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SPECTRICAL DISTRIBUTION OF SOLAR RADIANT POWER

LIJ llral- Visible Infrared From: M icromachined Transducers, Gregory T.A. Kovacs
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Spectral distribution of solar radiant power density at sea level, showing the ozone,

oxvgen, water, and CO, absorption bands. After Benson (1992).
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BLACK BODY, AM0O AND AM1.5

Frergy dixrribution (kKW/m </uam)
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From: Solar Cells, M artin A. Green, Prentice Hall

I I . .
7o
20+
/
iy
i
1.5} ,'
]
[
I
il
1.0 ."'
o {
H
B
0.5 !
|
!
.'j
o g o |
3 .2 o 06 0.8 .0 1.2 1.4 1.5 1.8 2

Wavelsngrh (L)

Figure 1.3, Spectral distribution of sunlight. Shown are
the cases of AMO and AM1.5 radialion together with the
radiation distribution expected from the sun (i it werc a
hlack body at GOJ0K.
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BLACK BODY RADIATION

From: Micromachined Transducers, Gregory T.A. Kovacs From: Solar Cells. Martin A. Green, Prentice Hall
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HOT FILIMENT “BLACK BODY” LIGHT SOURCES

Dave Borkholder
Senior project 1993
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EMISSION SPECTRA OF THE Hg VAPOR BULB
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LED IV CHARACTERISTICS

Light Emitting Diode -LED
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LIGHT EMITTING DIODES (LEDs)

Electron concentration vs distance ~ Hole concentration vs distnace
! Light

Light
Space ﬁf//
charge
Layer
X

P-side N-side

In the forward biased diode current flows and as holes
recombine on the n-side or electrons recombine on the p-side,
energy 1s given off as light, with wavelength appropriate for the

—. energy gap for that material. A=hc/E
VA \ h = Plank’s constant

Rochester Institute of Technology
g Microelectronic Engineering C — Speed Of ]jght /
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LEDs
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SEP8736

AlGaAs Infrared Emitting Diode et
DUTLINE DIMEMSIONS in inches {mim)
Tolkerance 3 ple decimals £0.005(0.12)

SEP8736

ELECTRICAL CHARACTERISTICS (?56°C urless ofharwise noled) 2 plc desimals £0.020(0.51)
PARAMETER SYMBOL [ MIN_ TYP  MAX [ UNITS TEST CONDHTIONS
Irradianca ' 0 H ey Je=20 ma N e —| p s |-
SEPBT36-001 0.5 — D L - — (2
SEPETI6-002 12 3.0 et =l 1 L= | —| |—aza e
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e Revarse Broaxdown Vollage ViR a0 v Ia=10 pi T 7 F T
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/ Spectral Shit With Temperature A 0.2 G p— CI | -Dﬂ—l |_
Beam Angle 12 @ 10 deqr. Ir=Canstant _I |_ ;::« Lam
Radiabion Risae And Fall Timae . b 0.7 i

Nihes
1, Maasured in mWcm? into a 0,104 (2,64 diameiar apariure placed 0,500 12,7 from fho lons tip,
2. Bearn angle i defined as the iolall induded angle between the half indansity paints.
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RIT’S FIRST LED

GaP wafers with n-type epilayer, add
gold metal, dice and wire bond to RIT
thick film ceramic package.
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REIATIVE LUMINOSITY VS WAVELENGTH

clatiy
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Human eye perceives 350nm (green-yellow) as the brightest,

—= the relative luminosity of other colors 1s give above
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PHOTODIODE
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Phosphrous donor atom and electron

Ionized Immobile Phosphrous donor atom
Ionized Immobile Boron acceptor atom

Boron acceptor atom and hole
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WIDTH OF SPACE CHARGE LAYER

FOCHESTER IMSTIHUITE UF TELCHMULLIEY
MICROELECTROMIC ENGINEERIMG

Width of space charge

caleulated results are shown in the purple boRes.

CALCULATIONS FOR PR JURCTION [ELECTREOSTATICS]

Fhl.ALS
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Touse this spreadsheed change the values in the white boxes, The rest of the sheet is

layer depends on the protected and should not be changed unle=s you are sure of the consequences. The
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Rochester Institute of T Eo = -[[2qtecen)[Vhis¥a)[MahdiMa-rd]] 0.5
Microelectronic Engine Cjf = ecerfy

doping on both sides  cousrants VARIABLES
. k 138E-23 MK
and the applied reverse , 160E-19 Coul  Temp]  300] K
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temperature. ni 145E+10 om-3
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ADSORPTION VERSUS DISTANCE

Absorption Coefficient of Silicon

.
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More Light
3 O(x) = ¢(0) exp ¥
Most Light

Find % adsorbed for Green light
at x=5 um and Red light at 5 um
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CHARGE GENERATION vs WAVELENGTH

E=hv=hc/A

h =6.625 e-34 j/s
= (6.625 e-34/1.6e-19) eV/s

E=1.55eV (red) 7(“1 7”(3 Ad J\i
E =2.50 eV (green) ® p-t ﬁ@ QQ
E =4.14 eV (blue) ® ) 2 7 g) @/A ® |
'[qu@,f@ ‘ @A@@
n-type o ) @ ©
) l @)

To generate e-h pair in silicon we need E > Egap
E>1.12eV
Rochester Institute of Technology

Microelectronic Engineering /
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PN JUNCTION DESIGN FOR PHOTO DIODE
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CHARGE GENERATION IN SEMICONDUCTORS

From: Micromachined Transducers, Gregory T.A. Kovacs

:,.:;r._“..r | ||.....|.H..|_... Wi %k K Hamdgap eV} K “oman (el MHE K
E=hv=hc/A & .
What wavelengths will not e I o

generate e-h pairs in silicon. G I T
Thus silicon 1s transparent or

light of this wavelength or o - ;
longer is not adsorbed?
Rochester Institute of Technology | i S J

i i a2 |
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LM LT
Microelectronic Engineering
Table of various semiconductors in order of increasing '.‘-._.. Freonn Sze (1981,
| |=
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PIN, AVALANCE PHOTODIODES (APD)

. p-side n-side

Intrinsic
I

I | I
W1 0 0 W2
PIN and Avalance photo diodes (APD) are made with an intrinsic
(almost zero doping) layer between the N and P layers. The depletion
layer 1s increased by the width of the Intrinsic layer. Avalance diodes
are the same structure but used with large reverse bias (>100 volts) that
creates large electric field in the space charge layer that can accelerate
the electrons to velocities high enough to cause ionizing collisions

giving a multiplication of carriers. Each photon can generate hundreds
of electron hole pairs.
4 g

/
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PIN, AVALANCE PHOTODIODES (APD)

Si Avalanche Photodiodes (APD) 5i PIN Photodiode s
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\
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Rochester Institute of Technology

Microelectronic Engineering

www.silicon-sensor.com
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PHOTOMULTIPLIER

22000 V - _ Vout
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Photo Multiplier Tube (low work Function)
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Microelectronic Engineering

: © April 2,2013 Dr. Lynn Fuller, Professor |= /

Page 21




K=1 Optical Basics - MEMS ?=\

CHARGE COLLECTION IN MOS STRUCTURES

E=hv=hc/A
h = 6.625 e-34 j/s +V thin poly gate
= (6.625 e-34/1.6e-19) eV/s . 7 VA
E = 1.55 eV (red) ! -
E =2.50 eV (green) il é 5 0o ®
E =4.14 eV (blue) © \ 1 e a
@ l )
electron . ®) | oy |,
and hole ¢ ] -~ , Y
pair [ @ depletion region p-type 1

T~

N 1
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PHOTO DETECTORS

From: Micromachined Transducers, Gregory T.A. Kovacs

| Device Type Giain | Response Time (5) . Typical
Femperatune
|
E"h:-ln|1'.|_|||ii'-|||_'-r w | [ 10 i 10F? M) (Sometimes
ol ed b
Phiotoconducior 1 tos D2 10 b 1% 4.2 i WM
Ml etal-Semiconductor- Mital | N
. 100 13 1
Photodetecton | or less 1 C Ly | L LW}
p-n Photodiode | or less 104 1o 10-11 :I:IIL:;":“.I.E'E
p=i=n Photodixde | or bess 0= o 107 1]
Metal-Semiconductor Diode | o bess 1% o 1012 L1IL 1]
Avalanche Diode 102 1o 10 1010 2111
Bipolar Phototransiston 102 108 v 1108 {1 ]
Bipolar Photo-Darlington e 10 to 100 S0
Field-Effect Phototransistor 10 107 J0
CCD Cell {Metal-lnsulator 1 ol 10-5 1o 10 300 (sometimes
= = LN 05 .
Semaconductor Capscitor) . cooled)

Ro Crains and response times of some typical photodetectors (some are optimistic!)

Mi After Sze (1981). Note that the CCD cell, and some extrinsic photoconductors, are
integrating detectors, and thus the response time figures can be somewhat misleading,
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TRANSMISSION PROPERTIES OF OPTICAL GLASS
100 =
Quartz, 90 /lv ///

80 [— varts, =0 mi Borosilicate Glass
S 60 mils
=
-% 60 —
§ 40 — White Crown Gldass
= 60 mils S~ Green Soda Lime Glass

20 |— , 60 mils

'1
I m | I
200 250 300 350 400
Wavelength (nm)

Rochester Institute of Technology
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SOLAR CELL TUTORIAL

SOME TERMS AND DEFINITIONS:

Air Mass — amount of air between sun and solar cell. In space AM=0 at the
equator at noon AM=1, if the sun is arriving at an angle 6 , AM=1/cos 6. AMI.5
1s the standard for most solar cell work in USA and gives a sum total of 1000w/m?2
over the entire spectrum of wavelengths from 0.2um to 2.0um

Efficiency is the ratio of the power out of a solar cell to the power falling on the
solar cell (normally 1000w/m2 with the AMI1.5 spectrum) Since Si solar cells can
not absorb much of the infrared spectrum from the sun, and other factors, typical
efficiencies are limited to 26-29% for basic silicon solar cells.

Quantum Efficiency — normalized ratio of electrons and holes collected to
photons incident on the cell at a single wavelength, given in %.

FF — Fill Factor, a figure of merit, the “squareness * of the diode I-V characteristic
in 4" quadrant with light falling on the cell. /
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I-V CHARACTERISTICS OF SOLAR CELL

Optical Basics - MEMS

=

Ellen’s Photo Diode

0.1000 Conditions:
[ Swp: SMU1
0.0800 L Start: -2.00000 V
[ ] Stop: 2.00000 V
0.0600 [ 25 Step: 8.00000m V
[ i Pts: 501
<  0.0400 [ 4
[ Con: SMU2
0.0200 [ Val: 0.00000 V
0.000 [
-0.0200f . . .
-2.000 -1.000 2.000
Fit #1: Fit #2: Cursors: X Y
Type: Cursor Type: Cursor (1| 8.00000m | 1.48400u
Slp:0.08492m Slp:0.17331 <>|-0.47200 -0.03928m
Yint:0.80462u Yint-0.12898 | 1.09600 | 0.06096 Von = 06 VOltS
Xint-9.47468m Xint.0.74425 > 10.95200 0.03601 .
ICS 10:39:05 [>1] 0.00000 | -0.12275u Rseries = 1/ SlOp€ = 1/0.129
04/05/2011 FaN
< ="7."750hms
Rochester Institute of Technology IS — 1.48UA (ln I'OOIII llght)
Microelectronic Engineering
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SOLAR CELL - QUANTUM EFFICIENCY

Ellen Sedlack 201
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SOLAR CELL TUTORIAL

Voc - open circuit voltage I3
Isc — short circuit voltage
Vmp — Voltage at maximum power ,

Imp — Current at maximum power Vim v
FF — FF = VmpImp/Voclsc P ¢

No Light

B Diode I vs V lI

P
o Power=1x VMaX OWEL +
Imp| vV

Most Light

Isc

Rochester Institute of Technology

Microelectronic Engineering /
| -
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SOLAR CELL - POWER EFFICIENCY

AM 1.5 Light Sourcs
'I % A g E

| —=ZLachary Bittner
ai \

Ivan

Rochester Institute of Tec = ;.: e - g -
Microelectronic En gin eer —— — — PuChadeS /
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POWER, EFFICIENCY, Isc, Voc

=

Setting Spot size (Cell size (ol Current  [J (AScm2) [Irradiance (mWicmd)
228y Ema 1.267 0.25| 2.77E-04( 1.11E-03 2.39 | |
Column1 P4 G5 P4 G4 0.00E+00 3 . . . . — 0.00E+00
Frax -5.06E-04( -4 65E-04 ) 0.1 0.2 0.3 0.4 0.5 0.6 7
Jrmax -1.21E-03|-1.160E-03
Jsc -1.30E-03| -1.30E-03
o 5.60E-01 0.540 4.00E.04
FF BS.8% GZ.8% ' | 5 00E-04
efficiency -15%, -1 4%, '
-6.00E-04
- -3.00E-04
-8.00E-04
- -4.00E-04
-1.00E-03
-1.20E-03 [ -5.00E-04
-1.40E-03 -6.00E-04

Rochester Institute of Technology

Microelectronic Engineering

, © April 2,2013 Dr. Lynn Fuller, Professor
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Ti%

100 1

a0

&0

0

a0

0

40

30

0

8y

10 15
weavelength 1 pam

20

13

HMS Z11 - F5.5
Thermopile
Parameter Typical Value Unit Condition Remark
Element Size 06x06 mm?2 Active area
Voltage Hesponse | 13 VmmaW
Sensitivity 36 VW Tobj=373K
Tamb=298K
Thermopile 86 ki 25°C
Resistance
Typical Transmission S5.5um Filter Eg;;;:i;moplb 20 ppm g?ng[:atrg]r? ge
Thermopile Noise | 38 nV/~ Hz 25°C
Wﬂ,,..;.. Detectivity 5610 cm~ Hz/W
\\\ Time Constant <6 ms 63%
N T
Vi

www.heimannsensor.com

© April 2,2013 Dr. Lynn Fuller, Professor
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RIT THERMOPILE SENSOR

Output voltage vs Input power for wafer 4

—e— Die 3,
R=12.2
Kohms

3 250 —= Die 5,
R=
14.32

kohms
—— Die 6,

R=
14.32

kohms
—»— Die 7,

R= 15
Input power(mW) Kohms

Output Voltage(

Usha Kuppuswamy, 2005

chnology

- /
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FIBER OPTIC COMPONENTS

Coupling for monomode fibers

(Courtesy of IMM, Mainz, Germany. ) F_['b[?r Cﬂ l!pjjf]g
(1 x 2 beam splitter)

Fiber-chip coupling

Protective layer LWL

Optical fiber {Courtesy, KIK, Karlsruhe, Germany.)

Spring elamants

| Step for coating

Fixed guide
= support

structura

Space for insartion /

of integrated /
optical chip ——~

— Cutting surtace

Substrate

_‘ !
—— JE——

Plmml@OkU 1SOEZ 0009,00 W1153

Rochester Institute of Technology

Microelectronic Engineering /
|
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Edge-emitling

— Emitting spot near front surface

Fresnel Lens

Callimated
Beam
Salf-Allgnment P <
Contact Pad Structurs -~
Ir.i = Y,
‘} 5i Substrate L
Rochester Institute of Technology

Microelectronic Engineering
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OPTICAL SYSTEM

L=
Frasmnal lans

45" downward
refiectar

Rochester Institute of Technology

Microelectronic Engineering /
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pealy Si Polyimide

| | waler

Fig. 2. Basic model of the external skeleton, Three-dimensional strudure i
Rochester Institute of Technology erasirucied by hending along the polyimide hinges
Microelectronic Engineering
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ELECTROSTATIC COMB DRIVE

Movies at www.sandia.gov

ochester Institute of Technology

R

Microelectronic Engineering /
|
| M

© April 2,2013 Dr. Lynn Fuller, Professor Page 39




/

ELECTROSTATIC COMB DRIVE MIRROR
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Rochester Institute of Technology
Microelectronic Engineering
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Specifications

Mirror size: 520 pm across
Reflective area: 510 pm across

Shape: Octagonal

Mirror thickness: 13 pm

Surface roughness: <8 A rms

Surface reflectivity: > 95% at 630 nm (gold)

Bias voltage: 35 to 55 Volts
Drive voltage: 0 to 110 Volts (0 to 2X Bias)
Resonant rotation frequency: outer axis 1.3 kHz, inner axis 1.8 kHz

Operating Temperature: 0to 50 °C — tf
Radius of Curvature: > 0.4 meters within operating temperature . 1
Product number: 029157 WWW. memsoptlca .Com
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MIRRORS

MOEMs - Micro Optical

. e B,
i - g /
A Ty - ' ——
N P ;
. ! | — -
e L ? gl L
e I y ; 2
i et = ]
L % S Ll 1 |
: el
e

Lucent Technologies —
Lambda router, 256 mirror fiber optic multiplexer

Rochester Institute of Technology
Microelectronic Engineering

Electro Mechanical Systems

/

i © April 2,2013 Dr. Lynn Fuller, Professor |= Page 42




TORSION - MIRROR

Inflection
point

<N\ o

ovable mirror

poly 0 poly 1

Micro-mirror Perspective View Plate Etch

Torsion
e e

\

Access
Hinge ‘[ Holes

Deflection” Landing
Rochester Institute of Technology ElECII'OdE ElE{‘-‘tl‘DdE

Microelectronic Engineering
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POLYIMIDE ON HEATER

Microelectronic Engineering Jeremiah Hebding
| -

© April 2,2013 Dr. Lynn Fuller, Professor
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THERMALLY ACTUATED MEMS MICRO MIRROR

' Therntal Mirror

f M1cr~&|ator S
O .

l’synn Fuller

Rakesh Dhull
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DIGITAL MIRROR LIGHT PROJECTION SYSTEM
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TORSIONAL MIRRORS
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Rochester Institute of Technology

Microelectronic Engineering

i © April 2,2013 Dr. Lynn Fuller, Professor




TI MICROMIRROR PROJECTOR

, © April 2,2013 Dr. Lynn Fuller, Professor |= Page 48




K=1 Optical Basics - MEMS ?=\

PRODUCTS

DLP® Pico™
projector

Development kit v2.0

www.Tl.com

Rochester Institute of Technology

Microelectronic Engineering /
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DXtreme PROI
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FLAT PANNEL DISPLAYS
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FIELD EMISSION FLAT PANNEL DISPLAYS
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REFLECTIVE MECHANICAL LIGHT MODULATOR
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HOMEWORK - OPTICAL BASICS FOR MEMS

1. If the human body is thought of as a black body light source.
What types of optical detector will be able to sense a human
by sensing its IR emission? Explain.

2. Look up the Texas Instruments Digital Light Projector
products. Whatis the cost of a developer kit for some of
their projection products.

3. Visit the following web sites and discuss one product of
interest for each. www.silicon-sensor.com
www.heimannsensor.com
= WWWw.oceanoptics.com
| www.memsoptical.com
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