NG

atoms

This 1s periodic in r. Solutions are like plane waves. Bloch’s theorem states:
— ik -7 = o
p(r)=Ae™ -u(k,r)

Where u(k N ) is periodic in 7/a, the lattice wave-vector.
(a 1s the spacing between atoms in the crystal).
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Bloch theorem conclusions:

 If that 1s all mumbo-jumbo, here’s what you
need to know:

* Electrons 1n solid are like free particles (free
plane waves) except:

1) Only need to consider wavevectors k<rt/a.
(Recall p=hbar k).

2) E vs. k diagram no longer simple.
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E vs k:

Free particle:

212
E(k)= k™
2m

Electron or hole in semiconductor:

E(k)=?

Hard to predict, must be measured.
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Direct gap material:

E.G. GaAs, InP, InGaAs

Eu

electrons

I Energy gap

holes
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Indirect gap material:

E.G. Si

Eu

holes
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Photons have
momentum, 10o.




Photons

E=hw
p=FE/c

Compared to electrons, photon
momentum 1s very, very small.

We will treat it as ZERO.
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Energy and momentum
are always conserved.




Especially momentum.
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Spontaneous emission:

electron (bef or e) 1) electron (Clﬁ er ) T h photon
pelectron (befOVe) o pelectron (aﬁer) T %

E, 0
electrons
l

hk

S
|l

holes
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Spontaneous emission:

electron (bef or e) 1) electron (Clﬁ er ) T h photon
pelectron (befOVe) o pelectron (aﬁer) T W

E 0

holes
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Direct vs. indirect gap:

Indirect gap semiconductors (SILICON) are not
useful for light emitters such as lasers and LEDs

Indirect gap semiconductors (GaAs, InP) ARE useful
for lasers and LEDs

Both are useful for optical DETECTORS based on
absorption

These are bulk arguments; silicon nanocrystals do not
behave as bulk and this is a hot research topic. See

“Optical gain in silicon nanocrystals”, Pavesi L, Dal Negro L, Mazzoleni C, Franzo G,
Priolo F, NATURE 408 (6811): 440-444 NOV 23 2000

(Opportunity for extra credit)
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Electron P(E)

»
»

Quasi-Fermi levels:

d
<« T

PE) \° p(E)
Hole P(E)

If we achieve this, electrons would spontaneously emit photons and tend to make F =F .

By injecting electrons from the n-side of a p-n diode, we can “pump” electrons into the
system, thus maintaining the population inversion.
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For now, assume
b # Fp.
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Transmission

Optical absorption:

ﬁ ﬁ

1 9

0 1 Frequency
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ASIOUD >

Optical absorption:

ﬁ ﬁ

-\\H
ha =F

photon gap

Transmission

Frequency
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Transmission

Optical abﬁrption (7):

0 1 Frequency
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Recall T1:Sapphire

2
E, \ Fast decay

Pump

Stimulated emission

4 Fast decay
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__Optical absorption (?):

energy

Fast decay

p(:E)

Discuss diagram in detail, including overlay of
density of states, photon energy, and
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__Optical absorption (?):

—l — —
4 hwphoton - Fn _Fp
m hwphoton = Egap
“Pump”
>
5
8 Fast deca /-‘\E
-
\<—>
g =
E — 0 >
¢ Pump D
a0 frequency
E Q
! —
.
. Red: equilibrium
P(E) Blue: “pumped”
Discuss log scale

on board (0). . S o
Our goal 1n the next slides is to calculate quantitatively the blue curve.
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Optical emission:

N om = £, — E

hoton

hkc — \/zm:(E2 _Ec)

J nk, = \/2mZ (E, - E))

emission

hk =k,

= E,—E, =""(E,—E)

o(E) m

e

E, and E, are not centered around midgap.
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Optical emission:

J} dE, and dE,?

}\ dE,

o(E)
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Optical emission:

electron (bef or e) 1) electron (Clﬁ er ) T h photon

pelectron (befOVe) o pelectron (aﬁer) T W
electrons E, 0
e\
B0 =7, \\ ',
holes
212 — — > dE,
E(k)=
2m,

= ik
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Optical emission:
E

4 2 2
dk aE=hi€:>dE2=hi€dk
. ok m, m,

\ } dE,

|//\ 3 dE,
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p So far:

*

— — _ mh
EZ_EC_ *(EV_EI)
i .
5 m'
= N ump — ""h
2 dE2 = —*dEl
) me
E,- } dE, So far, we have assumed:
B ha)photon :EZ_EI
i What if the incoming intensity is distributed in frequency
E, _\ such that I(v)dv is the intensity between v and v+dv?
E, - } dE, How many states are there such that an incident intensity
with total intensity I(v)dv participates?
> 1 1 1
P(E) O (hV)={ - }
" 2 loc(EZ) IOV(EI)
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5{}&3

I]

“Pumpn

So far:

R —I()dv- p,, (V) [f(E)1- f.(E,))

1%2

1
C
R il(v)dv 0 ) -LA(E) (1= £.(ED)]

2—>1

\ Roiy =R = Buy - 1(0)dV- p, (0)-[£.(E) = £,(E)

p(E)
Power emitted = hv * number of transitions/time = hv * (R,,-R,,)
(V) = dl(v)/dz  power/volume huv- [RH1 — RHz]
- I(v) 1(v) I(v)dv

y(v)=B, 'é'pjnt(v) ' M(Ez) _fv(E1)]
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S

—B— So far:
m V(U):Bz—l'é’pjnz(v)°[ﬂ(E2)_](v(El)]

1/2
2m m
} . pjm(v):( e h*j \/hU—Egap

Pump”
* *
m, +m i

y(v) = K'\/hU_Egap UC(EZ)_fV(El)]

%
e Three cases:

I)hv<E,,
2)E,, <hv<F-F/
3)hv>F, -F
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—— - hy <
Case one: hv <E_
m V(U)ZK'\/hU_Egap UC(EZ)_fV(El)]

“Pump”

9}
| No absorption

N - .
\ No emission

p(E) ,Y: O
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o Casetwo: E, <hv<F;-F]

q

i y() =K \Jho—E,, |f.(E;) - f.(E)]

“Pump”

energy

F /fc(Ez)zl

y()=K- Jhv-E,,

- S (E)=0

GAIN

o(E)
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' 4 Case three: > F -F

i y() =K \Jho—E,, [f.(E;) - f.(E)]

/
Fnb\fc(ﬁ%) =0
EC

y(v)=-K-Jhv-E,,

Ey fv(E1)z1

LOSS

o(E)
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_ Optical absorption (?):

— —
4 hwphoton = Fn _Fp
hwphomn =E aap
y(w)=-K- Jhv-E,,
|
0 >
frequency

y(w)=K-\Jhv-E,,

Red: equilibrium
P(E) Blue: “pumped”

Our goal in the next slides 1s to calculate quantitatively the blue curve.
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__ Optical absorption (?):

ﬁq

1]

“Pump”

Liin
1

= ]
=
WAVE 2 |nl— 7
fale) 3 b
E
E =
r -_""--.._____-_‘.‘\ — Y ™ o
L
p i E--FE =1L -
L %
£
(h) The band diagram () The “data™

From Verdeyen
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. Optical absorption (?):

— —
+ gain coefficient at threshald
- lasing point
o O gain peak, gmax
—u- =
(1R
L]
C)
U |
Discuss log scale =
=y
on board (0). O increasing current
ﬂ - T -
. VoL
S5 L]t
— w i |I |I
%_I.'_II_ |I \ |l || I, \
S ik TN
% Q .| band gap energy | I\
L J ': !.-" | | I [ |
L : S ; —_ =

FPHOTON ENERGY (2V)

From Fukuda, Optical Semiconductor Devices
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