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1 Semiconductor-Photon Interaction

e Absorption: photo-detectors, solar cells, radiation sensors.
¢ Radiative transitions: light emitting diodes, displays.

e Stimulated emission: lasers.

e Above effects are determined by energy bands/states.

e Opto-electronics (photonics): enabling technology in many technologically important
areas. See page 3 of MIT News.

¢ Interaction with light also provides an important experimental tool to study semicon-
ductors.

Excellent reference at a low cost:
Optical Processes in Semiconductors, by Jacques 1. Pankove, Dover Publications, Inc,
New York, 1971.

1.1 Review of Energy Bands in Semiconductors

e Formation of energy bands.
¢ Optical transitions must conserve both energy and momentum.

o Allowed states are also distributed in momentum space.
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¢ Classical energy-momentum relationship:

E=2r
2m*
where m* is the electron’s effective mass.
e From quantum mechanics
p=kh

where & represents Dirac’s constant and equals h /27, h being Planck’s constant, and & is
the wave vector.

e crystal: model as a square quantum well with infinite barriers and a bottom of width L.
QM tells us that £ can have discrete values

kE=n

where n is a nonzero integer.

e [ is an integral number N of unit lattice cells having a periodicity a. Whenn = N,

k=N

™ B ™ B T
L L/N a

is the maximum significant value of k.
e A Brillouin zone is the volume of k—space containing all the values of £ up to 7/a.

e Since the crystal is not homogeneous, a varies with direction.

e From Academic Press Dictionary of Science and Technology:

Brillouin zone Solid-State Physics. a fundamental polyhedron in wave vector space (k-
space) whose geometry plays an important role in band theory and the specification
of diffraction condition; it is bounded by a Wigner-Seitz primitive cell in the reciprocal
lattice.

e See http://cst-www.nrl.navy.mil/bind /kpts/
e See http://www.sjsu.edu/faculty /watkins/brillouin.htm
¢ In terms of %, the kinetic energy of an electron can be expressed as

k*R?

2m*

E

e If the crystal is a cubic potential well of side L, the allowed energies are

2

- 2m* 2

(% +nj +n)
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e [ varies discretely, but steps are so small that £ appears as a band.

e Above relationship between E and k is parabolic. Distribution is called a parabolic val-
ley. In three dimensional momentum-space, the constant energy surfaces form closed
shells. With every increment in momentum, the energy of successive shells increase
quadratically.

¢ Interatomic distance varies with direction. Therefore the shape of a constant-energy
surface must deviate from that of a perfect sphere. Furthermore, due to the influence
of nearest neighbors, next nearest neighbors and higher-order neighbors, the minimum
of the valley may not occur at k£, = k, = k. = 0. If such is the case, a transition be-
tween conduction and valence bands involve a change of both energy and momentum.
generally in addition of the emission/absorption of a photon, a phonon with the right
momentum needs to be emitted or absorbed.

LEDs and Carrier Recombination

e See slide 1.

e Forward bias injects excess minority carriers

e When excess carriers recombine, a photon is emitted.

e Light intensity is proportional to current flowing through the diode.

e A photon is a quantum of light with energy determined by its wavelength (color) by:

he

Ephoton = hv = b\

where i = 6.626 x 10°*.J — s, v is the frequency, c is the speed of light (¢ = 3 x 10®m/s)
and ) is the light wavelength.

e Recombination leads to the emission of photon with energy approx. equal to wave-
length. See slide 3.

e Materials with a band-gap larger than 1.8¢V are used to produce visible light.

e Common Ill-V materials used to produce LEDs and their emission wavelengths (taken
from S.M. Sze, Semiconductor Devices, Second Ed., 2002).
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Material Wavelength (nm)
InAsSbP/InAs 4200

InAs 3800
GalnAsP/GaSb 2000

GaSb 1800
GazIny ;Asy P, 1100-1600
Glag a7Ings3As 1550
GagsrIng3AseesFosr | 1300
GaAs:Er,InP:Er 1540

Si:C 1300
GaAs:Yb,InP:Yb 1000
Al,Ga,_,As : St 650-940
GaAs:Si 940
Alpg11GaggeAs 1 St 830
Alg4GagegAs : St 650
GaAsggPy4 660
GaAsgsPos 620
GaAsgisFPoss 590
(Al,Gai_z)oslnosP 655

GaP 690

GaP:N 550-570
Gazln,_,N 340,430,590
SiC 400-460
BN 260,310,490

e Scanned figure - energy gap for GaAs,_,F,. REF: M.G. Craford, “Recent Developments
in LED Technology,” IEEE Trans. Electron Devices, ED-24, 935 (1977).

e y > 0.45: indirect band-gap semiconductor. Also GaP.

¢ Special recombination centers (N) added to enhance recombination. This produces traps
called iso-electronic centers. Recombination probability is greatly enhanced.



2 LEDS AND CARRIER RECOMBINATION 5

Scanned figure. REF: W.O. Groves, A.H.Herzong, and M.G.Crawford, “The Effect of
Nitrogen Doping on GaAsP Electroluminescent Diodes,” Appl. Phys. Lett, 19, 184 (1971).
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Fig.8 Quantum efficiency versus alloy composition with and without isoelectronic impurity
nitrogen. *

e Impurity states: can produce several types of interactions.

— Acceptors

— Donors

— Interstitial - donor
- Vacancy - acceptor

— Often a vacancy and an interstitial form a molecular impurity that can be a donor
or acceptor.

— Compound semiconductors: deviation from stoichiometry can form a donor or
acceptor depending of weather the cation or the anion are in excess.

- extra electron in a donor - attracted most strongly to positive ion - acts as an electron

of a hydrogen atom immersed in the high dielectric constant of the semiconductor.
Orbit becomes very large.

- A freehole and a free electron are attracted to each other. Since the hole is “heavier”
than the electron, the latter orbits around the first and forms an exciton. Usually its
binding energy is lower than the donor’s or acceptors’.

— Complex excitonic interaction, involving more than two free carriers, have also
been observed.

— Donor-acceptor pairs, in which the two ions attract each other, are also observed.

e Light intensity of LED:

where

- P, is the optical power density in W/m?
— Aj is the junction area

— hv is the energy of a single photon
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— Ip/q is the number of injected minority carriers, and

— nq expresses the efficiency of the LED, and is called the radiative recombination effi-
ciency..

The recombination rate is proportional to the concentration of excess minority carriers.
The effective recombination rate is the difference between recombination and thermal gen-
eration rates, will be labeled r,, and r, for electrons and holes, respectively, and is pro-
portional to the excess minority carrier concentration:

np(x) — Npo

Tn

rn =

where 7, is the excess electron lifetime. A similar expression applies for holes.

The continuity equation must take into account the carrier recombination:

Iny _ 194n _ 10jn (%) = mpo

= T, =
ot q Ox q Oz Th

L Onp
Steady-state: —* = 0

L =0
q Oz T
From chapter 3,
On,(z)
n — Dn L
J 7 Ox
Continuity equation becomes:
ny(z)  ny(x) — nyo
D, P Ny "0 _
0x? T
Equivalently,
0*én,
TnDn 8$2 - 57'Lp =0
L2

n

L, diffusion length for electrons.
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¢ Try exponential solutions of the form Ae*”.

9

ox

02 s
@Ae
0*0n,y(x)

ox?

AeSI

and

sAe®”
SQAesx

525np(:1:)

(LZSQ — 1) ony(z) =0

Thus, s = +1/L,, and the solution has two terms

Sny(x) = Aye®/Pn 4 Aye=/In

Boundary condition: + — oo, dn,(z) — 0; thus

0= A 10

and A; = 0.

Atz = w,, fromeq. 3.8,

np(wp) = Npe

and

dnp(wp) = e (

In terms of n,(w,),

eVD/‘/t

eVD/Vt

_1)

A2€_wp/Ln = np(wp) — Npe

and

Az = (np(wp) — npe) etr/Tn

The solution becomes:

Wp—T

dny(x) = dny(wy)e In

where

dnp(wp) = e (

Jn qD,

qD,

ox
qD,

Ly

GVD/Vt

_1)

From this result we can write an expression for the current density due to diffusion,

On,(x)

ox
0 dn,(z)

Wp—T

5np(wp)e fn
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e The diode current is found by multiplying this expression by the junction area.

a qDnA;
=7

Ip

Wp—T

5np(wp)e Ln

e Asz increases, the excess minority carrier current is reduced. The diode current remains
constant because this reduction is compensated by the flow of holes that recombine with
the electrons. Thus, we can find the diode current by evaluating the above expression at

CC:wp:

_ anA]'

n

Ip

onp(wp)

e The average excess charge in the p region can be estimated from

np(Wy) — Npe
Qs = —g AjLy + "2 =

——

—_———
v

np

where V' represents volume and 7, stand for the average concentration of excess elec-

trons.

e For an n*p junction, in which the hole current can be neglected, the SPICE parameter
(transit time) can be found from the above to be

Qs _ L7

T

~ 1, 2D,

Tn

2

e For a regular np junction, 77 depends on both 7, and 7,,.

¢ Similar results apply for the p—side of the junction.

3 Radiant Signal Sensors

ELECTROMAGNETIC SPECTRUM
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LIGHT SPECTRUM
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When light hits an interface between two materials with different indexes of refraction, it
can:
e be reflected
e be refracted (transmitted)

depending of the angle of incidence.
Eye sensitivity to electromagnetic radiation (light).
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Fig. 2.4 The photoptic-eye response [2.24].

3.1 Adsorption

Once light is transmitted into the material,

e it can be absorbed to produce hole-electron pairs (assuming a semiconductor).
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e to be absorbed, the photon energy must be larger than the energy gap.

/\maz - E
E.g

where )., is the maximum wavelength, c is the speed of light, and F, is the semicon-
ductor energy gap. For Si, £, = 1.1eV and A, = 1.1um.

ARSORPTION COEFFICIEST (em 'l

PHOTON EMERTY (ev'!

Measurced ahsemtion cocfficionts for Si, Ge and Gads as a function of
InCigen! pholon cnergy

¢ Below this wavelength light is absorbed progressively as the photons penetrate the ma-
terial.

e absorption law:
O(z) = Poexp(—ax)

where @z is the photon flus density (photons/cm?), ®, is the surface value and « is the
absorption coefficient.

e If the photon energy is much larger than F,, (nuclear radiation, x-rays) the interaction
can be of three types

— Photoelectric effect

* dominant at low photon energy, up to 100keV.

*

photon is absorbed by a single electron.

*

high-energy free electrons can be produced.

*

excited electron can produce other hole-electron pairs (quantum efficiency larger
than 1).

— Compton process
* dominant from 100keV to 1 MeV.
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* original photons are deflected and decreased in energy
+ deflected photon can then be reabsorbed by the photoelectric effect, be de-
flected again or escape from the crystal.
— Electron-positron pair creation

* requires 1.022 MeV

* original photon disappears; excess energy is transfered to the electron-positron
pair.

* electron and positron loose their energy through collisions, and eventually
come to rest. Positron annihilates.

Compren scattaring -
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Absorpiios coefficient versus photon caergy in matcrials used for x-
and gamma-ray absorption

3.2 Photo-conductors

Photo-conductors consist of a slab of semiconductor with ohmic contacts at both ends. When
photons interact with the semiconductor, hole-electron pairs are created either by direct tran-
sitions between valence and conduction band states, or by transitions that involve forbidden-
band states. The change in conductivity produced by the extra carriers provide the signal that
is measured.

3.3 Solar Cells and Photo-diodes
¢ A photo-diode is shown slide 7.

e Photo-diode’s dark I-V characteristic is similar to a regular diode.

e Photo-diodes are operated in reverse bias; dark current is the leakage current.
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3.3.1

When exposed to light, the photo-diode’s current, or photo-current I, is proportional
to the intensity of the photon flux with energy larger than £,.

See load-line in slide 7. If 1,,,:. R > Vg the the diode becomes forward biased. Thus the
maximum useful photo-current is Vz/R.

Slide 8 shows a solar cell.
Solar cells operate in forward bias.

Build-in voltage collects excess carriers generated in the depletion region by incident
photons. See slide 9.

The voltage across the solar cell is positive (forward bias) but the photo-current is nega-
tive, since the excess electrons flow through the load to recombine with the excess holes.
Thus the photo-current can never become positive.

Photo-current sign indicated that the device works as a generator.
Maximum delivered power is P; =| VpoIpo |.

To maximize photo-diode sensitivity, the depletion region should be as large as possible
— use very low doping level. A region with very low doping level, almost intrinsic, is
created between P and N regions. The diode is called PIN photo-diode.

To provide fast response, the photo-diode’s area is minimized while ate the same time
maximizing the width of the “I” region.

Solar cells use a large area to maximize the current generated by the light.

Silicon is used in solar cells; impurity states are created to facilitate the valence-band to
conduction-band transition.

Continuity equation for excess minority carriers

The continuity equation becomes:

dan, 103,
R

where r,, is the recombination rate, ”’”T)%, and g, is the external generation rate due to
the absorption of light. Similarly for holes in the n-type side:

dp, 10y,
at - q ax gp(x) rp
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¢ Continuity equation for excess majority carriers:
n-type side:
on 107,

1 B n(x) — n.

p-type side:
@ o l% p(l’) — Pe
ot ¢ oz 9p() = Tp

¢ Carrier generation in the depletion layer:

[photo—d - qAJgn Wy

e Carrier generation in the neutral regions

far from the PN junction, generated carriers recombine:

n, — N

— __’p pe
gn = Tn — —————
Tn

and the excess carrier concentration is n, — n,. = 7,¢,.

— near the reversed biased junction, n,(w,) = n,.exp(Vp/V;) ~ 0. Thus a concentra-
tion gradient exist.

— for a dark photo-diode, this concentration gradient is small and leads to the leakage
current /.

— carrier generation increases the carrier concentration in the neutral region to n, =
npe + 7,90, thus increasing the concentration gradient.

— a linear approximation to this gradient leads to the diffusion equation

Oy My Mpe + Tugn

dr " L, Ly
— this leads to the following result:

[n - AJ.jphoto—n
Ony ()
oz

’I'LTTL

= Ts.+ qAJDngL—
_,_n/

I,

photo—n

= AJan

e Using .2 = D, 7,,

[photo—n - qAJLngn
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Similarly, for the p-type region,

[photo—n — qAJLpgp
For uniform carrier generation, ¢, = g, and
]photo = qAJgn(wd + Ln + Lp

The drift photo-current, /,.¢,—q4, responds very fast to changes in illumination, while the
diffusion photo-current, /,,.:,—,, is limited by the rate of establishing the concentration
profiles.

Because of this, for fast photo-detectors, it is desirable to have w,; > L, + L,; thus the
PIN structure.

Lasers

Photons obey Bose-FEinstein statistics.

The probability that an atom emits a photon with particular enery hv is increased by the
factor (n + 1) if there are already n photons with this energy.

If a PN junction is confined between two parallele mirrors an photons of appropriate en-
ergy are introduced, the probability of electron-hole recombination with the consecuent
emission of photons with the same energy is enhanced. This is called stimulated emission.

To get light out of this rudimentary laser, on of the mirrors is made partially transparent.

Concentration ef electrons in the conduction band must be maintained at a high level.
For this the forward bias current must be maintained above the threshold level.

The fact that the concentration of injected minority electrons into the P-type region must
be substantially higher than the equilibrium level is called population inversion.

Necessary factors for stimulated recombination of an electron-hole pair:

1. existance of photons with energy hv
2. existance of an electron at an energy level £, in the conduction band

3. existance of an electron at an energy level F; in the valence band, with K, — F; = hv.
See slide.

Emitted photons can be reabsorbed by the photoelectric effect. For stimulated emis-
sion, the rate of stimulated recombination must exceed the rate of photoelectric carrier
generation.

This condition can be translated in the requirement that

EFN—EFP>hI/:E2—E1



