Understanding the collection of electrical
carriers (separation of electrons and
holes) and Connections Used to
Distribute Current

P-N Homojunctions, Metal-Semiconductor Junctions,
Heterojunctions, and Insulator-Semiconductor Junctions

Reading:

Notes

Some images from Anderson and Anderson text and Dr. Fred Schubert Webpage at RPI
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Basic Collecting Junctions

Intro and Comparisons

Role of the collecting junction:
It is the role of the collecting junction to separate the electron and hole pairs and

force them to “collect” in spatially different regions of the device, thus creating a
voltage and facilitating a current.
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Basic Collecting Junctions

Intro and Comparisons

nvs E

p-n Homojunctions:
The main collecting junction used in
Eg photovoltaics. “Simple” but proper
TS mmEm E; implementation in PV requires carful
attention to details. Other devices are
more forgiving than PV
__Forward bias —Ci_:»@( ) S _— Heterojunctions:
E - The main collecting junction for advanced,
E, - S S E, high performance compound
_________ _TJE[ semiconductor devices. Makes more
= . q efficient use of the energy spectrum of the
sun.

Schottky Junctions (Diodes):

Rarely intentionally used in PV due to
inherently lower voltage than those above.
However, many metal-semiconductor
junctions can only be made as Schottky

0 2 ’ Diodes.
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Basic Collecting Junction

p-n Homojunction Example
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Movement of electrons and holes under Bias (electrical or light)

Voltage Bias
Va dropped here
Negligible voltage drop (Ilow-level injection) N egligible voltage drop (low-level injection)
Negligible vgltage drop S \ — — Negligible voltage drop
(ohmic contact) (ohmlc contact)
P
V,=0 : No Bias V,<0 : Reverse Bias V,>0 : Forward Bias
A
\Y
[Val |Vl l
Vi, T Vi
A l
Vbi
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Movement of electrons and holes under Bias (electrical or light)

Light Bias

V,=0 : No Bias (no light) V,>0 : Forward Bias due to
Light

Zan
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Movement of electrons and holes under Bias (electrical or light)

Light Bias

V,>0 : Forwa rd Bias due to Voltage drives the charge into
Light the external circuit generating

power (V x 1)

O
Vbi
<Z:Z> Excess charge on either side of
O

the junction creates a Voltage:
Q=CV

(but in this case Cis also a nonlinear
function of V)
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Movement of electrons and holes under Bias (electrical or light)

Light Bias

V,>0 : Forwa rd Bias due to Voltage drives the charge into
Light the external circuit generating

power (V x 1)

1) 0
Voi v, |l

3
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Basic Collecting Junction

p-n Homojunction Description
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Our First Device: p-nJunction Diode

N-type material

P-type material

N-type material

P-type material

A p-n junction diode is made by forming a p-type region of material
directly next to a n-type region.
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Our First Device: p-nJunction Diode

ND_NA
ND
> X
_NA
Junction
In regions far away from the “junction” the band diagram looks like:
E. E.
E;
E. E.
E;
E, E,

Ga Tech ECE 4833 Dr. Alan Doolittle



Our First Device: p-nJunction Diode

But when the device has no external applied forces, no current can flow. Thus, the fermi-level
must be flat!

We can then fill in the junction region of the band diagram as:

Ec
Ei
Ec
E: E;
E
\ Ei
E

or...

Ga Tech ECE 4833 Dr. Alan Doolittle



Our First Device: p-nJunction Diode
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Our First Device: p-nJunction Diode

Electrostatic Potential, V = -
(1/q)(Ec-Eref)

A

—

Vg, or the “built in

potential”
>

X
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Our First Device: p-nJunction Diode

Electrostatic Potential, V=-
(1/q)(Ec-Eref)

A

—

Vg, or the “built in

potential”
>
X
Electric Field
E=-dV/dx
A
>
X
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Our First Device: p-nJunction Diode

Poisson’s Equation:

Electric Field Charge Density (NOT resistivity)

\ 4 dE
Vel = P orinlD,—= P
K ¢, dx K g,

Permittivity of free space
Relative Permittivity of Semiconductor

(previously referred to as )
p=g(p—n+Ny—N,)
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Our First Device: p-nJunction Diode

Electric Field, E=-dV/dx

A
>
X
p:KSgo d_E
. dx

1 ,
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Our First Device: p-nJunction Diode

Energy

l -1/9

Potential

-dV/dx

4
Electric Field

ke %
dx

v
Charge Density
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P-N Junction Diodes: Part 2

How do they work? (A little bit of math)
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Movement of electrons and holes when forming the junction

. e e
Circles are charges free to move e Be
0e B

(electrons and holes) 5o 5o

atoms)
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B® B ||oH oH
BE® B® || oH oF
BE® O || cE of
H® BE®||oH oH

oH ©oH
oH o
oH OH
OH OH

Squares are charges NOT free to
move (ionized donor or acceptor

(a)

EIectrongiffusion

® BE®

=
High hole Be e
Concentration

B® EH®

H® B®|oH oH
£0® O |oFE o
E® O |oF oH
H® O |oFE OH

oH OoH

om o@ High electron
Concentration

oF oH
oH OH

@ —>
Hole diffusion
(b)

—%¢
0® B@ Ee: g 'OE OE OH
0® O Ee! O 'OoF oH O
0® Oe B9 8 'OFE OFE OH
0® B Ee: B |OF OH ©OH

Local region of
negative
charge due to
imbalance in
hole-acceptor
concentrations

o N |
Local region of

p
p

positive charge
dueto
imbalance in
electron-donor

N 1/ concentrations
+
X

Space Char(ge or Depletion Region

L
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Movement of electrons and holes when forming the junction

E= - dV/dx
-Edx=dV

X, Vix,)
- j_xpdez jV(_xp)dV = V(x,)-V(-x,)=

but...
dn No net current flow in
Jy =qunk +qD, VT =(0 <*—equilibrium
X
dn dn
Fo_Dvde _ K dx
H, N q n
thus...
dn
= —jxn Edx = j —ddx _ M ln n(x,)
X n(=x,) 1 n(—x,
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Movement of electrons and holes when forming the junction

N
Vbl.:k—Tln Ux,) :len —
qg |n(=x,)| q |n
/N,
N N
Vbizk—Tln%
q n;

For N,=Ny=10*>/cm3 in silicon at room temperature, V,,~0.6 V*

For a non-degenerate semiconductor, [-qV,;|<|E,|

*Note to those familiar with a diode turn on voltage: This is not the diode turn on voltage!
This is the voltage required to reach a flat band diagram and sets an upper limit (typically an
overestimate) for the voltage that can be applied to a diode before it burns itself up.

Ga Tech ECE 4833 Dr. Alan Doolittle



Movement of electrons and holes when forming the junction

Depletion Region Approximation

Fhi+t+t++++++++++++++

O 00 O} | o O

Depletion Region Approximation states that approximately no free carriers exist in
the space charge region and no net charge exists outside of the depletion region

(known as the quasi-neutral region). Thus,

£
d -_P _ 4 (p—n+N,—N,)=0 within the quasi — neutral region
dc Kge, Kgeg,
becomes...
dE
__4 (N, —N,) within the space charge region
dx K¢,
Dr. Alan Doolittle

Ga Tech ECE 4833



Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

4 Np—Na
—gqN, for—x,<x<0 | Mo
> X
p=9 ¢gN, for0<x<x,
0 forx<-x,and x2x,
—Nj
thus,
( _aN (a)
“da for —x, <x<0
dE KS;O 17
@] 4 for 0<x<x,
dx Kge, Np
—X
0 forx<-x,and x2x, : T
.
Wheriéve ha\;)e used: —gN
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

(x) x —gN
: dE':j_ V4 gy Jor —x, <x<0

0 » K€,

E(x)—_q]Z (x+xp) for —x, <x<0 }é

and - e 10 i > X
j-E(x) j Vo dx for 0<x<x,

E(x) = KSZZ:) (xn —x) for 0<x<x,

Since E(x=0")=E(x=0")

N X, =NpX,
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

g4V
dx
V=Vy,
N 4
qiN 4
x +x) for—x <x<0
d_V—JKSgo(p ) f g
B N
dx ]q< D (x —x) for0<x<x,
Sgo —
. V=0
or, :L/ l > X
—X x
— p n
(7 (x) ' x qNA ' ' |
_ —x <x¥<
I, dV prSgo(xp+x)dx for —x, <x<0
(*” Bi Xn N
) dV':I 9 D (x, —x')dx' for0<x<x,
JV(x) X KSg
[ gN
974 (x +x)2 for —x <x<0
2K¢e, " g
Vi(x)=- ON
= 470 (x, —x) for0<x<x,
Sgo
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

At x=0,

gN gN
T Tl

Using, x, = (X”ND%V
A

2K N 2K N
xn :\/ Sgo A Vbi Clnd xp :\/ Sgo D Vb-

q ND(NA+ND) q NA(NA+ND) l

2K N,+N
szp+xn:\/ Sgo( A D)Vbi
q N/ N,
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

Va dropped here
Negligible voltage drop (Ilow-level injection) N egligible voltage drop (low-level injection)
Negligible voltage drop S \ — — Negligible voltage drop
(ohmic contact) (ohmlc contact)
P
V,=0 : No Bias V,<0 : Reverse Bias V,>0 : Forward Bias
A
\Y
[Val |Vl l
Vi, T Vii
A |
Vbi
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Movement of electrons and holes when forming the junction

Depletion Region Approximation: Step Junction Solution

Thus, only the boundary conditions change resulting in direct replacement of

2K ¢ N, 2K ¢, N,
_ 0 VoV d - V. —
i \/ g ND(NA+ND)( w=Va) an p \/ g NA(NA+ND)( w Vi)

W=x,+x, :\/2ng0 (NA +ND)(Vbi _VA)
q N, N,
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Movement of electrons and holes when forming the junction

Step Junction Solution: What does it mean?

Consider a p* -n junction (heavily doped p-side, normal or lightly doped n side).

1k B
Pl
< >‘|VA<O
e W——> Vo =0
e V>
(a)
AP
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VA>0
A% VA=O
(— VA<O
: ) A > X

7/
7
7
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Movement of electrons and holes when forming the junction

Step Junction Solution: What does it mean?

Fermi-level only applies \
T T el “ E,
to equilibrium (no Er
o R e e R E;
current flowing) \
E,
(a) Equilibrium (VA = 0)
Majo.rlty ca.rrler /~ ™ £
Quasi-fermi | TUUTUTT Eg
Epp ettt ettt E;
levels
EV
(b) Forward bias (VA > 0)

IEfp'Efn='qVA <

Ga Tech ECE 4833 (c) Reverse bias (Va <0)
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P-N Junction Diodes: Part 3

Current Flowing through a Diode
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p-n Junction |-V Characteristics: Equilibrium

In Equilibrium, the Total current balances due to the sum of the individual components

nvs E

& > «— @

\:y__..
___________ = —~ ©® ® ©® £
2 “‘,\ Eg
R B o o i g e o e e e ¥ 5
O O 0= i
OO__‘:) E
v

O — < O

(a) Equilibrium (V = 0)
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p-n Junction I-V Characteristics: Forward Electrical Bias

" nvs E Current flow
is
e — ot e =~ proportional
\: ® & 0 E, to e(Va/vref) e
___________ - B, to the
T I P R E, exponential
| decay of
© O O —t’\ " carriers into
OO «~— O ' the majority
) carrier bands
I ——>
Current flow is
dominated by majority —
carriers flowing across P N
the junction and ITC )
becoming minority I;
carriers Vis0 &

QuickTme Movie

(b) Forward bias (V5 > 0)
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p-n Junction I-V Characteristics: Reverse Electrical Bias

Current flow
is constant
due to
thermally
generated
carriers swept
out by E-fields

—_— e E——— = ——

in the 002
depletion O o0 —]
region 0

Current flow is
dominated by minority
carriers flowing across
the junction and
becoming majority
carriers
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p-n Junction I-V Characteristics: Reverse Electrical Bias

Where does the reverse bias current come from? Generation
near the depletion region edges “replenishes” the current
source.

<o , <o
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p-n Junction I-V Characteristics
Putting it all together

1 4 Forward Bias: Current flow is
proportional to elVa/Vref) due to the
exponential decay of carriers into
the majority carrier bands

<— Exponential
Reverse Bias: Current flow is |
constant due to thermally
generated carriers swept out by
E-fields in the depletion region
P g 2 VA
T Current flow is zero at no applied voltage
Constant

|=|o(eVa/Vref - 1)
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The Difference in a Photodiode and a Solar Cell:
Equilibrium

.y

= Se
1&&2%%%

= 98888380
— %5688880

:r'-'..ﬂ?
[

Zero Bias (Equilibrium) Diode with no
light illumination has equal amounts
of Drift and Diffusion current resulting
in no net current flow.
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The Difference in a Photodiode and a Solar Cell:
Photodiode=Electrically Reverse Biased Diode

— e - - -

0000000
0000000 <~ Z:i!i!!!‘
08885880 - - o%’o%’o%é’

28886380 =

0000000

*Photodiodes are Reversed Biased
Diodes. Case shown with no light
illumination.

*Diffusion current is practically zero
due to enormous energy barriers
preventing diffusion.

Drift current is small but finite due to
minority carriers accelerated by the
large electric fields.

Ga Tech ECE 4833

0000000
.......——H\

0000000 . :;g;;;:
08888880 Ly

083885380~

0000000

DOOO0OOU

" 0000000

*Case Shown: Reversed Bias
Diode(photodiode) WITH light
illumination

*Again, Diffusion current is practically
zero due to enormous energy barriers
preventing diffusion.

*Extra photogenerated ehp’s that can
reach the junction are collected as
“extra” drift current
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The Difference in a Photodiode and a Solar Cell:
Solar Cell: No applied Electrical Bias but Forward biased due to Light

*Zero Bias (Equilibrium) Diode with
no light illumination has equal
amounts of Drift and Diffusion
current resulting in no net current
flow.

Ga Tech ECE 4833

PY .
eoo . o0
— ®
0000000
2000000

= 98888380
9988888

“—~ 9000000

EFH

*Solar Cell: Forward Biased (due to light)

*Diode results in “extra” drift current due to
photogenerated ehp’s (just like a photodiode)
that can reach the junction and be collected.

*This extra collected charge flattens the bands
resulting forward bias and partial offsetting
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The Difference in a Photodiode and a Solar Cell: Current -
Voltage Characteristics — Photodiode Case

[total = Idark + ]Due to Light

I [V/J ]H

total — Due to Light

L),
e N e
Y
\ Y 4 Light
No-Light
No-Light
Photodiode current,
just like leakage
Explanation of these curves: The IV v current is Drift o
curve is found by sweeping all voltages Bias Point current and thus is in
and measuring the resulting currents. the same direction as
During operation, the device is held at Light the leakage current.
one operating voltage call the bias Increasing
point. .
Ligh
v Leht
Intensity

Ga Tech ECE 4833
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Solar Cell = No applied electrical bias, but Light induced Forward bias
Diode: Voltage

Since n>n, and p,>p, at the

junction edges, the voltage A
must be positive due to the |
law of the junction. No-Light
n (x=-x X=X
VA:len( o DD, ( n)j
q
V)
Solar Cell acts as a battery
producing power
| 1] | 1]
Light Anode | + +
Current is “negative” or out Vv . '/
of the p-type side (anode)
Cathode| - -
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Solar Cell = No applied electrical bias, but Light induced Forward bias
Diode: Current

[total — ]dark

[(V/ i) ]+1Wught
. [ (%) _, ]

1

total

\

Y
No-Light
Note: without a reverse
bias, W is substantially
smaller for a solar cell
than for a photodiode.
Bias Points

Current is “negative” or out
of the p-type side (anode)

Ga Tech ECE 4833

+17

Dueto Light

\(— gANL, +W +L, )Gb
LY
Light
A
No-Light
v—>
Light

Photodiode current,
just like leakage
current is Drift
current and thus is in
the same direction as
the leakage current.
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Under Optical Forward Bias, the total current is unbalanced due to a greatly enhanced drift current
(due to more minority carriers) that is only partially offset by an exponentially larger Diffusion
current. Net current flows from N to P (generating power). Energy bands flatten.

nvs E Current flow is

s initially linear
°5ss o o mmm) ° o —— with

illumination
___________ iy Epy but dies off
5 o et i e B S E, exponentially

50 0=~ i as Diffusion
3

current
increases at

Ip _ higher forward

bias (flatter
Current flow is dominated bands).

by minority carriers P o
flowing across the Il |
i

junction and becoming

majority carriers Va>0 Energy Band Bending is
(b) Forward bias (V, > 0) determined by the Law of the
Junction
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Other types of Collecting Junctions

Metal Semiconductor Junctions (Ohmic and Schottky)
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*\Why a Schottky Diode or Schottky Solar Cell?
eCheap, Cheap, Cheap!

eMany attempts to have “ohmic contacts” are often thwarted by mother
nature. Schottky contacts are all that can be formed in some cases

eMinority Carrier Charge storage in p-n junctions tends to limit the switching
times of p-n junction diodes

eTurn off times limited by minority carrier lifetimes

eSchottky Diodes have little (no) minority carrier stored charge and thus
have application in fast switching applications (solar invertors, motors, etc...)

eCheaper

eCollecting junction is optimally placed at the surface of the solar cell where
most of the generation occurs.

eDisadvantages:
eInherently low V.
eFull metal coverage creates reflection issues
eGenerally higher leakage currents

eGenerally lower breakdown voltages imply higher shunting of the junction
Ga Tech ECE 4833 Dr. Alan Doolittle



Metal-semiconductor (MS) junctions

*P-N junctions formed depletion regions by
bringing together two materials with dissimilar
fermi energies, allowing charge transfer and
subsequent alighnment of the energy bands.

*Several other combinations of such materials
can also form “useful junctions”.
— Schottky Diodes (metal-semiconductor junction)
— Ohmic contacts (metal-semiconductor junction)

— Thermocouples (metal-metal junction)
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Ideal Metal-Semiconductor Contacts
-------------- W_ Fy Ey _TT

_ _

Miral Senuconductor

Epy

Assumptions - Ideal MS contacts
eMetal (M) and Semiconductor (S) are in intimate contact, on atomic scale
*No oxides or charges at the interface (very bad assumption in some cases — some
interfaces are dominated by interfacial oxides or interface charge).
eNo intermixing at the interface (in some cases, it is impossible to put a metal on a
semiconductor without some exchange of atoms — intermixing- occurring)
eThese assumptions require ultra-clean interfaces otherwise non-ideal behavior
results (fermi-level pinning of 1lI-V compounds is common for example)
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Definitions

* Vacuum level, E, - corresponds to energy of free electrons in
vacuum.

* The difference between vacuum level and Fermi-level is called
workfunction, @ of materials.

— Workfunction, @, is an invariant property of a given metal. It is the minimum
energy required to remove electrons from the metal. (Lowest value is 1.95eV
for Cs, 3.66eV for Mg, 5.15eV for Ni, and highest value is 5.7eV for Pt, etc.).
Electron density varies with crystallographic orientation so the work function
varies with orientation as well.

 However, since the electron concentration depends on doping
in a semiconductor, the semiconductor workfunction, @,
depends on the doping.

O, = x+(Ec —EF)FB

where y = (E, — E¢) | sureace 1S @ @ fundamental property of the
semiconductor. (Example: y =4.0 eV, 4.03 eV and 4.07 eV for
Ge, Si and GaAs respectively)

Ga Tech ECE 4833 Dr. Alan Doolittle



Energy band diagrams for ideal MS contacts

n-type
semiconductor

]—_iql ............. E,
o ‘ E.
Egym 7 ‘ ______________ %LF%

__ '

(b)
Schottky

D,,> D,
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n-type
semiconductor

.............. SRR
i M T S B
|| ——

_

(d) Figure 14.2
Ohmic

D,,< D

An instant after contact
formation

Under equilibrium
conditions
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MS (n-type) contact with ®,,> @,

* Soon after the contact formation, electrons will begin to
flow from the semiconductor to the metal.

 The removal of electrons from the n-type material leaves
behind uncompensated N,* donors, creating a surface
depletion layer, and hence a built-in electric field (similar
to p*-n junction).

* Under equilibrium, the Fermi-level will be constant and no
energy transfer (current) flows

* A barrier @4 forms blocking electron flow from M to S.

* Based on the Electron Affinity Model (EAM), the simplest
of models used to describe MS junctions, ;= ®,,—
ideal MS (n-type) contact. ®;is called the “barrier
height”.

e Electrons in a semiconductor will encounter an energy

barrier equal to ®,,— @, while flowing from S to M.
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I-V Characteristics

A
—— Schottky pn junction

= E diode diode

i 3 -Cs

R %fo0 _ __ T TTTTTTT Ey;

“fm TqV,
e y L >
E ) Eyy == 0.5V 07V V,
“Cm d
Metal Semiconductor

Since MS Schottky diode is a majority carrier device (i.e only majority carriers are electrically (not

necessarily optically) injected from semiconductor to the metal) and thus has no minority carrier
storage, the frequency response of the device is much higher than that of equivalent p* n diode.
Thus, Schottky diodes are often used in “fast switching” applications.

The “turn on voltage” of a Schottky diode is typically smaller than a comparable p-n junction since
the barrier to forward current flow (®_-®,) is typically small. This “turn on” voltage can be as
small as 0.3 Volts in some Si Schottky diodes. This limits the open Circuit voltage.

This makes a Schottky diode the best choice for power switch protection in inductive load
applications (motors, solenoids, coils, etc...) and in high frequency rectification but not a good
choice when low leakage or high breakdown voltage is required (solar cells). However, some
metal-semiconductor contacts can only be made with a Schottky diode. We will see how to

handle this situation later.
Ga Tech ECE 4833 Dr. Alan Doolittle



|-V Characteristics

A

Schottky pn junction

Epy POmsmmemam e s Tunneling diode diode

.
|

Metal

A H =
/ 05V 07V V

a

Semiconductor
X X

Leakage in a Schottky diode is dominated by:

1) “Thermionic Emission” (metal electrons emitted over the barrier — not likely)

2) “Thermionic Field Emission” (metal electrons of higher energy tunneling through
the barrier — more likely)

3) “Direct tunneling” (metal electrons tunneling through the barrier — most likely in
higher doped semiconductors).

Since generation does not require the entire bandgap energy to be surmounted, the
reverse leakage current for a Schottky diode is generally much larger than that for
a p*n diode. Likewise, breakdown (for the same reason) is generally at smaller
voltages. All of this leads to low voltages and low shunt resistances in solar cells.
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3 e

MS (n-type) contact = =
with @, > @,

H

A forward bias will reduce the barrier height
unbalancing the electron current flow, resulting in a
huge forward current that increases exponentially
with applied voltage ®)

A reverse bias will increase the barrier height resulting

in a small “reverse current” flow that will be

dominated by tunneling currents for high doped Epm
semiconductors and/or thermally assisted field

emission for moderate/low doped semiconductors.

.._VA

(d) Figure 14.3
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in instant recombination.

Ohmic Contacts: MS (n-type) contact with
D, <D

There is no barrier for electron flow
from the semiconductor to the
metal. So, even for a small V, > 0 this
results in large current.

The small barrier that exists for [ Dy < Py
electron flow from metal to the ( E. Ef

semiconductor, all but vanishes when %
V,< 0is applied to the metal. Large

current flows when V,< 0.

The MS (n-type) contact when ®,, <
@, behaves like an ohmic contact.

The loss of a bandgap results (¢, <.

Va
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Generalization of Metal Semiconductor
Contact Energy Relationships

n-type p-type

Oy > ds | rectifying ohmic

Dy < D ohmic  rectifying
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Schottky Diode Electrostatics

1
Vi = " |®p - (Ec — Ep)pB]

p =qgNp for 0<x<W
~ () for x>W

df: P :qND for 0<x<W
dx &g  &g;

g,
Esi

E =

(x—W) for 0Zx<W

Ga Tech ECE 4833
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gNp

> X
x, =W

77— o-function of
negative charge
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Schottky Diode Electrostatics

df: P :qND for 0<x<W
dx es; &g

gN,
Esi

E =

(x—=W) for 0<x<W

0 1%

-

E -F
V(x):qND (Wx—%xzj—u( - f)FBj—FVbi] for 0<x<W
|4
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Schottky Diode Electrostatics
Vi(x)= 9Ny (Wx—%xzj—u(bjc_Ef)FBj+Vbi] £0r 0<x<W

Es; q

1

A
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Example

Find barrier height, built-in voltage, maximum E-field, and the
depletion layer width at equilibrium for W-Si (n-type) contact.
Given: @,,=4.55eV for W, (Si) = 4.01eV; Si doping = 10 cm™3
Draw the band diagram at equilibrium.
For N, >> N, and N, >> n,

. N
Solution: E —E =kT mE_Dj
f i
E-E-0357ev < n

Find E.— E,
Find E.— E; Fo—E.=0.193eV <—— _ N g BT
Oy=D,,—y =0.54eV (II LLLLLLLLL -“.I-c;rlf’hi
7 'B & g‘]‘: % (Ec — Ep)rB
(DS = Y + (EC _EF)FB =4.203eV / o T E.

Vbl = q)B_(EC_Ef)=O'347 V ; i
W=0.21um : T
Ex=0)=%_, =3.4 x10*V/cm .
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Schottky Diode |-V characteristics

e Schottky diode is a metal-semiconductor (MS) diode
* Historically, Schottky diodes are the oldest diodes

 MS diode electrostatics and the general shape of the
MS diode I-V characteristics are similar to p*n diodes,
but the details of current flow are different.

* Dominant currents in a p*n diode

— arise from recombination in the depletion layer under small forward
bias.

— arise from hole injection from p* side under larger forward bias.

* Dominant currents in a MS Schottky diodes

— Electron injection from the semiconductor to the metal.
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Current Components in a p*n and MS
Schottky Diodes

p* n M n-Si
Dominant
(@)
Negligible ©%e
e @
(@) @ 00

]

/
/ / R-G Bt j r-g
)

:L\ TNeingibIe

00.
e ___, Dominant
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|-V Characteristics

qVa Py
b
[ =1I|e*T —1| where I, = A4 T?e kT

where @, is Schottky barrier height, V, is applied voltage, A is area, and 4" is
Richardson’s constant.

*7 2
where A’ = 47@”: k :120[ Ii }
h cm K
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P-type Schottky Diodes

| P
Err"’._ j {1
| 4:.IH" I
'E.I'r.u ------------------------------ 'i."-J'l.
I/ w | AT
'Ell"l?l T
Metal Semiconductor
Equilibrium
E{'I
— ' Eq.
Tav;=avi - qv,
Tunneling ! e Ey;
(electrons) E :
=i o=
'FI'._I'rrJ _____________ | I ;-il:r'-l 1 Hw
E Metal Semiconductor
-'I:“rr.l

Meial Semiconductor

Reverse Bias
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Details of Schottky Behavior

= Ep,
Forward bias

e Note that the barrier height is (mostly)

independent of bias.

Ep,
Reverse bias

Ey,

lonized

donors A
=+ 4o,
A = ++ f " !'.I( J

£l
Oss{ &
-
-

115l

E;at —

surface

seneeee| |||
?’¢

Surface charges resulting from broken bonds, surface contamination or even surface
oxidation can dominate band alignment making the EAM invalid. One common case is
the “fermi-level pinning” often found in Ill-As and IlI-P materials. In these materials,
the large numbers of surface states force the surface fermi level to become fixed

(pinned) at one energy position regardless of the metal used to contact the surface.
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Ohmic Contact Using Highly Doped
Semiconductors

Metal n’ n Metal p p

Highly doped contacts result in very small depletion widths and thus small tunneling
barriers. These contacts are always ohmic regardless of metal chosen. Thisis a
common method of making contact to a semiconductor device.
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Semiconductor to Semiconductor
Ohmic Contacts

eNormally a p-n junction
would create a rectifying
junction. In some devices

O
Jc 7 Non-degenerate doping (Ta ndem solar cells for
)

results in “trapping of example), a semiconductor
t holes™ and “trapping of to semiconductor ohmic
electrons” preventing tact i ded to “seri
conduction. contact is neg ed to “series
connect” devices.
J] @:‘ eUsing two degenerately

doped semiconductors, an
ohmic contact can be made
f between two
o | Degenerate doping results Semlcon_ducFors' The
in tunneling of electrons meChanlsm IS Valence ba nd

and holes creating a to conduction band
J 1_} co.nductlon mechanism tunneling.
o without energy loss — an
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Semiconductor to Semiconductor
Ohmic Contacts

Step 1
Step 3
V (Tunneling)
(0]
O¢ O
_// \ ,
Region Il Region | X

Step 1: Collection of the minority carriers by the electric field (p/n junction for example)

Step 2: movement of now majority carriers into the degenerately doped regions.

Step 3: Tunneling of electron into the hole.

Step 4: Neither the electron nor the hole exist anymore (removed from the ends of the device
as would be the case for a n ohmic contact metal)

Tunneling Details: Since the electron exists simultaneously at many positions (described by the probability
envelope for finding the electron at a given position), the electron has a finite probability to “tunnel” through
the potential energy barrier (conduction band barrier) into an empty valance band state (hole) and will do so if
the barrier is thin enough. Once through, the electron and hole have been lost effectively emulating an ohmic
contact (removal of majority carriers from the semiconductor).
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Other types of Collecting Junctions

Heterojunctions
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Heterojunctions

Heterojunctions are formed in the same way as homo-junctions, metal-semiconductor
and metal-metal junctions.

Ga Tech ECE 4833 Dr. Alan Doolittle



Cla55|f|cat|ons of Heterojunctions

Definitions:

v = Electron Affinity —
energy needed to free a
conduction electron into
the vacuum level

v = lonization Potential —
energy needed to free a

valence electron into the
vacuum level

E

E

“VaC

Al

|

el

Wl 1 i

X1 ¥i

Eyy

E.
i1

Type Il

Type Il: Staggered (small Eg material is
outside of large Eg band edges — either

Ga Tech ECE 483§00Ve or below)

Type

X2 Vs Type I: Straddling
(small Eg material is
within large Eg band

= B edges)
L= r Eyr
E‘.'zu.' L 3
X1 ¥
X2 Y2
Ec,
Exl
Eyvy ] E_c: Irt’ 2
V2
Type 111

Type Ill: Broken Gap (One band edge of
small Eg is within large Eg band edges —

either above or below)
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Band Alighment of Heterojunctions (Np)
E — T —— ] ] T E,.

Vg »

Barrier for
electrons | A f . g
i . 1 “( Spike
T O 188 l [ fr-'

Ecy B Ec
F' el e e e T O ] ! T —
o z 1 Notch | ™42 E.
. 2l 1 2222 e s e e e—— o
E &< |
-LI':I ——q———————‘———E"l E_, s B 'd ‘.-'
A A e g AR AE. Ey
Ey —1 . O—TF g ] Ev _ sHEEE © Ly
k Barrier
for holes

'AE. =y, - 1)
AE, =y, —y,|wherey, = y, + E,

Some observations to aid drawing energy band diagrams:
eIn equilibrium, E; is flat (constant — no energy transfer / no current).
*The vacuum level is continuous even though E. and E,, may not be.
¢ Drift and Diffusion currents balance in equilibrium just like a homojunction.
eElectrons may be easier to inject (lower barrier) than Holes or vise versa making these
junctions inherently asymmetric (useful in both transistors and optical devices).
eThe “Triangular Well” can be used to trap carriers and can be exploited in both transistors (can
create a high density electron channel) and in optical devices (localizing carriers to enhance

radiative recombination).
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Band Alignment of Heterojunctions (Np) under Bias

___________ .
Fa
.r{ "f
AR Ec
s I
Equilibrium I o Ey
o
rJ
, f..l'h.l’
Forward bias A E.. :
——————————— ___;'.}?— .| 7 !
I y !
Equilibrium Bl 0 et &y
!
E. - r—— I
I
————————— — f
e v I I
S Reverse bias /
——————————— -

eElectrons may be easier to inject (lower barrier as in this case) than Holes or vise
versa making these junctions inherently asymmetric (useful in both transistors
and optical devices).
eHeterojunction Emitter-Base junctions in Heterojunction Bipolar Transistors
result in increased emitter injection efficiency using this effect
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Band Alighment of Heterojunctions (Nn)

9Voi |
—oy
Ev;w o o 4 E\'uc f
X1 N P, X2 |72 ®,
X1 Y2
/‘ /\ Depletion
Ec © AE ¥
Efl ___________ : - C——;———————-——‘;"(‘: -— AL(
E, E,» ¥ . :
. $ 82 e Accumulation g
E. 5 o Ev, . Ey
v FAE, _S=AE,
AEc =|x, -z
AE, = ‘7/ e 1‘

Injection of electrons in a Nn device can result in “ballistic electron flow”. Ballistic
electrons are electrons that when injected into the low bandgap material from the
large bandgap material instantly gain kinetic energy equal to AE. thus instantly
accelerating. While this is a short range effect, it can be utilized to achieve very fast
devices.
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Validity of EAM for Real Heterojunctions

*EAM model is best followed when maintaining similar chemical and crystal structures
(i.e. GaAs/AlGaAs/InGaAs or InP/GaP/AIP etc...)

eDissimilar valance and/or interfacial states can lead to deviations from the ideal EAM

model.
AE, = 0.07 eV .
z { = _4_ g ] Ef_‘ E "
“= f &= TaE-=027ev _
E, =067 eV © — Ec
E,=143eV o LB, E,=143eV E, = 0.67 eV
AEy = 0.83 eV o £,
i&ﬂv = 0.49 eV
Ey— 0 E,— o
GaAs Ge GaAs Ge
Predicted band alignment (left) does not match with experiment (right) due to significant
differences in chemistry (valence) and interface states
: o .
Fasy & S E, E,
!";'1 Sy - - - T T TTTT T~ = flic) I'.". ——————————————————————————————— f‘f
— Germanium . )
Egiinertace) — Germanium
-
T e Silicon E,
Eysiy

Ey
Even in covalent heterojunctions interface states can greatly disrupt EAM expected results
leading to unexpected band bending and carrier wells (valence band well shown here).
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Examples of uses of
Heterojunctions in Solar Cells

p-Ga,_, Al As
e w p-GaAs Window layer minimizes
c \ surface recombination
ht
et n_GaAS
nt-GaAs
Ee e

Window
layer
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Examples of uses of
Heterojunctions in Solar Cells

AR coating

} PlogGag s As

Tunnel junction makes a
semiconductor-
semiconductor ohmic
contact between sub-
cells in tandem devices.

b GaAs

22—
{
)
N* (\ r Alg3gGag e As
]
[
g

J

/2 PH S 1 TSI 9779 ]

(a)
P+

AIO_9GaO_1AS«a——%—sﬁAlDJBGaO'GQAS49’*—% GaAs
(window)
Ga Tech E (b)
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Examples of uses of
Heterojunctions in Solar Cells

Interface states

Cu,S

Poly-CdS

Rear contact

k\ . _ \.i\ Cu,S CdS

Substrate

Heterojunctions can also
be the collecting junction
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Examples of uses of
Heterojunctions in Solar Cells

Optical Benefits of Heterojunctions
Can you make a buried mirror and still maintain the crystalline structure to grow
the solar cell on? — Yes — Bragg Mirrors use slight changes in optical index of
refraction but 10-80 alternating layers to create crystalline mirrors

[ront cantac

J 1]

fGay g Mg P -2 e

|
= - _;_ __ Gy 2 Ing o P -undaped laer Gay g5hng P Lopcel
> | —— abeorpi o et ean
] |
g S
£ |
= |
E ‘ tnel dioda
e B B R N

| | |

i i i | [ Rl s - eniter

800 1000 1200 1400| [Gaggitg, he-rdepediape G, g A0 boltorn
cell absorplon hetwe
Wavelength (nm) Py o5 - base 740 1050 i

paraded Ga,, nps bufferlayer
¢ Ginhs o Ge subatrsie

:

Tedlr ot

Two junction tandem solar cells use this technique to achieve a double chance
for optical absorption.
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Why InGaN?
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Ultra-high Performance IlI-V Solar Cells

2 HIPSS
Kt -
‘.:&;q',' NQ:L PV Performance Characterization Team
e T T 1T 1 1
Lol Spectrolab Tl
GalnP/gainAs/ Ge Cell
— o5 L|Vee = 3089V i
< - Jse = 3.377 Alcm?
€ - | FF = 88.24%
g - | Vip = 2749V
O 04 | cep d
' Efficiency =39.0% % 2.3% I
- | 236 suns (23.6 W/cm?) intensity
b5 " | 0.2691 cm? aperture area il
““© [T| 25 £1°C, AM1.5D, low-AQD spectrum 5]
0.0'.|.1111|.i.|l...'
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
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Why Use a Tandem Solar Cell?

Single Junction

E Thermalization
d Losses

. d"’

Absorpﬂon

,

AM1.5 spectrum

=
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b
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Ultra-high Performance IlI-V Solar Cells
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Optimal Energy Bandgaps

Efficiency and band gap for tandem solar cells at 1000X

# of band gaps Eff. 1000X AM1.5 | Approximate Energy Band gaps (eV)
2 44.3% 1.0,1.8
3 50.3% 1.0,1.6,2.2 0.66, 1.42, 1.88 for Ge/GaAs/Ga, s,In, 44P
4 53.9% 0.8,1.4,1.8,2.2
5 56.3% 0.6,1.0,1.4,1.8,2.2
6 58.5% 0.6,1.0,1.4,1.8,2.0,2.2
7 59.6% 0.6,1.0,1.4,1.8,2.0,2.2,2.6

A. Bennett and L. C. Olsen, “Analysis of Multiple-Cell Concentrator/Photovoltaic
Systems”, Proceedings of the 13th Photovoltaic Specialists Conference, 868 —
873, (1978).
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Ultra-high Performance IlI-V Solar Cells
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Opportunities for lll-Nitride Solar

Why do we need another solar material?

Best Research-Cell Efficiencies
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Effect of Polarity on Heterojunction: Electrostatic Boundary Condition

Some semiconductors have net charges across their unit
cells creating static or strain induced polarization.

Gauss's Law Normal to an interface:
VeD=p or Ve(cE+P)=p

1D: (8semiEsemi+Psemi) - (SsubstrateEsubstrate+Psubstrate)zpsheet

1D: (P _-P E_ ¢ E

+ (8 substrate)zpsheet

semi substrate) semi—semi Csubstrate
Polarization discontinuities can result in either “free charge at the
interface” (p) or differences in electric displacement fluxes (and thus
energy band bending) or both. Small polarization discontinuities are
initially compensated by the energy bands bending but larger

discontinuities require free charge to be created at the interface.
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Examples of uses of
Heterojunctions in Solar Cells

Polar Semiconductors Heterojunctions can be beneficial / detrimental to carrier collection.
Example: InGaN/GaN

3E+DH

Dashed junction would be
without polarization effect.
Solid lines are with the
polarization effect

2E+0-

1E+0H

Energy (g%

-
-
—’——
.
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-
—————————
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Georgia

Outline

-

Advanced Semiconductor
Technology Facility

*Why InGaN?

eComments on InN Bandgap Controversy

eOpportunities and Challenges for InGaN in Photovoltaics
e Advantages and Disadvantages of the InGaN System
ePerformance Limitations for InGaN-GaN Heterojunction Solar Cells
*Bringing some reality to the myth of a graded solar cell

eComments on Epitaxy Issues

eConclusions
¢InGaN is a promising Photovoltaic material
oA totally different approach is required for InGaN PV
*Major improvement in P-type GaN and/or InGaN is the key to solar cell success
eInN is not currently a viable option for photovoltaics but InGaN is
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Examples of complications of epitaxy and
strain/defects can have on Heterojunction
Solar Cells
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Extremely Immature PV technology - InGaN:
A Material with Photovoltaic Promise and
Challenges

Georgia

Advanced Semiconductor
Technology Facility
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Opportunities for lll-Nitride Solar

Why do we need another solar material?
e Economic/Market Reasons:
* Supporting Markets already exist
* Second only to Si, llI-Nitrides are the highest volume
semiconductor market

e Blue and UV LEDs >
e Blue and UV Lasers " -
* White Lighting ‘@

* Power Switching (higher efficiency) U = 1
* RF Electronics 3

 Existing infrastructure
* Falling Price Structure
* |lI-Nitrides are substantially cheaper and safer to produce than
traditional 11I-V’s
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Summary of InGaN Challenges for Photovoltaics
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Advantages

Advantages and Challenges of

Tunable bandgap
High absorption coefficients

Strong piezoelectric
& polarization effects

Can be an “add on” to other cells
Existing $6 Billion+ dollar industry

InGaN for PV
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Why InGaN?

120 Si GaAs
100 — AM1.5¢
< AM1.5d
) 80
(g]
€ 60
(8]
7 N\
n
+= 40 ;
(L)
= //\ / \ f \,/’
20 : B \/ 1
0 —\___1//\.,/ V\\‘/ ‘ o ‘ ' ' \
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Energy [eV]

Ga Tech ECE 4833 Dr. Alan Doolittle



Comments on InN
Bandgap
Controversy
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History of InN Bandgap

eFirst Report on the InN bandgap was given by University of Marques in Sydney Australia as 1.9 eV

*1.9 eV = 650 nm the same as the 2"d harmonic of the 325 nm wavelength used for the PL
measurements — Student Mistake

eLater reports indicated a bandgap of 1.7-1.8 eV

eTurns out to be the Cr: defect in sapphire

eAll these initial “sputtered” materials contained an enormous amount of oxygen and were in fact InON

X

eDavadov clearly showed that the PL peak and absorption edge increased in energy for InN when
annealed in various partial pressures of oxygen

Oxygen

Contamlnated InN
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Opportunities and
Challenges for InN
in Photovoltaics
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Point-Counter Point

Advantages Disadvantages
eMassive span in PV energies for high eMassive span in PV energies is not in a lattice
efficiencies in one material system matched system
eNitrides (AIGaN) generally offer eHigh dislocation density
recombination insensitivity to dislocations —
still not proved for low energy alloys eStrong band bending has resulted in inability

to form a solid state junction

eStrong band bending is perfect for low

surface recombination velocity eP-type doping undemonstrated for In>30%
eTunnel junctions prebablyretpossible
eP-type base is usually preferred due to
higher mobility of minority electrons

___________j sEveninann-nGaN-Lp-GaN
+ | | . |. I . . lI I . .
o X
0 ‘ ) eTendency to phase separate at high Indium
*MBE can span the entire alloy range of ¢3-junction high concentration solar cells are
InGaN but MOCVD has gaps in composition already in excess of 34% efficient
ranges. (GalnP/GaAs/Ge Spectrolabs —King et al)
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Comparison of Available Bandgaps
and Solar Spectrum
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Graph of Bandgaps
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AlInN
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Bandgap/Bandgap Difference [eV]

0.65

0.65

0

0.6758

0.663543

0.7022

0.677372

0.7292

0.691487

0.7568

0.705888

0.785

0.720575

0.036225

0.8138

0.735548

0.8432

0.750807

0.8732

0.766352

0.9038

0.782183

0.935

0.7983

0.9668

0.814703

0.9992

0.831392

0.103608

1.0322

0.848367

1.0658

0.865628

1.1

0.883175

1.1348

0.901008

1.1702

0.919127

1.2062

0.937532

1.2428

0.956223

1.28

0.9752

0.195

1.3178

0.994463

1.3562

1.014012

1.3952

1.033847

1.4348

1.053968

1.475

1.074375

0.243425

1.5158

1.095068

1.5572

1.116047

1.5992

1.137312

1.6418

1.158863

1.685

1.1807

0.2943

1.7288

1.202823

1.7732

1.225232

1.8182

1.247927

1.8638

1.270908

1.91

1.294175

1.9568

1.317728

0.367272

2.0042

1.341567

2.0522

1.365692

2.1008

1.390103

2.15

1.4148

2.1998

1.439783

2.2502

1.465052

2.3012

1.490607

2.3528

1.516448

0.487752

2.405

1.542575

2.4578

1.568988

2.5112

1.595687

2.5652

1.622672

2.6198

1.649943

2.675

1.6775

2.7308

1.705343

2.7872

1.733472

2.8442

1.761887

2.9018

1.790588

0.614412

2.96

1.819575

3.0188

1.848848

3.0782

1.878407

3.1382

1.908252

3.1988

1.938383

3.26

1.9688

3.3218

1.999503

0.731297

3.3842

2.030492

3.4472

2.061767

3.5108

2.093328

3.575

2.125175

3.6398

2.157308

3.7052

2.189727

3.7712

2.222432

3.8378

2.255423

0.822777

3.905

2.2887

3.9728

2.322263

4.0412

2.356112

4.1102

2.390247

4.1798

2.424668

4.25

2.459375

4.3208

2.494368

0.952832

4.3922

2.529647

4.4642

2.565212

4.5368

2.601063

4.61

2.6372

4.6838

2.673623

4.7582

2.710332

1.060868

4.8332

2.747327

4.9088

2.784608

4.985

2.822175

5.0618

2.860028

5.1392

2.898167

5.2172

2.936592

5.2958

2.975303

5.375

3.0143

1.2357

5.4548

3.053583

5.5352

3.093152

5.6162

3.133007

5.6978

3.173148

5.78

3.213575

5.8628

3.254288

1.355712

5.9462

3.295287

6.0302

3.336572

6.1148

3.378143

6.2

3.42

1.4132



InGaN-AlInN

		

																		solid  state communication 127, 411 (2003)

												E_AlN				6.2				a_AlN		3.114

												E_GaN				3.42				a_GaN		3.186

												E_InN				0.65				a_InN		3.5446

								x		a_InAlN		E_InAlN (eV)		Wavelength (nm)		a_InGaN		E_InGaN (eV)		E_InAlN-E_InGaN (eV)

								0		3.5446		0.65		1907.6923076923		3.5446		0.65		0

								0.01		3.540294		0.6758		1834.8623853211		3.541014		0.663543

								0.02		3.535988		0.7022		1765.8786670464		3.537428		0.677372

								0.03		3.531682		0.7292		1700.493691717		3.533842		0.691487

								0.04		3.527376		0.7568		1638.4778012685		3.530256		0.705888

								0.05		3.52307		0.785		1579.6178343949		3.52667		0.720575		0.036225

								0.06		3.518764		0.8138		1523.7159007127		3.523084		0.735548

								0.07		3.514458		0.8432		1470.5882352941		3.519498		0.750807

								0.08		3.510152		0.8732		1420.0641319285		3.515912		0.766352

								0.09		3.505846		0.9038		1371.9849524231		3.512326		0.782183

								0.1		3.50154		0.935		1326.2032085562		3.50874		0.7983

								0.11		3.497234		0.9668		1282.5817128672		3.505154		0.814703

								0.12		3.492928		0.9992		1240.9927942354		3.501568		0.831392		0.103608

								0.13		3.488622		1.0322		1201.3175741135		3.497982		0.848367

								0.14		3.484316		1.0658		1163.4452993057		3.494396		0.865628

								0.15		3.48001		1.1		1127.2727272727		3.49081		0.883175

								0.16		3.475704		1.1348		1092.7035600987		3.487224		0.901008

								0.17		3.471398		1.1702		1059.6479234319		3.483638		0.919127

								0.18		3.467092		1.2062		1028.0218869176		3.480052		0.937532

								0.19		3.462786		1.2428		997.7470228516		3.476466		0.956223

								0.2		3.45848		1.28		968.75		3.47288		0.9752		0.195

								0.21		3.454174		1.3178		940.9622097435		3.469294		0.994463

								0.22		3.449868		1.3562		914.3194219142		3.465708		1.014012

								0.23		3.445562		1.3952		888.7614678899		3.462122		1.033847

								0.24		3.441256		1.4348		864.2319487037		3.458536		1.053968

								0.25		3.43695		1.475		840.6779661017		3.45495		1.074375		0.243425

								0.26		3.432644		1.5158		818.0498746536		3.451364		1.095068

								0.27		3.428338		1.5572		796.3010531724		3.447778		1.116047

								0.28		3.424032		1.5992		775.3876938469		3.444192		1.137312

								0.29		3.419726		1.6418		755.2686076258		3.440606		1.158863

								0.3		3.41542		1.685		735.9050445104		3.43702		1.1807		0.2943

								0.31		3.411114		1.7288		717.2605275335		3.433434		1.202823

								0.32		3.406808		1.7732		699.3006993007		3.429848		1.225232

								0.33		3.402502		1.8182		681.9931800682		3.426262		1.247927

								0.34		3.398196		1.8638		665.3074364202		3.422676		1.270908

								0.35		3.39389		1.91		649.2146596859		3.41909		1.294175

								0.36		3.389584		1.9568		633.6876533115		3.415504		1.317728		0.367272

								0.37		3.385278		2.0042		618.7007284702		3.411918		1.341567

								0.38		3.380972		2.0522		604.2296072508		3.408332		1.365692

								0.39		3.376666		2.1008		590.2513328256		3.404746		1.390103

								0.4		3.37236		2.15		576.7441860465		3.40116		1.4148

								0.41		3.368054		2.1998		563.6876079644		3.397574		1.439783

								0.42		3.363748		2.2502		551.0621278109		3.393988		1.465052

								0.43		3.359442		2.3012		538.8492960195		3.390402		1.490607

								0.44		3.355136		2.3528		527.0316218973		3.386816		1.516448		0.487752

								0.45		3.35083		2.405		515.5925155925		3.38323		1.542575

								0.46		3.346524		2.4578		504.5162340304		3.379644		1.568988

								0.47		3.342218		2.5112		493.7878305193		3.376058		1.595687

								0.48		3.337912		2.5652		483.3931077499		3.372472		1.622672

								0.49		3.333606		2.6198		473.3185739369		3.368886		1.649943

								0.5		3.3293		2.675		463.5514018692		3.3653		1.6775

								0.51		3.324994		2.7308		454.0793906548		3.361714		1.705343

								0.52		3.320688		2.7872		444.8909299656		3.358128		1.733472

								0.53		3.316382		2.8442		435.9749665987		3.354542		1.761887

								0.54		3.312076		2.9018		427.3209731891		3.350956		1.790588		0.614412

								0.55		3.30777		2.96		418.9189189189		3.34737		1.819575

								0.56		3.303464		3.0188		410.7592420829		3.343784		1.848848

								0.57		3.299158		3.0782		402.8328243779		3.340198		1.878407

								0.58		3.294852		3.1382		395.1309667963		3.336612		1.908252

								0.59		3.290546		3.1988		387.6453670126		3.333026		1.938383

								0.6		3.28624		3.26		380.3680981595		3.32944		1.9688

								0.61		3.281934		3.3218		373.2915888976		3.325854		1.999503		0.731297

								0.62		3.277628		3.3842		366.4086046924		3.322268		2.030492

								0.63		3.273322		3.4472		359.7122302158		3.318682		2.061767

								0.64		3.269016		3.5108		353.1958527971		3.315096		2.093328

								0.65		3.26471		3.575		346.8531468531		3.31151		2.125175

								0.66		3.260404		3.6398		340.678059234		3.307924		2.157308

								0.67		3.256098		3.7052		334.6647954226		3.304338		2.189727

								0.68		3.251792		3.7712		328.8078065337		3.300752		2.222432

								0.69		3.247486		3.8378		323.1017770598		3.297166		2.255423		0.822777

								0.7		3.24318		3.905		317.5416133163		3.29358		2.2887

								0.71		3.238874		3.9728		312.1224325413		3.289994		2.322263

								0.72		3.234568		4.0412		306.8395526081		3.286408		2.356112

								0.73		3.230262		4.1102		301.6884823123		3.282822		2.390247

								0.74		3.225956		4.1798		296.6649121968		3.279236		2.424668

								0.75		3.22165		4.25		291.7647058824		3.27565		2.459375

								0.76		3.217344		4.3208		286.9838918719		3.272064		2.494368		0.952832

								0.77		3.213038		4.3922		282.3186557989		3.268478		2.529647

								0.78		3.208732		4.4642		277.7653330944		3.264892		2.565212

								0.79		3.204426		4.5368		273.3204020455		3.261306		2.601063

								0.8		3.20012		4.61		268.9804772234		3.25772		2.6372

								0.81		3.195814		4.6838		264.742303258		3.254134		2.673623

								0.82		3.191508		4.7582		260.6027489387		3.250548		2.710332		1.060868

								0.83		3.187202		4.8332		256.5588016221		3.246962		2.747327

								0.84		3.182896		4.9088		252.6075619296		3.243376		2.784608

								0.85		3.17859		4.985		248.7462387161		3.23979		2.822175

								0.86		3.174284		5.0618		244.9721442965		3.236204		2.860028

								0.87		3.169978		5.1392		241.2826899128		3.232618		2.898167

								0.88		3.165672		5.2172		237.6753814307		3.229032		2.936592

								0.89		3.161366		5.2958		234.1478152498		3.225446		2.975303

								0.9		3.15706		5.375		230.6976744186		3.22186		3.0143		1.2357

								0.91		3.152754		5.4548		227.3227249395		3.218274		3.053583

								0.92		3.148448		5.5352		224.0208122561		3.214688		3.093152

								0.93		3.144142		5.6162		220.789857911		3.211102		3.133007

								0.94		3.139836		5.6978		217.6278563656		3.207516		3.173148

								0.95		3.13553		5.78		214.5328719723		3.20393		3.213575

								0.96		3.131224		5.8628		211.503036092		3.200344		3.254288		1.355712

								0.97		3.126918		5.9462		208.5365443476		3.196758		3.295287

								0.98		3.122612		6.0302		205.6316540082		3.193172		3.336572

								0.99		3.118306		6.1148		202.7866814941		3.189586		3.378143

								1		3.114		6.2		200		3.186		3.42		1.4132
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Sheet2

		Energy Bands

		Distance from Front		Conduction Band Edge		Valence Band Edge		Electron Quasi-Fermi Energy		Hole Quasi-Fermi Energy

		0		0.0381171		-1.38588		0		0

		1.00E-09		0.0381171		-1.38588		0		0

		2.00E-09		0.0381171		-1.38588		0		0

		5.00E-09		0.0381171		-1.38588		0		0

		1.00E-08		0.0381171		-1.38588		0		0

		2.07E-08		0.0381171		-1.38588		0		0

		3.13E-08		0.0381171		-1.38588		0		0

		5.26E-08		0.0381171		-1.38588		0		0

		9.52E-08		0.0381167		-1.38588		0		0

		1.80E-07		0.0381187		-1.38588		0		0

		3.51E-07		0.0381121		-1.38589		0		0

		6.07E-07		0.0381333		-1.38587		0		0

		8.62E-07		0.0380559		-1.38594		0		0

		9.26E-07		0.0389231		-1.38508		0		0

		9.47E-07		0.0437092		-1.38029		0		0

		9.58E-07		0.0502654		-1.37373		0		0

		9.69E-07		0.0628186		-1.36118		0		0

		9.79E-07		0.0849079		-1.33909		0		0

		9.85E-07		0.1006		-1.3234		0		0

		9.90E-07		0.119821		-1.30418		0		0

		9.99E-07		0.160788		-1.26321		0		0

		1.00E-06		0.166013		-1.25799		0		0

		1.00E-06		0.17135		-1.25265		0		0

		1.02E-06		0.27051		-1.15349		0		0

		1.05E-06		0.416904		-1.0071		0		0

		1.08E-06		0.529459		-0.894541		0		0

		1.10E-06		0.633432		-0.790568		0		0

		1.13E-06		0.746827		-0.677173		0		0

		1.16E-06		0.847876		-0.576124		0		0

		1.19E-06		0.93658		-0.48742		0		0

		1.22E-06		1.01294		-0.411061		0		0

		1.25E-06		1.07696		-0.347043		0		0

		1.28E-06		1.12867		-0.295326		0		0

		1.32E-06		1.17484		-0.249156		0		0

		1.35E-06		1.20507		-0.218929		0		0

		1.39E-06		1.22253		-0.201465		0		0

		1.42E-06		1.23153		-0.192473		0		0

		1.46E-06		1.23584		-0.188165		0		0

		1.55E-06		1.23873		-0.185265		0		0

		1.64E-06		1.23893		-0.185067		0		0

		1.82E-06		1.23895		-0.185055		0		0

		2.00E-06		1.23894		-0.185057		0		0

		2.18E-06		1.23894		-0.185056		0		0

		2.36E-06		1.23894		-0.185056		0		0

		2.54E-06		1.23894		-0.185056		0		0

		2.72E-06		1.23894		-0.185056		0		0

		2.90E-06		1.23894		-0.185056		0		0

		3.08E-06		1.23894		-0.185056		0		0

		3.26E-06		1.23894		-0.185056		0		0

		3.44E-06		1.23894		-0.185056		0		0

		3.62E-06		1.23894		-0.185056		0		0

		3.80E-06		1.23894		-0.185056		0		0

		3.98E-06		1.23894		-0.185056		0		0

		4.16E-06		1.23894		-0.185056		0		0

		4.34E-06		1.23894		-0.185056		0		0

		4.52E-06		1.23894		-0.185056		0		0

		4.70E-06		1.23894		-0.185056		0		0

		4.88E-06		1.23894		-0.185056		0		0

		5.06E-06		1.23894		-0.185056		0		0

		5.24E-06		1.23894		-0.185056		0		0

		5.42E-06		1.23894		-0.185056		0		0

		5.60E-06		1.23894		-0.185056		0		0

		5.78E-06		1.23894		-0.185056		0		0

		5.96E-06		1.23894		-0.185056		0		0

		6.14E-06		1.23894		-0.185056		0		0

		6.32E-06		1.23894		-0.185056		0		0

		6.50E-06		1.23894		-0.185056		0		0

		6.68E-06		1.23894		-0.185056		0		0

		6.86E-06		1.23894		-0.185056		0		0

		7.04E-06		1.23894		-0.185056		0		0

		7.22E-06		1.23894		-0.185056		0		0

		7.40E-06		1.23894		-0.185056		0		0

		7.58E-06		1.23894		-0.185056		0		0

		7.76E-06		1.23894		-0.185056		0		0

		7.94E-06		1.23894		-0.185056		0		0

		8.12E-06		1.23894		-0.185056		0		0

		8.30E-06		1.23894		-0.185056		0		0

		8.48E-06		1.23894		-0.185057		0		0

		8.66E-06		1.23895		-0.185055		0		0

		8.91E-06		1.23894		-0.185065		0		0

		9.17E-06		1.23899		-0.185015		0		0

		9.42E-06		1.23873		-0.18527		0		0

		9.65E-06		1.24012		-0.183881		0		0

		9.70E-06		1.24471		-0.179293		0		0

		9.73E-06		1.25015		-0.173846		0		0

		9.75E-06		1.26119		-0.162806		0		0

		9.76E-06		1.26726		-0.156741		0		0

		9.77E-06		1.27536		-0.148637		0		0

		9.78E-06		1.2867		-0.137301		0		0

		9.78E-06		1.29918		-0.102858		0		0

		9.79E-06		1.31949		-0.0605825		0		0

		9.80E-06		1.35236		-0.00574865		0		0

		9.80E-06		1.38894		0.0527932		0		0

		9.81E-06		1.38926		0.0531129		0		0

		9.82E-06		1.38918		0.0530302		0		0

		9.83E-06		1.3892		0.0530507		0		0

		9.84E-06		1.3892		0.0530462		0		0

		9.85E-06		1.3892		0.0530473		0		0

		9.88E-06		1.3892		0.0530471		0		0

		9.90E-06		1.3892		0.0530471		0		0

		9.93E-06		1.3892		0.0530471		0		0

		9.94E-06		1.3892		0.0530471		0		0

		9.95E-06		1.3892		0.0530471		0		0

		9.96E-06		1.3892		0.0530471		0		0

		9.97E-06		1.3892		0.0530471		0		0

		9.97E-06		1.3892		0.0530471		0		0

		9.98E-06		1.3892		0.0530471		0		0

		9.98E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530456		0		0

		1.00E-05		1.38912		0.0529721		0		0

		1.00E-05		1.38897		0.0528225		0		0

		1.00E-05		1.38856		0.0524135		0		0

		1.00E-05		1.38743		0.0512838		0		0

		1.00E-05		1.38438		0.0482291		0		0

		1.00E-05		1.37656		0.0404136		0		0

		1.00E-05		1.35862		0.0224686		0		0

		1.00E-05		1.32352		-0.0126348		0		0

		1.00E-05		1.29279		-0.0433607		0		0

		1.00E-05		1.25374		-0.0824107		0		0

		1.00E-05		1.20617		-0.129976		0		0

		1.00E-05		1.15004		-0.186111		0		0

		1.00E-05		1.08533		-0.250826		0		0

		1.00E-05		1.01203		-0.324122		0		0

		1.00E-05		0.930151		-0.406		0		0

		1.00E-05		0.839692		-0.496459		0		0

		1.00E-05		0.732664		-0.616032		0		0

		1.00E-05		0.624206		-0.737035		0		0

		1.00E-05		0.515748		-0.858039		0		0

		1.00E-05		0.408722		-0.97761		0		0

		1.00E-05		0.31827		-1.06806		0		0

		1.00E-05		0.236408		-1.14992		0		0

		1.00E-05		0.163135		-1.2232		0		0

		1.00E-05		0.0984511		-1.28788		0		0

		1.00E-05		0.0175223		-1.36881		0		0

		1.00E-05		-0.0441869		-1.43052		0		0

		1.00E-05		-0.0872996		-1.47363		0		0

		1.00E-05		-0.113965		-1.5003		0		0

		1.00E-05		-0.128349		-1.51468		0		0

		1.00E-05		-0.13525		-1.52158		0		0

		1.00E-05		-0.138325		-1.52466		0		0

		1.00E-05		-0.139678		-1.52601		0		0

		1.00E-05		-0.140523		-1.52686		0		0

		1.00E-05		-0.140482		-1.52681		0		0

		1.00E-05		-0.140485		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.01E-05		-0.140484		-1.52682		0		0

		1.01E-05		-0.140484		-1.52682		0		0

		1.02E-05		-0.140484		-1.52682		0		0

		1.02E-05		-0.140485		-1.52682		0		0

		1.02E-05		-0.140482		-1.52681		0		0

		1.02E-05		-0.140496		-1.52683		0		0

		1.02E-05		-0.140422		-1.52675		0		0

		1.02E-05		-0.14076		-1.52709		0		0

		1.02E-05		-0.139246		-1.52558		0		0

		1.02E-05		-0.0975856		-1.49333		0		0

		1.02E-05		-0.0579661		-1.46313		0		0

		1.02E-05		-0.0276882		-1.44227		0		0

		1.02E-05		-0.00424859		-1.42825		0		0

		1.02E-05		0.00808388		-1.41592		0		0

		1.02E-05		0.0163035		-1.4077		0		0

		1.02E-05		0.0221133		-1.40189		0		0

		1.02E-05		0.0317333		-1.39227		0		0

		1.02E-05		0.0375749		-1.38643		0		0

		1.04E-05		0.0382241		-1.38578		0		0

		1.06E-05		0.0380453		-1.38595		0		0

		1.09E-05		0.0383107		-1.38569		0		0

		1.09E-05		0.0409573		-1.38304		0		0

		1.09E-05		0.0445091		-1.37949		0		0

		1.09E-05		0.0516651		-1.37233		0		0

		1.09E-05		0.0653158		-1.35868		0		0

		1.09E-05		0.0890185		-1.33498		0		0

		1.09E-05		0.105667		-1.31833		0		0

		1.09E-05		0.125908		-1.29809		0		0

		1.09E-05		0.1499		-1.2741		0		0

		1.09E-05		0.177727		-1.24627		0		0

		1.10E-05		0.209428		-1.21457		0		0

		1.10E-05		0.245017		-1.17898		0		0

		1.10E-05		0.284499		-1.1395		0		0

		1.10E-05		0.327875		-1.09613		0		0

		1.10E-05		0.375145		-1.04885		0		0

		1.10E-05		0.42631		-0.99769		0		0

		1.10E-05		0.48137		-0.94263		0		0

		1.10E-05		0.540324		-0.883676		0		0

		1.10E-05		0.648796		-0.775204		0		0

		1.10E-05		0.661534		-0.762466		0		0

		1.10E-05		0.674365		-0.749635		0		0

		1.10E-05		0.784072		-0.639928		0		0

		1.10E-05		0.840215		-0.583785		0		0

		1.10E-05		0.892926		-0.531074		0		0

		1.10E-05		0.965557		-0.458443		0		0

		1.10E-05		1.03046		-0.393535		0		0

		1.10E-05		1.08765		-0.336349		0		0

		1.11E-05		1.13712		-0.286882		0		0

		1.11E-05		1.20251		-0.221488		0		0

		1.11E-05		1.2473		-0.176695		0		0

		1.11E-05		1.2741		-0.149898		0		0

		1.11E-05		1.28789		-0.136112		0		0

		1.11E-05		1.29414		-0.129863		0		0

		1.11E-05		1.29675		-0.127252		0		0

		1.11E-05		1.2978		-0.126205		0		0

		1.12E-05		1.29821		-0.125792		0		0

		1.12E-05		1.29837		-0.125627		0		0

		1.12E-05		1.29846		-0.125537		0		0

		1.12E-05		1.29847		-0.125532		0		0

		1.12E-05		1.29847		-0.125531		0		0

		1.13E-05		1.29847		-0.125531		0		0

		1.13E-05		1.29847		-0.125531		0		0

		1.14E-05		1.29847		-0.125531		0		0

		1.15E-05		1.29847		-0.125531		0		0

		1.17E-05		1.29847		-0.125531		0		0

		1.20E-05		1.29847		-0.125531		0		0

		1.22E-05		1.29847		-0.125531		0		0

		1.24E-05		1.29847		-0.125531		0		0

		1.26E-05		1.29847		-0.125531		0		0

		1.29E-05		1.29847		-0.125531		0		0

		1.31E-05		1.29847		-0.125531		0		0

		1.33E-05		1.29847		-0.125531		0		0

		1.35E-05		1.29847		-0.125531		0		0

		1.38E-05		1.29847		-0.125531		0		0

		1.40E-05		1.29847		-0.125531		0		0

		1.42E-05		1.29847		-0.125531		0		0

		1.44E-05		1.29847		-0.125531		0		0

		1.47E-05		1.29847		-0.125531		0		0

		1.49E-05		1.29847		-0.125531		0		0

		1.51E-05		1.29847		-0.125531		0		0

		1.53E-05		1.29847		-0.125531		0		0

		1.56E-05		1.29847		-0.125531		0		0

		1.58E-05		1.29847		-0.125531		0		0

		1.60E-05		1.29847		-0.125531		0		0

		1.62E-05		1.29847		-0.125531		0		0

		1.65E-05		1.29847		-0.125531		0		0

		1.67E-05		1.29847		-0.125531		0		0

		1.69E-05		1.29847		-0.125531		0		0

		1.71E-05		1.29847		-0.125531		0		0

		1.74E-05		1.29847		-0.125531		0		0

		1.76E-05		1.29847		-0.125531		0		0

		1.78E-05		1.29847		-0.125531		0		0

		1.80E-05		1.29847		-0.125531		0		0

		1.83E-05		1.29847		-0.125531		0		0

		1.85E-05		1.29847		-0.125531		0		0

		1.87E-05		1.29847		-0.125531		0		0

		1.89E-05		1.29847		-0.125531		0		0

		1.92E-05		1.29847		-0.125531		0		0

		1.94E-05		1.29847		-0.125531		0		0

		1.96E-05		1.29847		-0.125531		0		0

		1.98E-05		1.29847		-0.125531		0		0

		2.01E-05		1.29847		-0.125531		0		0

		2.03E-05		1.29847		-0.125531		0		0

		2.05E-05		1.29847		-0.125531		0		0

		2.07E-05		1.29847		-0.125531		0		0

		2.08E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0
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Graph of Bandgaps
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InGaN-AlInN

		

																		solid  state communication 127, 411 (2003)

												E_AlN				6.2				a_AlN		3.114

												E_GaN				3.42				a_GaN		3.186

												E_InN				0.65				a_InN		3.5446

								x		a_InAlN		E_InAlN (eV)		Wavelength (nm)		a_InGaN		E_InGaN (eV)		E_InAlN-E_InGaN (eV)

								0		3.5446		0.65		1907.6923076923		3.5446		0.65		0

								0.01		3.540294		0.6758		1834.8623853211		3.541014		0.663543

								0.02		3.535988		0.7022		1765.8786670464		3.537428		0.677372

								0.03		3.531682		0.7292		1700.493691717		3.533842		0.691487

								0.04		3.527376		0.7568		1638.4778012685		3.530256		0.705888

								0.05		3.52307		0.785		1579.6178343949		3.52667		0.720575		0.036225

								0.06		3.518764		0.8138		1523.7159007127		3.523084		0.735548

								0.07		3.514458		0.8432		1470.5882352941		3.519498		0.750807

								0.08		3.510152		0.8732		1420.0641319285		3.515912		0.766352

								0.09		3.505846		0.9038		1371.9849524231		3.512326		0.782183

								0.1		3.50154		0.935		1326.2032085562		3.50874		0.7983

								0.11		3.497234		0.9668		1282.5817128672		3.505154		0.814703

								0.12		3.492928		0.9992		1240.9927942354		3.501568		0.831392		0.103608

								0.13		3.488622		1.0322		1201.3175741135		3.497982		0.848367

								0.14		3.484316		1.0658		1163.4452993057		3.494396		0.865628

								0.15		3.48001		1.1		1127.2727272727		3.49081		0.883175

								0.16		3.475704		1.1348		1092.7035600987		3.487224		0.901008

								0.17		3.471398		1.1702		1059.6479234319		3.483638		0.919127

								0.18		3.467092		1.2062		1028.0218869176		3.480052		0.937532

								0.19		3.462786		1.2428		997.7470228516		3.476466		0.956223

								0.2		3.45848		1.28		968.75		3.47288		0.9752		0.195

								0.21		3.454174		1.3178		940.9622097435		3.469294		0.994463

								0.22		3.449868		1.3562		914.3194219142		3.465708		1.014012

								0.23		3.445562		1.3952		888.7614678899		3.462122		1.033847

								0.24		3.441256		1.4348		864.2319487037		3.458536		1.053968

								0.25		3.43695		1.475		840.6779661017		3.45495		1.074375		0.243425

								0.26		3.432644		1.5158		818.0498746536		3.451364		1.095068

								0.27		3.428338		1.5572		796.3010531724		3.447778		1.116047

								0.28		3.424032		1.5992		775.3876938469		3.444192		1.137312

								0.29		3.419726		1.6418		755.2686076258		3.440606		1.158863

								0.3		3.41542		1.685		735.9050445104		3.43702		1.1807		0.2943

								0.31		3.411114		1.7288		717.2605275335		3.433434		1.202823

								0.32		3.406808		1.7732		699.3006993007		3.429848		1.225232

								0.33		3.402502		1.8182		681.9931800682		3.426262		1.247927

								0.34		3.398196		1.8638		665.3074364202		3.422676		1.270908

								0.35		3.39389		1.91		649.2146596859		3.41909		1.294175

								0.36		3.389584		1.9568		633.6876533115		3.415504		1.317728		0.367272

								0.37		3.385278		2.0042		618.7007284702		3.411918		1.341567

								0.38		3.380972		2.0522		604.2296072508		3.408332		1.365692

								0.39		3.376666		2.1008		590.2513328256		3.404746		1.390103

								0.4		3.37236		2.15		576.7441860465		3.40116		1.4148

								0.41		3.368054		2.1998		563.6876079644		3.397574		1.439783

								0.42		3.363748		2.2502		551.0621278109		3.393988		1.465052

								0.43		3.359442		2.3012		538.8492960195		3.390402		1.490607

								0.44		3.355136		2.3528		527.0316218973		3.386816		1.516448		0.487752

								0.45		3.35083		2.405		515.5925155925		3.38323		1.542575

								0.46		3.346524		2.4578		504.5162340304		3.379644		1.568988

								0.47		3.342218		2.5112		493.7878305193		3.376058		1.595687

								0.48		3.337912		2.5652		483.3931077499		3.372472		1.622672

								0.49		3.333606		2.6198		473.3185739369		3.368886		1.649943

								0.5		3.3293		2.675		463.5514018692		3.3653		1.6775

								0.51		3.324994		2.7308		454.0793906548		3.361714		1.705343

								0.52		3.320688		2.7872		444.8909299656		3.358128		1.733472

								0.53		3.316382		2.8442		435.9749665987		3.354542		1.761887

								0.54		3.312076		2.9018		427.3209731891		3.350956		1.790588		0.614412

								0.55		3.30777		2.96		418.9189189189		3.34737		1.819575

								0.56		3.303464		3.0188		410.7592420829		3.343784		1.848848

								0.57		3.299158		3.0782		402.8328243779		3.340198		1.878407

								0.58		3.294852		3.1382		395.1309667963		3.336612		1.908252

								0.59		3.290546		3.1988		387.6453670126		3.333026		1.938383

								0.6		3.28624		3.26		380.3680981595		3.32944		1.9688

								0.61		3.281934		3.3218		373.2915888976		3.325854		1.999503		0.731297

								0.62		3.277628		3.3842		366.4086046924		3.322268		2.030492

								0.63		3.273322		3.4472		359.7122302158		3.318682		2.061767

								0.64		3.269016		3.5108		353.1958527971		3.315096		2.093328

								0.65		3.26471		3.575		346.8531468531		3.31151		2.125175

								0.66		3.260404		3.6398		340.678059234		3.307924		2.157308

								0.67		3.256098		3.7052		334.6647954226		3.304338		2.189727

								0.68		3.251792		3.7712		328.8078065337		3.300752		2.222432

								0.69		3.247486		3.8378		323.1017770598		3.297166		2.255423		0.822777

								0.7		3.24318		3.905		317.5416133163		3.29358		2.2887

								0.71		3.238874		3.9728		312.1224325413		3.289994		2.322263

								0.72		3.234568		4.0412		306.8395526081		3.286408		2.356112

								0.73		3.230262		4.1102		301.6884823123		3.282822		2.390247

								0.74		3.225956		4.1798		296.6649121968		3.279236		2.424668

								0.75		3.22165		4.25		291.7647058824		3.27565		2.459375

								0.76		3.217344		4.3208		286.9838918719		3.272064		2.494368		0.952832

								0.77		3.213038		4.3922		282.3186557989		3.268478		2.529647

								0.78		3.208732		4.4642		277.7653330944		3.264892		2.565212

								0.79		3.204426		4.5368		273.3204020455		3.261306		2.601063

								0.8		3.20012		4.61		268.9804772234		3.25772		2.6372

								0.81		3.195814		4.6838		264.742303258		3.254134		2.673623

								0.82		3.191508		4.7582		260.6027489387		3.250548		2.710332		1.060868

								0.83		3.187202		4.8332		256.5588016221		3.246962		2.747327

								0.84		3.182896		4.9088		252.6075619296		3.243376		2.784608

								0.85		3.17859		4.985		248.7462387161		3.23979		2.822175

								0.86		3.174284		5.0618		244.9721442965		3.236204		2.860028

								0.87		3.169978		5.1392		241.2826899128		3.232618		2.898167

								0.88		3.165672		5.2172		237.6753814307		3.229032		2.936592

								0.89		3.161366		5.2958		234.1478152498		3.225446		2.975303

								0.9		3.15706		5.375		230.6976744186		3.22186		3.0143		1.2357

								0.91		3.152754		5.4548		227.3227249395		3.218274		3.053583

								0.92		3.148448		5.5352		224.0208122561		3.214688		3.093152

								0.93		3.144142		5.6162		220.789857911		3.211102		3.133007

								0.94		3.139836		5.6978		217.6278563656		3.207516		3.173148

								0.95		3.13553		5.78		214.5328719723		3.20393		3.213575

								0.96		3.131224		5.8628		211.503036092		3.200344		3.254288		1.355712

								0.97		3.126918		5.9462		208.5365443476		3.196758		3.295287

								0.98		3.122612		6.0302		205.6316540082		3.193172		3.336572

								0.99		3.118306		6.1148		202.7866814941		3.189586		3.378143

								1		3.114		6.2		200		3.186		3.42		1.4132
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Sheet2

		Energy Bands

		Distance from Front		Conduction Band Edge		Valence Band Edge		Electron Quasi-Fermi Energy		Hole Quasi-Fermi Energy

		0		0.0381171		-1.38588		0		0

		1.00E-09		0.0381171		-1.38588		0		0

		2.00E-09		0.0381171		-1.38588		0		0

		5.00E-09		0.0381171		-1.38588		0		0

		1.00E-08		0.0381171		-1.38588		0		0

		2.07E-08		0.0381171		-1.38588		0		0

		3.13E-08		0.0381171		-1.38588		0		0

		5.26E-08		0.0381171		-1.38588		0		0

		9.52E-08		0.0381167		-1.38588		0		0

		1.80E-07		0.0381187		-1.38588		0		0

		3.51E-07		0.0381121		-1.38589		0		0

		6.07E-07		0.0381333		-1.38587		0		0

		8.62E-07		0.0380559		-1.38594		0		0

		9.26E-07		0.0389231		-1.38508		0		0

		9.47E-07		0.0437092		-1.38029		0		0

		9.58E-07		0.0502654		-1.37373		0		0

		9.69E-07		0.0628186		-1.36118		0		0

		9.79E-07		0.0849079		-1.33909		0		0

		9.85E-07		0.1006		-1.3234		0		0

		9.90E-07		0.119821		-1.30418		0		0

		9.99E-07		0.160788		-1.26321		0		0

		1.00E-06		0.166013		-1.25799		0		0

		1.00E-06		0.17135		-1.25265		0		0

		1.02E-06		0.27051		-1.15349		0		0

		1.05E-06		0.416904		-1.0071		0		0

		1.08E-06		0.529459		-0.894541		0		0

		1.10E-06		0.633432		-0.790568		0		0

		1.13E-06		0.746827		-0.677173		0		0

		1.16E-06		0.847876		-0.576124		0		0

		1.19E-06		0.93658		-0.48742		0		0

		1.22E-06		1.01294		-0.411061		0		0

		1.25E-06		1.07696		-0.347043		0		0

		1.28E-06		1.12867		-0.295326		0		0

		1.32E-06		1.17484		-0.249156		0		0

		1.35E-06		1.20507		-0.218929		0		0

		1.39E-06		1.22253		-0.201465		0		0

		1.42E-06		1.23153		-0.192473		0		0

		1.46E-06		1.23584		-0.188165		0		0

		1.55E-06		1.23873		-0.185265		0		0

		1.64E-06		1.23893		-0.185067		0		0

		1.82E-06		1.23895		-0.185055		0		0

		2.00E-06		1.23894		-0.185057		0		0

		2.18E-06		1.23894		-0.185056		0		0

		2.36E-06		1.23894		-0.185056		0		0

		2.54E-06		1.23894		-0.185056		0		0

		2.72E-06		1.23894		-0.185056		0		0

		2.90E-06		1.23894		-0.185056		0		0

		3.08E-06		1.23894		-0.185056		0		0

		3.26E-06		1.23894		-0.185056		0		0

		3.44E-06		1.23894		-0.185056		0		0

		3.62E-06		1.23894		-0.185056		0		0

		3.80E-06		1.23894		-0.185056		0		0

		3.98E-06		1.23894		-0.185056		0		0

		4.16E-06		1.23894		-0.185056		0		0

		4.34E-06		1.23894		-0.185056		0		0

		4.52E-06		1.23894		-0.185056		0		0

		4.70E-06		1.23894		-0.185056		0		0

		4.88E-06		1.23894		-0.185056		0		0

		5.06E-06		1.23894		-0.185056		0		0

		5.24E-06		1.23894		-0.185056		0		0

		5.42E-06		1.23894		-0.185056		0		0

		5.60E-06		1.23894		-0.185056		0		0

		5.78E-06		1.23894		-0.185056		0		0

		5.96E-06		1.23894		-0.185056		0		0

		6.14E-06		1.23894		-0.185056		0		0

		6.32E-06		1.23894		-0.185056		0		0

		6.50E-06		1.23894		-0.185056		0		0

		6.68E-06		1.23894		-0.185056		0		0

		6.86E-06		1.23894		-0.185056		0		0

		7.04E-06		1.23894		-0.185056		0		0

		7.22E-06		1.23894		-0.185056		0		0

		7.40E-06		1.23894		-0.185056		0		0

		7.58E-06		1.23894		-0.185056		0		0

		7.76E-06		1.23894		-0.185056		0		0

		7.94E-06		1.23894		-0.185056		0		0

		8.12E-06		1.23894		-0.185056		0		0

		8.30E-06		1.23894		-0.185056		0		0

		8.48E-06		1.23894		-0.185057		0		0

		8.66E-06		1.23895		-0.185055		0		0

		8.91E-06		1.23894		-0.185065		0		0

		9.17E-06		1.23899		-0.185015		0		0

		9.42E-06		1.23873		-0.18527		0		0

		9.65E-06		1.24012		-0.183881		0		0

		9.70E-06		1.24471		-0.179293		0		0

		9.73E-06		1.25015		-0.173846		0		0

		9.75E-06		1.26119		-0.162806		0		0

		9.76E-06		1.26726		-0.156741		0		0

		9.77E-06		1.27536		-0.148637		0		0

		9.78E-06		1.2867		-0.137301		0		0

		9.78E-06		1.29918		-0.102858		0		0

		9.79E-06		1.31949		-0.0605825		0		0

		9.80E-06		1.35236		-0.00574865		0		0

		9.80E-06		1.38894		0.0527932		0		0

		9.81E-06		1.38926		0.0531129		0		0

		9.82E-06		1.38918		0.0530302		0		0

		9.83E-06		1.3892		0.0530507		0		0

		9.84E-06		1.3892		0.0530462		0		0

		9.85E-06		1.3892		0.0530473		0		0

		9.88E-06		1.3892		0.0530471		0		0

		9.90E-06		1.3892		0.0530471		0		0

		9.93E-06		1.3892		0.0530471		0		0

		9.94E-06		1.3892		0.0530471		0		0

		9.95E-06		1.3892		0.0530471		0		0

		9.96E-06		1.3892		0.0530471		0		0

		9.97E-06		1.3892		0.0530471		0		0

		9.97E-06		1.3892		0.0530471		0		0

		9.98E-06		1.3892		0.0530471		0		0

		9.98E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530471		0		0

		9.99E-06		1.3892		0.0530456		0		0

		1.00E-05		1.38912		0.0529721		0		0

		1.00E-05		1.38897		0.0528225		0		0

		1.00E-05		1.38856		0.0524135		0		0

		1.00E-05		1.38743		0.0512838		0		0

		1.00E-05		1.38438		0.0482291		0		0

		1.00E-05		1.37656		0.0404136		0		0

		1.00E-05		1.35862		0.0224686		0		0

		1.00E-05		1.32352		-0.0126348		0		0

		1.00E-05		1.29279		-0.0433607		0		0

		1.00E-05		1.25374		-0.0824107		0		0

		1.00E-05		1.20617		-0.129976		0		0

		1.00E-05		1.15004		-0.186111		0		0

		1.00E-05		1.08533		-0.250826		0		0

		1.00E-05		1.01203		-0.324122		0		0

		1.00E-05		0.930151		-0.406		0		0

		1.00E-05		0.839692		-0.496459		0		0

		1.00E-05		0.732664		-0.616032		0		0

		1.00E-05		0.624206		-0.737035		0		0

		1.00E-05		0.515748		-0.858039		0		0

		1.00E-05		0.408722		-0.97761		0		0

		1.00E-05		0.31827		-1.06806		0		0

		1.00E-05		0.236408		-1.14992		0		0

		1.00E-05		0.163135		-1.2232		0		0

		1.00E-05		0.0984511		-1.28788		0		0

		1.00E-05		0.0175223		-1.36881		0		0

		1.00E-05		-0.0441869		-1.43052		0		0

		1.00E-05		-0.0872996		-1.47363		0		0

		1.00E-05		-0.113965		-1.5003		0		0

		1.00E-05		-0.128349		-1.51468		0		0

		1.00E-05		-0.13525		-1.52158		0		0

		1.00E-05		-0.138325		-1.52466		0		0

		1.00E-05		-0.139678		-1.52601		0		0

		1.00E-05		-0.140523		-1.52686		0		0

		1.00E-05		-0.140482		-1.52681		0		0

		1.00E-05		-0.140485		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.00E-05		-0.140484		-1.52682		0		0

		1.01E-05		-0.140484		-1.52682		0		0

		1.01E-05		-0.140484		-1.52682		0		0

		1.02E-05		-0.140484		-1.52682		0		0

		1.02E-05		-0.140485		-1.52682		0		0

		1.02E-05		-0.140482		-1.52681		0		0

		1.02E-05		-0.140496		-1.52683		0		0

		1.02E-05		-0.140422		-1.52675		0		0

		1.02E-05		-0.14076		-1.52709		0		0

		1.02E-05		-0.139246		-1.52558		0		0

		1.02E-05		-0.0975856		-1.49333		0		0

		1.02E-05		-0.0579661		-1.46313		0		0

		1.02E-05		-0.0276882		-1.44227		0		0

		1.02E-05		-0.00424859		-1.42825		0		0

		1.02E-05		0.00808388		-1.41592		0		0

		1.02E-05		0.0163035		-1.4077		0		0

		1.02E-05		0.0221133		-1.40189		0		0

		1.02E-05		0.0317333		-1.39227		0		0

		1.02E-05		0.0375749		-1.38643		0		0

		1.04E-05		0.0382241		-1.38578		0		0

		1.06E-05		0.0380453		-1.38595		0		0

		1.09E-05		0.0383107		-1.38569		0		0

		1.09E-05		0.0409573		-1.38304		0		0

		1.09E-05		0.0445091		-1.37949		0		0

		1.09E-05		0.0516651		-1.37233		0		0

		1.09E-05		0.0653158		-1.35868		0		0

		1.09E-05		0.0890185		-1.33498		0		0

		1.09E-05		0.105667		-1.31833		0		0

		1.09E-05		0.125908		-1.29809		0		0

		1.09E-05		0.1499		-1.2741		0		0

		1.09E-05		0.177727		-1.24627		0		0

		1.10E-05		0.209428		-1.21457		0		0

		1.10E-05		0.245017		-1.17898		0		0

		1.10E-05		0.284499		-1.1395		0		0

		1.10E-05		0.327875		-1.09613		0		0

		1.10E-05		0.375145		-1.04885		0		0

		1.10E-05		0.42631		-0.99769		0		0

		1.10E-05		0.48137		-0.94263		0		0

		1.10E-05		0.540324		-0.883676		0		0

		1.10E-05		0.648796		-0.775204		0		0

		1.10E-05		0.661534		-0.762466		0		0

		1.10E-05		0.674365		-0.749635		0		0

		1.10E-05		0.784072		-0.639928		0		0

		1.10E-05		0.840215		-0.583785		0		0

		1.10E-05		0.892926		-0.531074		0		0

		1.10E-05		0.965557		-0.458443		0		0

		1.10E-05		1.03046		-0.393535		0		0

		1.10E-05		1.08765		-0.336349		0		0

		1.11E-05		1.13712		-0.286882		0		0

		1.11E-05		1.20251		-0.221488		0		0

		1.11E-05		1.2473		-0.176695		0		0

		1.11E-05		1.2741		-0.149898		0		0

		1.11E-05		1.28789		-0.136112		0		0

		1.11E-05		1.29414		-0.129863		0		0

		1.11E-05		1.29675		-0.127252		0		0

		1.11E-05		1.2978		-0.126205		0		0

		1.12E-05		1.29821		-0.125792		0		0

		1.12E-05		1.29837		-0.125627		0		0

		1.12E-05		1.29846		-0.125537		0		0

		1.12E-05		1.29847		-0.125532		0		0

		1.12E-05		1.29847		-0.125531		0		0

		1.13E-05		1.29847		-0.125531		0		0

		1.13E-05		1.29847		-0.125531		0		0

		1.14E-05		1.29847		-0.125531		0		0

		1.15E-05		1.29847		-0.125531		0		0

		1.17E-05		1.29847		-0.125531		0		0

		1.20E-05		1.29847		-0.125531		0		0

		1.22E-05		1.29847		-0.125531		0		0

		1.24E-05		1.29847		-0.125531		0		0

		1.26E-05		1.29847		-0.125531		0		0

		1.29E-05		1.29847		-0.125531		0		0

		1.31E-05		1.29847		-0.125531		0		0

		1.33E-05		1.29847		-0.125531		0		0

		1.35E-05		1.29847		-0.125531		0		0

		1.38E-05		1.29847		-0.125531		0		0

		1.40E-05		1.29847		-0.125531		0		0

		1.42E-05		1.29847		-0.125531		0		0

		1.44E-05		1.29847		-0.125531		0		0

		1.47E-05		1.29847		-0.125531		0		0

		1.49E-05		1.29847		-0.125531		0		0

		1.51E-05		1.29847		-0.125531		0		0

		1.53E-05		1.29847		-0.125531		0		0

		1.56E-05		1.29847		-0.125531		0		0

		1.58E-05		1.29847		-0.125531		0		0

		1.60E-05		1.29847		-0.125531		0		0

		1.62E-05		1.29847		-0.125531		0		0

		1.65E-05		1.29847		-0.125531		0		0

		1.67E-05		1.29847		-0.125531		0		0

		1.69E-05		1.29847		-0.125531		0		0

		1.71E-05		1.29847		-0.125531		0		0

		1.74E-05		1.29847		-0.125531		0		0

		1.76E-05		1.29847		-0.125531		0		0

		1.78E-05		1.29847		-0.125531		0		0

		1.80E-05		1.29847		-0.125531		0		0

		1.83E-05		1.29847		-0.125531		0		0

		1.85E-05		1.29847		-0.125531		0		0

		1.87E-05		1.29847		-0.125531		0		0

		1.89E-05		1.29847		-0.125531		0		0

		1.92E-05		1.29847		-0.125531		0		0

		1.94E-05		1.29847		-0.125531		0		0

		1.96E-05		1.29847		-0.125531		0		0

		1.98E-05		1.29847		-0.125531		0		0

		2.01E-05		1.29847		-0.125531		0		0

		2.03E-05		1.29847		-0.125531		0		0

		2.05E-05		1.29847		-0.125531		0		0

		2.07E-05		1.29847		-0.125531		0		0

		2.08E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0

		2.10E-05		1.29847		-0.125531		0		0
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In Phase Separation Effect on Optical
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Ga Tech - grown InGaN solves this problem — Many more left
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