EE415/515 Fundamentals
of Semiconductor Devices
Fall 2012

Lecture 16:
PVs, PDs, & LEDs
(Chapter 14.1-14.6)

/ Photon energy relationshirx
Photon absorption :-:-.1%,,
Transparent or opaque (EineV)

Relative
AI\(—)
I

eye response

Full width, half maximum

A ¢ -
Ap = 0.555 um
TL." Infrared  Red | ‘ Green ‘ Violet Ultraviolet
‘ Orange  Yellow  Blue
: g 1] [ ] | ]
] ) (+ v Si GaAs CdSe GaPCdS SiC GaN ZnS
he < E, hvr=E, Oﬂ )
i e = E,| GaAs,_ P,
1e . A (pm)
Figure 14.1 | Optically generated 100908 07 06 05 045 04 0.35
I 1 1 1 1 1 1 1 1
2J e » vt fi ati m - e B B e e L B L B
¢lectron=hole pair formation in a 12 14 16 18 3027 2426 28 30 32 34 36
semiconductor., E V)
Figure 14.5 | Light spectrum versus wavelength and
energy. Figure includes relative response of the human eye.
(From Sze [18].)
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Photon absorption

~

Energy absorbed in elementdx = af  (x)dx

Iv(x+dx)_lv(x) = M
.0) L(x + dx) dI “
E——— ——— Hence ﬂ = _aIv (x)
dx
dl,(x) o
1, (x)
% [in(Z, ()]} = —alx];
1, (%)
Figure 14.2 | Optical Inf, @) =Inl, =—ex=In 0

absorption in a differential

@th N

Iv(x) =Iv0 eXp—ax

dx =—al  (x)dx
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Figure 14.3 | Photon intensity versus
Wmce for two absorption coefficients.
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Figure 14.4 | Absorplion coefficient as a function of
wavelength for several semiconductors,
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é( 14.1 For 5um thick Si, determine the % of photon energy whb
will pass through for photon wavelengths A (a) 0.8uym & (b) 0.6pum.

o

Forsilicon, A =08um = o =10"cm™

A=06um = o =45x10cm™
Let d =5um=5%x10"ecm
(a) For A=08 um
I \d]

=expl—ad )
v
= exp|-(10° f5 107 ]
=0.607 = 60.7%
(b) For A=006um

L(d o
L = expl—ad )
IVD
—exp|-4.5x10% [510~ |
—0.105=10.5%
11/18/2012 ECE 415/515 J. E. Morris 5

e

14.2 A photon flux of intensity 1,,=0.10W/cm? at wavelengtlm

A=1pm is incident on a Si surface. Neglecting any reflection
from the surface, determine the EHP generation rate at depths
of (a) x=5um and (b) x=20um below the surface.

For A=1gmn silicon, a=10%cm™

Electron - hole pair generation rate Now
E-mv =12 12 o4y
i 10
. al,(x) (@) I(d)=I,exp(—cd)
g = v = (0.10)exp|(10* 510~
=0.0951W/cm*
,_al,(d) [10%Jo.0951)
v [Lex10™)1.24)

=479x10%em 757!
) I(d)=1I,,expl—cd)
~(0.10)exp|-(10? |20 107 ||
=0.0819 W/em

._of,ld) (10" )0.0819)

g'= =- —
hv o (1.6x107F |1.24)
=413x10%em 757!
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Solar Cells

~

At zero bias : Built - in field
EHPs generated by incident light = reverse current

Short circuit current: V' =0
1 = II_ = Ixc

Open circuit current: I=0=1, — I |:exp

!

€ s

v, = Eln[l + I—LJ
I

o

R

Figure 14.6 | A pn junction solar cell with resistive load.

Reverse current I, => a forward bias I, R in load R

Total current /=1, 1, =1, — I, [exp%—]}

. _q
kT }

/
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I,

!

0 !
V i oc

Figure 14.7 | I-V characteristics of a

pn junction solar cell.
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/ Ex 14.3 A GaAs pn junction solar cell has N,=10"7/cc, \

N,=2x10'¢/cc, D,=190cm?/s, D,=10cm?/s, 1,,=107s, 1,,=108s.
Assume a photocurrent density J,=20mA/cm? is generated
in the solar cell. Calculate (a) Vyoc and (b) Voc/Vy,;-
(a) We find We find
. — B
L, =D,r, =+/190f107) A AT 1k
- . 5
=436x10"cm . 20x10~
. \ bt
_ _ Iy =(0.0259)Inj 14—
L, =D, 7, =(10f107) n| 1.046107¢ |
=316x107em =0971V
Now { NN, |
( ®)7, =¥ 1o = |
il Dy D, N
T TN I ] o
ntVa 'prd ) ) [1013‘ [ZXIOIG]
Y o =(0.0259)ln) —————
=(1.6x107 f1.8x10° | (1.8x10%f
190 10 =124V
* ST =y T So
[436x107 10" ) (3.16x107 f2x10"
e, s Ve 097163 /
J; =1.046:10 Alem v, 1240 .
11/18/2012 ECE 415/515 J. E. Morris 9

Zero bias: -ve acceptor ions in P, +ve donor ions in N: elec field N—P in depletion region
Reverse bias: Field increased

lop=0AGop(Lp L+ W) ... EHP generation: W, electrons within L,, of depletion edge in P

o ;
L) t i; L A F‘i‘\ n n
i ] :
pl|in
1 I - If - — =t lr
11 l" I /
BURTTN ) - #
¢ ”
I I, =qgAL g
R E ’ o oo e FlpE@VEDL,
Reverse bias: =qA(P,Ly/T, 1, L, /7)€ FT-1)-gAg,, (L +L,+W)
EHP in deplg‘ffon region (b) (©)
— holes to P, e-s to N e IV:O’ I =- Loy & 120, Vo = (KT/q)In(1+1,,/1y,)
—incr reverse current 2 ’

>0
Optical generation of carriers in a p-n junction: (a) absorption of light by the device;
(k) current J’up resulting from EHP generation within a diffusion length of the junction
on the n side; (¢) I~V characteristics of an illuminated junction.

Photovoltaic
Effect

From Solid Stare Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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V,.= (kT/q)ln(1+Iop/Im) >0
Photovoltaic Effect

Max quc = qVO

E. i
! x
S — Fy
7 PP L v e T o Vo
E, x
p n
Elec field: electrons to N, holes to P
p n .
Forward bias develops

(a) (b)

Figure 8.2

Effects of illumination on the open circuit voltage of a junction: (a) junction at equilibrium;
(b) appearance of a voltage V. with illumination.

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee,
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Operating conditions

R E R E
1| i
(! Ir )

+ VvV - — V4

15t quadrant 3rd quadrant 4th quadrant
I ! 1
—7LV _%\f #V
(a) (b) (c)
Conventional Photodiode Solar cell
diode operation Figure 8.3 (c.f. battery)

Operation of an illuminated junction in the various quadrants of its -V characteristic; in (a) and (b),
power is delivered to the device by the external circuil; in (¢) the device delivers power to the load.
From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Solar cell power

Load power P =1V = ILV—IS[exp%—I}V

For max load power set dr =0
dv

eV eV | e
=1, —Iglexp——1|-I/|exp— |—
L sl: kaT :l s I:ka :|

at V,, where

1, +1; :I{expeka}{l+ekI;”:|

T
expEV'” 1+eV”’ :1+I—L
kT kT I

Figure 14.8 | Maximum power rectangle

. i . . P
of the solar cell -V characteristics. Conversion efficiency 7 = P—"‘IOO% = %100%
K where P, is the incident optical power /
11/18/2012 ECE 415/515 J. E. Morris 13

4th quadrant (inverted)
Maximum power operating point |,,,V,,
Fill factor =1,V /lscVoc

Figure 8.6

I-V characteristics of an illuminated solar cell. The maximum
power rectangle is shaded.

From Solid Stare Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Solar spectrum

If he/A <E, — no absorption

If he/L> E, — energy > E, dissipates as heat

2400 I I 50
’é:“- o Air mass zero, Ilﬁi 3 W/m® | ‘ﬁt;‘:é
Wé |- Air mass one, 925 W/m? a0 b
= 1600 :
g GaAs (A, = 0.87 um) r
k= ) g 30}
2 Si(A,. = L1 um) -
E 500 1 g
_ 1 . o
H | \ Note Si, GaAs band gaps k=
z isiblel | LS g wf
c%. Visible!
ol i
0.2 0.8 14 2.0 26 1k
‘Wavelength (pm)
Figure 14.9 | Solar spectral irradiance. 0
(From Sze [18].) 0
. . E, (eV
Air mass zero — spectrum outside earth atmosphere + ()
Air mass one — spectrum at earth surface at noon Figure 14.10 | Ideal solar cell efficiency
at T = 300K for C = | sun and for a
. . . . . . C = 1000 sun concentrations as a
Concentration: | incr linearly with C, V. incr little function of bandgap energy.
(From Sze [18].) -
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Solar cell design:
N region: Junction near surface (d<L,)
Minimizes hole loss by recombination before reaching junction.
P region: Need optical absorption depth (1/a) < d+L,

Antireflective
hv coating

3
: |

Metal contact

-
e

Minimize resistance:
P: large area to back contact
(a) (b)
Large V, — heavy doping N: Contact fingers for short paths
Limited by long lifetimes requirement ~ Figure 8.5

Configuration of a solar cell: (a) enlarged view of the planar junction;
(b) top view, showing metal contact “fingers.”

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Non-uniform absorption

~

where

o

Photon absorption rate at depth x = a @, exp—ax
where @, is the incident optical flux at the surface
Alsoinclude surface reflection coefficient R, so :

EHP generation rate (assuming one EHP/photon) is
G, =a(1).D(A).[1-R(A)].exp—a(A)x

all parameters vary with A.

EHP generation depth varies with o, i.e. 4

= 3

w
>
T

-
=]
T

1, or p,; (relative scale
[

Figure 14.11 | Steady-state, photon-induced normalized
minority carrier concentration in the pn junction solar cell /

s L

[}
T

o
T

[T =)
T

—_— = 3% 10% (A = 900 nm)

=== =3x% 10° (A = 650 nm)

X (pm) ——

16 32 48 64 80
x' (um) ——

for two values of incident photon wavelength (x; = 2 um,
W=1pm,L, =L, =40 pm).
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/ Heterojunctions expand the
absorption energy range

\

Figure

-

/ AF,

14.12 | The energy-band diagram of a pN
heterojunction in thermal equilibrium.

N region absorbs hv>E,y
p region absorbs E,>hv>E,,

14F

ke =
T

Mormalized speciral response
T

04

Figure 14,13 |

. . A
Similarly — e see 107

LR x = (LEH

1 PRI S S . - )
L& LB 20 22 24 246
B (V)

The normalized spectral response of several

siGaAs solar cells with different compositions.
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/Amorphous Si solar cells \

(more economic than single crystal)

Short range order; CVD at 600°C; hydrogenated dangling bonds; low mobility
in band gap, high >E_ & <E,; high optical absorption— ~1um thk film

£

Conduction
bl

F Indium tin oxide

n* i pt

}
Glass

Valence

band

Figure 14.15 | The (a) cross section, (b) energy-band diagram at thermal equilibrium, and
Density of states N(E) (c) energy-band diagram under photon illumination of an amorphous silicon PIN solar cell.
: (From Yang [22].)

Figure 14.14 | Density of states versus
energy of amorphous silicon,
(From Yang [22].)
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Photoconductor

At thermal equilibrium o, = e(u,n, + p,p,)
" With (optical) excess carriers & = e[, (ny + 1) + 11, (p, + p)]
For EHP generationin n - type,don = dp = dp, & oh <<n,
o =elu,(ny+P)+p,(py +P)l=e(u,ng +p1,py) + e, + 1, )p
and photoconductivity Ao = e(x, + u,)op
socurrent density J =J, +J, =(0, +Ao)E
and photocurrent [, =J, A= A(Ao)E =eG,7,(u, + p,)AE
or, with transit time ¢, =LE, 1, =eG,7,(1, +,up)AL

n ntn

T
:eGL[Tnj(H&)AL

n

n

_ Rate of charge collection at contacts

Figure 14,16 | A photoconductor. Photoconductor gain L, = - .
Rate of optical charge generation
L Tl(H.ﬂ)zizﬁ
eG, AL \ t, M, t, ns
(number of times photoelectron flows around circuit before recombinatig
11/18/2012 ECE 415/515 J. E. Morris 20
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Ex 14.4 For an N-type Si photoconductor of length \
L=100um, c/s area A=107cm?2, & minority carrier lifetime
1,=10%s. Determine the photocurrent if G, =102'/cc-s and
E=10V/cm. Assume p,=1000cm?/v-s & p,=400cm?/v-s.

o

The photocurrent 1s given by
I, =eGyr,\u, + 1, ME

—1.6x107 f10* J10~* |
«(1000+400)107 |10}
I, =224x107A=0224 4 A

/

11/18/2012 ECE 415/515 J. E. Morris 21
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Photodiode (reverse bias)

Vie Photocurrent from EHP generation in rev - bias depletion region

' J= eJ' G, dx =eG,W if G constant over depletion width W

; (Responds quickly toillumination = "prompt" current)
)
! o*(on on, 0O\on
\ & Ambipolar transport equation : D, ( zp)+ G, -—L= ( ")
! Ox [ ot
() o*lon,) on
I For steady state : ( L ) -—t= _G
Ox L, D,
0% \on on
' Homogeneous solution : (72”") —-—=9
Ox L,
on,, = Ae " + Be''t = Ae™M (x > 0) for finite asx —> o
. . on G G, I}
2 w0 Particular solution: -—2#=——L =& =—L"1=G,7,
17 D w f
o " n n
r—- o, =Ae " +G,1,, and on,(0)=-n,, since n,(0)=0

=x/L,
- B ) o Hence A:—GLr,,D—npo and 6‘np(x):GLrnD—(GLr,,D+npO)e /
Figure 14.17 | {a) A reverse-biased pn junction. (b) Minority

'
L‘:lwnnccmr;ninn in the reverse-biased pn junction. and similarly épn (x’) = GL [ (GL [ + Do )e"‘ Ity

11/18/2012 ECE 415/515 J. E. Morris 22
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Photodiode (cont’d)

~

n P
(o o
————— ~ -+ N s
\\ / / {’
AL
\ / I
/ .
an, = Gy, \ 7 én, G
I \ { 1
l Sn(x") ! Gn ()
b

Diffusion current due to minority electronsat x = 0:

J, =eD,

Figure 14.18 | Steady-state, photoinduced minority carrier
concentrations and photocurrents in a “long” reverse-biased
pn junction.

Similarly J , =eG,L, +

so steady state photocurrentJ, =J,, +J,, +J

)G,
wheree(L, +L,)G, isthe"delayed” photocury

d(dn,)

x=0

d
=eD,—|G, 7,0 (G 7, +1,0)e "
"dx[ L*no ( L*no pO) -

D, eD n
:LL (Gt +n,)=eG L, + -

n n

=photocurrent + reverse saturation current

erpno

P

=eW+L,+L,

11/18/2012
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Ex 14.5 Calculate (a) the steady photocurrent density

and (b) the ratio of prompt photocurrent to steady-state
photocurrent in a reverse-biased long Si pn diode with
Vg=5V and G, =102"/cc-s, assuming N_=N,=10"5/cc,
D,=25cm?/s, D,=10cm?/s, T,,,=5x107s, 1,,=107s.

We find

Vi =, la =

n

(1 715 4 nl5
=(0.0259) {10” jpo”) .,2}
(1.5x10" )

=0575V

) . 12
7 2¢, Wy +¥5 |':- Ny +Ny |
e | N_N;

_[2(11.7)/8.85x10™ 0.575 +5)
| 1.6x107"°

=
; 10” +10" ||
10" J10™ ) ||
=3.80x10"em

Then _
Jr =f:{IT’+L,l +L, (X
From Example 145, L, =354 um
L,=100um
7, =(1.6+107° 3.80+35.4 10010~ J10%)
J; =0.787 Alem?

Now
Jp, =ellG,
=(1.6x10™ J3.80x10™ f10™ )
=0.0608 Afem?
Then
Tn 00008 _ 775
J; 0787

/

11/18/2012
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Photodiode/Photodetector (3" quadrant)
Iop proportional to g, ~independent of V

Carriers generated in neutral regions within L of depletion region: Diffusion process slow
Hence large depletion region width W; electric field drift response fast
Large W for max sensitivity (absorption), hv
limited by response speed required', 5
(Wide W, low C) 0 3

p-i-n detector :

(“1” intrinsic or high p)
Large W: E=
rev bias all across i region

If ©’s>>1,, then 1 ehp/photon

External quantum efficiency : Figure 8.7 Increase ng (gain)
Mo =carriers/photon Schematic representation of a p-i-n photodiode. Operate at avalanche
=Jop/q)/(Pop/hv) < 1 Avalanche photodiode
From Solid State Electranic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee,
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
11/18/2012 ECE 415/515 J. E. Morris 25

4 )

PIN photodiode

= Only the fast "prompt" current is of interest

. increase the depletion region width W

= PIN diode with intrinsic "i" region

— W e, For photon flux @, and small W, then

D(x) = D, exp—ax

w
o' i &J, =ef G,dx
B> \ 0W
=e J:) ad, exp— ox.dx

x=0 x=W
(b =ed,(1-exp—al)
Figure 14.19 1 (2) A reverse-biased PIN neglecting recombination
photodiode. (b) Geometry showing
nonuniform photon absorption.
11/18/2012 ECE 415/515 J. E. Morris 26
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@4.6 Calculate the photocurrent density for a Si PIN diode wih
an intrinsic region width of W=20um at a photon flux of 1077/cm2-s
for photon absorption coefficients (a) a=102/cm and (b) a=10%/cm.

(a) For & =10"cm™

J; =e® [1—exp(—cir))
~(1.6x107 f10" |
« fi—exp[-(10? 20 <10 |]
J, =290x107 Alem” = 290mA/em”
(b) For ¢ =10*em™
J, =(1.6x107 f10" |

x ﬁ—a;p[; (10* 2010~ ||

J;, =16x107 Alem”® =16.0mA/cm

o /

11/18/2012 ECE 415/515 J. E. Morris 27

Avalanche photodiode

Figure 8.8

Use of multilayer heterojunctions to enhance the photodiode operation: (a) an avalanche photodiode in
which light near 1.55 pm is absorbed in a narrow-band-gap material (InGaAs, E; = 0.75 eV) after
passing through a wider-gap material (InP and InAlAs): holes are swept 1o an InAlAs junction, where
avalanche multiplication takes place. The i regions are lightly doped; (b) photocurrent, dark current, and
gain increasing as a function of bias because of avalanche multiplication; (¢) typical gain—bandwidth
characteristics of such a SACM APD. [After X. Zheng, J. Hsu, J. Hurst, X. Li, S. Wang, X. Sun,

A. Holmes, J. Campbell, A. Huntington, and L. Coldren, IEEE J. Quant. Elec., 4(8), pp. 1068-1073,
Aug. 2004.]

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Electric 2 inficati
Ficid Absorption  Multiplication 200 nm InAlAs
100 nm InAIGaAs N\
:J 200nm InGaAs A \
C - 100 nm InAlGaAs
Mo D
x X

InP Substrate

Figure 8.9

Schematic of a waveguide photodiode. The photons are strongly absorbed in the narrow-band-gap
InGaAs region A, and carriers are multiplied by the avalanche process in region M. The charge region
C helps optimize the electric field profile between A and M.

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Phototransistor

~

hy

N T —

[ )’ . . . .
It High gain by transistor action
n L. . .
EHP generation in large C - B junction
| Photocurrent [, = ol + 1,
Collector
(@) 1 L
Io=1;= =1+p)1,
. . -«
& n P el o
1y g ! —e Vo
== : . o "
:
B
(b)
Figure 14.20 | (a) A bipolar phototransistor. (b) Block
diagram of the open-base phototransistor.
11/18/2012 ECE 415/515 J. E. Morris 30
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/Photoluminescence &
electroluminescence E,

(1) (i) (iii)
(a)

Luminescence when recombination — light

Photoluminescence when excess carriers ] =
generated by photo-absorption

- =yl
Y
. . —-— E
Electroluminescence when excess carriers due I
to electrical current (applied field) - -

(a) Basic interband transitions: M i) (iif) o
(i) and (iii) cause emission spectrum/bandwidth (b
(b) Impurity/defect states

[(iv) — deep trap recombination] B N
(c) Auger (non-radiative) transitions ‘

Spontaneous emission rate:-

hv—E
K I(v) «cv? mexp— {kTg} A p E,

(i) (ii)

11/18/2012 ECE 415/515 J.E.| ©

Ligure 1421 | Racie francitiongin a cemiconducior

/GaAs emission spectra & \

- - -
luminescent efficiency
Wavelength (pm)
10 095 09 0.85
1013 E T T T E

E 0.036 eV E
T 0
g B E uantum efficienc ==
g r . Q Y =R
£ i ] _ Radiative recombination rate
§ Total recombination rate
£ 1072 E r

E 3 __Tw

- Resolution -+ ] Lty

where T, & T, =radiative & non - radiative lifetimes
Tl T T TP S U
124 128 1.32 1.36 1.40 1.44 148 1.52 =1 fort,, verylarge
Photon energy (¢V) Interband recombination rate R, = Bnp

Figure 14.22 | GaAs diode emission B(direct bandgap) ~ 10° xB(indirect bandgap)
spectraat T= 300 K and 7= 77 K. . . . .
(From See and Ne [17],) Typically emitted photons have v > E,, so reabsorption possible
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~

Direct and indirect band gap materials

|
I
I
1
[}
direct I
recombination ]
with hole ('—*'——-\.FB—'———“\J
; 1 —|

-ha/a 0 hxla p -hrla 0 hxfa p

@ ®) '

FIGURE 5.2 (a) Interband recombination in a direct-bandgap semiconductor; (b) recombination in an indirect-gap
semiconductor also involves a momentum change. (Source: ]. Allison, Electronic Engineering Semiconductors and Devices,

k}’_nd ed., London: McGraw-Hill, 1990, p. 303. With permission.) /

11/18/2012 ECE 415/515 J. E. Morris 33

Direct band-gap Al ,Ga,_As for optical devices:
0<x<0.45

r E,=3.018 —J
30r € E,=1.424+1.247x eV for 0 <x <0.35
25k
o~ [ 2.168 -—\
= 20} =]
Wt Indirect K
) ]
g ] |
g9 ] E
M NE, =1.424 ] i
Lof ]
[ Al Ga;_ As ] NP
05k T= ?97 K | 1 )
0 0.5 1.0 /
GaAs AlAs Bl =
Mole fraction AlAs, x b
Figure 8.11

Figure 14.23 | Bandgap energy of
AlGa,_, As as a function of the mole

Conduction band energies as a function of alloy composition for GaAs_, P,

fraction x. From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee]
(From Sze [18].) ISBN O-13-149726-3 @ 2006 Pearson Education, Ine, Upper Saddle River, NI Al rahis reserved
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GaAs, P,: Direct gap for 0<x<0.45

0 T T T o
¥ =1
T= WK 3
GaAs P
K 035
Fi 0.65
*
25k Fa
— iy z
s FE =
& # =
wl o z
g 4 8
Indirect
= 2 . - :
- e bl E 1+
]
5
- 045
= 1977 -

02 04 06 0% 1.0
GaP
Mole fraction GaF. ¢

(a)

Proas

Crystal momentum ¢

il\].f versus k diagram of GaAs, -, P, for various values of x.
i From Sze {18].)

by

re 14.24 | (a) Bandgap energy of GaAs, P, as a function of mole fraction x.
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Composition affects _ban__d_ gap and cglo_r

x=10

x=0

VALENCE BAND

ENERGY
T Gadsy, P,

DIﬂEC’TNlNIMUM

e mmnsc‘r MINIMUM
2= 085 J
GaP GREEN
x=0.40 GauP AMBER

SRAES

B
—

CONDUCTION BAND

GaAsP RED

w o~ Eg

MOMENTUM

(a)

% Ep | E X
W | eV | e
0. | 143 | 186 | 810
040 | 192 | 197 | es0
085 | 155 | 217 [ seo
10 278 | 226 580 (b)
ENERGY
L
CONDUCTION BAND

GREEN RED

o

— N TRAPPING LEVEL

= Zn0 TRAPPING LEVEL

VALENCE BAND

()

FIGURES.3 (a) Plot of momentum versus bandgap energy, and (b) corresponding semiconductor parameters for various
compounds of the GaAs/GaF system; (c) plot of momentum versus bandgap energy for indirect GaP materials showing
special trapping levels. (Source: 5. Gage et al., Optoelectromics/Fiber-Optics Applications Manual, 2nd ed., New York: Hewlett-
Packard/McGraw-Hill, 1981, pp. 1.3—4. With permission.)

11/18/2012

18



/ Ex 14.7 Determine the output wavelengths of GaAs, P,
materials for mole fractions (a) x=0.15 and (b) x=0.30.

o

(3) For x=015. E_ =160eV

1.24
A=—=0773um
1.60

(b) For x=030. E_ =1.76eV

! =ﬂ =0.705 ym
1.76

ECE 415/515 J. E. Morris 37
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Light-emitting diode (LED):

Light emission from forward biased junction

J=he/E,=1.24/E, ym with E, in V|

E light
out

minority- 1
carrier n t paci
density /
L]
-E I holes
L 'h“‘j [E& Pa
<4

y

P idev'ﬂm
I

]. Allison, Electronic Engineering Semiconductors and

ermission. )

Devices, 2nd ed., London: McGraw-Hill, 1990, p. 302. With

layer
. FIGURE 5.1 Light emission due to radiative recombination of injected carriers in a forward-biased pn junction. |Source:
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~

Internal quantum efficiency

J, . . . .
y =————"—— is fraction of diode current that produces luminescence
J,+J, +J,
N/
where J, = o, expﬂ —1| is non - radiative (mid - gap traps)
27, kT

Forn'p:J, >>J  and makeJ, smallat sufficient forward bias,so y — 1

R = o and R, = o for electrons injected into p - region,

T" THV
so total recombinationrate R=R_+ R, = Ll = Ll + o
T T" THV
RS
L . R, T T . .
Radiative efficiency 7 = ———= f— =— (R, o N, trapsite density)
R +R, 1 1 ¢

Tr rnr
Qternal quantum efficiency 7, =y 7 /

11/18/2012 ECE 415/515 J. E. Morris 39

/ External quantum efficiency: \

Fraction of generated photons actually emitted

1. Geometry and re-absorption 2. Fresnel loss at the air interface
Emitted photon Reflection coefficient I
n, + n,

) ny

LL p /U Incident wave

I—J_—---_

K >
n ¢ T TIR p—

—— Transmitted wave
Reflected wave

{_ Reflective coating

Figure 14.25 | Schematic of photon

emission at the pn junction of an LED. ny, n, refractive indices
Figure 14.26 | Schematic of
incident, reflected, and transmitted
photons at a dielectric interface.
11/18/2012 ECE 415/515 J. E. Morris 40

11/18/2012

20



10 (Zn.0)) pairs
/ unencapsulated
External 5
- = 31
quantum efficiency ’
0.1 ‘ ! .
lo\h lUIT IUH IOIU
P N, (um_"}
e @
) ,/ 14
d
e
> 12
/1| 3. Total internal reflection for g 1ol
LERE /l oo K ‘
J 0>0, =sin" — =
n, 08 F
o, / ! Substrate with N, = 10 ¢m
\b;\‘ T=300K
! 10 5 20 25 30
X (ppm)

Figure 14.27 | Schematic showing
refraction and total internal reflection
at the critical angle at a dielectric
interface.

(b)

Figure 14.28 | (a) External quantum
efficiency of a GaP LED versus acceptor

11/18/2012

doping. (b) External quantum efficiency of
ECE 415/515 J. E. Morris a GaAs LED versus junction depth,

(From Yang [22])

/Ex 14.8 At wavelength A=0.70um, the index of refraction fo
GaAs is n,=3.8 and for GaP is n,=3.2. Consider a GaAs,_ P,
material with x=0.40. Assuming the index of refraction is a
linear function of x, determine the reflection coefficient, I',
at the GaAs, (P, 4-air interface.

"

For GaAs, n, =3.8
For GaP. n, =32
Then for GaAs ; P,..
ny, =(13.8-3.2)0.6)+3.2=3.56

Then
— — 2 1
(7, -7 | [(3.56-1.0)
r—j2-m | - | ~0315
\my+m ) 13.56+10)
11/18/2012 ECE 415/515 J. E. Morris 42
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4 N

Ex 14.9 Calculate the critical angle between GaAs, (P, , and air.

For GaAs,,P,.,. n, =3.56 (See Exercise
Ex 14.8)

w100
8 —sin?| L =sm‘1f—|=1ﬁ_3°
1 3.56
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Physical construction for efficiency \

A
EMITTED PHOTONS

(a)

()

GRADED ALLCY
GOAS, By (Y0-04) light output

ELK\‘\ mé EMITTED PHOTONS ®)
7

n —
insulating
{=——GRADED ALLOY

[cr 7

layer

FIGURE 5.4 Effect of (a) opaque substrate, (b) transparent substrate, and (c) encapsulation on photons emitted at the pn
junction. (Source: (a and b) S.M. Sze, Semiconductor Devices: Physics and Technology, New York: Wiley, 1985, p. 262.
Reprinted by permission of John Wiley & Sons, Inc. (c) J. Allison, Electronic Engineering Semiconductors and Devices, 2nd
ed., London: McGraw-Hill, 1990, p. 307. With permission.)
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LED brightness & heterostructures

Photon energy (eV)
1.8 1.9 20 21 22

g

T=300K T
Gas,_, P,
Without nitrogen

g

g

Brightness (fL) at 10 Afem?®

g

<+— Red

L 1
690 650 610 570
Wavelength A (nm)

Figure 14.29 | Brightness of GaAsP diodes
versus wavelength (or versus bandgap

energy). (i.e. as a function of x)
(From Yang [22].)

:Cnnmcl

N GaAly;As) 5
P GaAl, gAs) 4

p GaAs

Contact

Photons emitted by

electrons injected into
narrow-gap p-type not! I
absorbed by wide-gap |
n-type

1 |
N-GaAlysAsg3 | P-GaAl)gAsgs | p-GaAs

(b) /

Figure 14.30 | The (a) eross section and
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(b) thermal equilibrium energy-band

diagram of a GaAlAs heterojunction LED.
(gp Yano (201 )

LED materials and development

Wit}

= Linfilcreal incandescent lamp

AlCiaAS AlGaAs
Red

AlCiaAsCinAs
L CGoAspN [ Hed

r
AllntiagCial [ ]
w8

AllsdiapinAs ./'
e il | A0
o [Emm

LEDS}
-
-

zm p &

| e

Nitrigzy

Figure 8.10

Improvement of luminous intensity of LEDs over time. [Modified from M. G. Craford, JEEE Circuits and

Devices, p. 24, Sep. 1992]

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Fiber-Optic transmission

ny n.
m
(a)
n—e
{b)
n—e

Figure 8.12

Two examples of multimode fibers: (a) a srep index having a core with a slightly larger refractive index m;
(b} @ graded index having, in this case, a parabolic grading of n in the core. The figure illustrates the cross
section (left) of the fiber, its index-of-refraction profile (center), and typical mode patterns (right).

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Attenuation I(x)=l,e*

100 T T T T T
a is frequency dependent
(function of material)
10 Atomic |
vibrations
= Infrared
2o absorption~_
g I.":. \}J’
g% 1T 7
Z= /.
Rayleigh ©
scatlering = — ;’
01 F T~
. . 3
Rayleigh scatter.mg.. /
Random refractive index ’;’
variations ~A 0.01 | | | PR A
0.8 10 1.2 14 L6 18

Minimum absorption here ~1.55pum
(IR laser)

Wavelength (pm)

Figure 8.13

Typical plot of attenuation coefficient e vs. wavelength A for a fused

silica optical fiber. Peaks are due primarily to OH ™ impurities.
From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee.
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.

11/18/2012 ECE 415/515 J. E. Morris 48

11/18/2012

24



. Sk ] Light pulses
Analog | ppeoger |Moduliting | semiconductor |
Input (AT} Signal Laser | % J H

Transmitter
L

Optical fiber

1 byte

Repenters

Switching
circuits

| Decoder |Analo
| (DiAy | Outpat

Front - end Photoreceiver

Figure 8.14a
Schematic of a fiber-optic communication system illustrating the transmission of analog signals, such as
those in telephony or TV, After the signal is converted to a digital electrical signal, it is used to modulate
the laser light output as light pulses that are transmitted down the fiber, with periodic amplification of the
signal with repeaters to compensate for fiber loss, Switching circuits route signals appropriately. After
the optical signal is transformed to an electrical output by a photodetector and a low-noise preamplifier
(LNA), it is converted to an analog signal, once distortions of the digital signals due to propagation

through the fiber have been corrected with the use of a “regenerator.”
From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee,
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.
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Assignment 8(b)
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14.11
14.16
14.19
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