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Thickness.of.skin.  
Millimeter.(1083m). 

Height.of.Humans. 
Width.of.DNA. 

Diameter.of.Hair. Meter. 
Nanometer.(1089m). 

Micrometer.(1086m). 
7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 

Have%you%ever%heard%of%nanoscience%or%nanotechnology?%If%so,%where?%  

What%are%3%things%that%nanotechnology%brings%to%mind%for%you?%  
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TThhee CCoossttss ooff NNaannooffaabbrriiccaattiioonn  

The.point:%%it%is%very%easy%to%spend%>$200,000%even%for%very%simple% 
fabricaBon…(not%counBng%waste%management,%deionized%water,%% 
and%building%renovaBon)% 

Cleanroom.FaciliEes.  
So`wall.cleanroom. 

•	 A.very%small.dust8free. 
cleanroom..about.this.size. 
(10’x10’).would.cost.~$10,000. 

FabricaEon.Equipment. 
Thermal.evaporator. 

•	 A.photolithography.aligner.for. 
making.small.paQerns:..>$100,000. 

•	 A.spin8coater.to.apply.photosensiEve. 
films:.$3,000. 

•	 An.evaporator.for.deposiEng.metals:. 
~$60,000. 

•	 A.fumehood.to.suck.up.toxic.fumes:. 
$10,000. 

. 

Materials.  
12”.Si.wafer. 

•	 Silicon.wafers:.~$5/piece. 
•	 Photoresist.:.~$2,000/Liter. 
•	 Developer:.~$200/Liter. 
•	 Metals:... 

•	 Aluminum:.$1/lb. 
•	 Chrome:.$2/lb. 
•	 Gold:.$24,000/lb. 

$1.50.for.a.100nm.Au.film.on.a.5”.dia..wafer. 
. 

© sources unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/fairuse.
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            TThhee GGooaall tthhiiss CCllaassss:: DDIIYY RReesseeaarrcchh 

SpinHcoater:%$3,000% Plasma%etcher:%$50,000% Spectrometer:%$2,000%  

Computer%fan:%$5% Microwave%oven:%$50% CDHR:%$0.15%  

Real.science.using.off8the8shelf,.consumer.equipment% 
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http:CDHR:%$0.15


This%class%links%clean%energy%sources%and%storage%technology%to%energy% 
consumpBon%case%studies%to%give%students%a%concept%of%the%full%circle%of% 
producBon%and%consumpBon.%Specifically,%photovoltaic,%organic%photovoltaic,% 
piezoelectricity%and%thermoelectricity%sources%are%applied%to%electrophoresis,% 
lab%on%a%chip,%and%paper%microfluidic%applicaBons%–%relevant%analyBcal% 
techniques%in%biology%and%chemistry.%Hands%on%experimentaBon%with%everyday% 
materials%and%equipment%help%connect%the%theory%with%the%implementaBon.% 
Complementary%laboratories%fabricaBng%LEDs,%organic%LEDs%and%spectrometers% 
introduce%the%diagnosBc%tools%used%to%characterize%energy%efficiency.% 

Energy.AbsorpEon.Efficiency.  
Spectrometer%  

System.
Energy.ConsumpEon. 

Electrophoresis% 
Lab%on%a%Chip% 

Paper%Microfluidics% 

Energy.Storage. 
BaWery% 

Energy.GeneraEon. 
Photovoltaic% 

Organic%Photovoltaic% 
Piezoelectricity% 

Thermoelectricity% 

Light.Source.

Detector.

Energy.Conversion.Efficiency%  
Light%EmiTng%Diode%  

Organic%Light%emiTng%Diode%  
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QQuueessttiioonnss AAbboouutt tthhee CCllaassss??  

����������������������������LLeeccttuurree:: TT44 LLaabb:: TThh22--55 

PreHlab%Assignment:%20%%  
Measurement%Sheet:%40%%  

Final:%40%%  
%  
%  

PreHlab%Assignment%H%due%Thursday.at.2pm.  
Measurement%Sheet%H%due%the%following%Tuesday.at.4pm%  
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  NNaannoommaakkeerr  
Lab.#1:.Spectrometry.  

7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ�  
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PPaarrttiicclleess oorr WWaavveess  
DDoouubbllee--SSlliitt EExxppeerriimmeenntt  
TThhiinn FFiillmm IInntteerrffeerreennccee  

BBiirreeffrriinnggeennccee IInntteerrffeerreennccee  
AApppplliiccaattiioonnss  
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  LLiigghhtt  

Is%light%a%parBcle?%  
ParBcles%travel%along%a%single%path%in%one%direcBon%

  (like%a%ball%that’s%been%kicked).%  
% 

% 

% 
% 
% 

Is%light%a%wave?%  
Waves%move%spread%out%in%many%direcBons.%  

© sources unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/fairuse.

Photo courtesy of May Wong on Flickr.
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NNeewwttoonn''ss CCoorrppuussccuullaarr TThheeoorryy  
•	 Light%is%made%up%of%small%discrete%parBcles%called%"corpuscles"%(liWle%parBcles)%which%  

travel%in%a%straight%line%with%a%finite%velocity%and%possess%kineBc%energy.% 
% 
• They%obey%the%same%laws%of%physics%as%other%masses%like%baseballs.% 
% 
•	 They%are%Bny%so%the%parBcles%in%two%intersecBng%beams%do%not%scaWer%off%each% 

other.% 

Water%surface%

Invisible%aWracBve%region% 

DirecBon%of%corpuscles%moBon%in%air% 

DirecBon%of%corpuscles%moBon%in%water% 
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HHuuyyggeenn’’ss PPrriinncciippllee  
•	 Huygen%assumed%that%light%is%a%form%of%wave%moBon.% 

•	 A%geometric%construcBon%for%determining%the%posiBon%of%a%new%wave%at%some%point% 
based%on%the%knowledge%of%the%wave%front%that%preceded%it.% 

•	 All%points%on%a%given%wave%front%are%taken%as%point%sources%for%the%producBon%of% 
spherical%secondary%wavers,%called%wavelets.% 

Water%surface% 

DirecBon%of%wave%moBon%in%air% 

DirecBon%of%wave%moBon%in%water% 

Light%wave%in%air% 

Light%wave%in%water% 
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PPaarrttiicclleess oorr WWaavveess  
DDoouubbllee--SSlliitt EExxppeerriimmeenntt  
TThhiinn FFiillmm IInntteerrffeerreennccee  

BBiirreeffrriinnggeennccee IInntteerrffeerreennccee  
AApppplliiccaattiioonnss  
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      PPaarrttiicclleess oorr WWaavveess??  

parBcles%  

? 
waves% 

Barrier%% 
With%two%slits% 

detector% 
screen% 

What%should%we%see%on%the%  
detector%screen%?%  

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϳ%  
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http://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-007-electromagnetic-energy-from-motors-to-lasers-spring-2011/index.htm


          TThhoommaass YYoouunngg’’ss DDoouubbllee SSlliitt EExxppeerriimmeenntt  

Coherent% 
Sunlight% 

From%single% 
slit% 

Barrier%with% 
double%slits% 

construcBve% 
interference% 

PropagaBon% 
direcBon% 

Barrier%%  
With%two%slits% 

detector%screen%  

? 

destrucBve% 
interference% 

detector% 
screen% 

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϳ%  
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IInntteerrffeerreennccee 
Dark%(destrucBve% 

S1 

S2 

d 

L 

Bright%(construcBve% 
interference)% 

S
c
r
e

e
n

% 

S1 

S2 

d 

interference)% 

✓1 

/2 L 

✓2 

Bright%(construcBve% 
interference)% 

L 

Waves%at%slits%have%to%be%coherent((  
for%interference%to%occur!%%  

%  
Two%different%light%bulbs%in%front%of%%  

each%slit%will%not%give%interference%paWern.(  d  

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϳ%  
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    IInntteerrffeerreennccee FFrriinnggeess  

dsin(θ) = m⇥, m = 0, ±1, ±2, ... ConstrucBve%  

dsin(θ) = (m + 1/2)⇥, m = 0, ±1, ±2, ... DestrucBve%  

m%%%%is%the%order%of%an%interference%fringe%  
construcBve%% m = 3 2 1 0 1 2 3 
interference% 

l2 

l1 
✓ 

✓ 

l1 l2 = dsin( ) 

destrucBve%% 
interference% 

S12 1 0 0 1 2 3 

S2  

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϳ%  
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IInntteerrffeerreennccee PPrreeccoonnddiittiioonnss  

1.	 Light%must%be%monochroma+c,%i.e.,%involve%% 
just%a%single%frequency%(single%wavelength).% 

2.	 Light%sources%must%be%coherent,%% 
the%relaBve%phase%is%always%the%same.% 

3.	 Light%sources%must%have%the%same(amplitudes.%  

% 
%%%%%

If%these%condiBons%do%not%hold,%one%sBll%gets%construcBve%and% 
destrucBve%interference%but%the%interference%paWern%can% 
change%with%Bme%or%not%be%complete%(destrucBve%interference% 
leads%to%a%decrease%in%amplitude%but%not%to%zero%amplitude).% 

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϳ%  
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  AAccttiivviittyy  

Do%you%know%which%one%is%CD,%DVD,%and%BlueHray?%  

17
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DDiiffffrraaccttiioonn ooff LLiigghhtt FFrroomm CCDD//DDVVDD  

L
a

s
e

r
%
 

✓✓ 

Laser%asinθ = m⇥ 

✓ 
✓ 

a 

2%bumps%on%a%CD/DVD%surface%

CD/DVD%surface%acts%like%a%diffracBon%graBng%  
How%much%informaBon%can%the%CD%store?%  

CD% 
nanostructure% 

7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 
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PPaarrttiicclleess oorr WWaavveess  
DDoouubbllee--SSlliitt EExxppeerriimmeenntt  
TThhiinn FFiillmm IInntteerrffeerreennccee  

BBiirreeffrriinnggeennccee IInntteerrffeerreennccee  
AApppplliiccaattiioonnss  
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TThhiinn FFiillmm IInntteerrffeerreennccee  

3KRWR�FRXUWHV\�RI�<RNR�1HNRQRPDQLD�RQ�)OLFNU� 

Light%reflected%form%the%upper%and%lower%surfaces%of%the%film%  
comes%together%in%the%eye%and%undergoes%interference.%  
%  
Some%colors%interfere%construcBvely%and%others%destrucBvely,%  
creaBng%the%color%bands%we%see.%  

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϴ%  
20

http://www.flickr.com/photos/nekonomania/4827035737/
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TThhiinn FFiillmm IInntteerrffeerreennccee  
Incident%% Incident%%  

Adopted%from%6.007͕�>ĞĐƚƵƌĞ�Ϯϳ% 

ConstrucBve%interference% DestrucBve%interference% 

Thin%part%of%bubble% 
Thick%part%of%bubble% 

light%path% reflected% 
light%paths% reflected% 

light%paths%

light%path% 

Interference%between%coincident%waves% 

Amplitude%A% 

Amplitude%B% 

Increased%% 
Amplitude%% 

Decreased%% 
Amplitude%% 

ConstrucBve%interference% DestrucBve%interference% 

3KRWR�FRXUWHV\�RI�$OL�7�RQ�)OLFNU� 
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PPaarrttiicclleess oorr WWaavveess  
DDoouubbllee--SSlliitt EExxppeerriimmeenntt  
TThhiinn FFiillmm IInntteerrffeerreennccee  

BBiirreeffrriinnggeennccee IInntteerrffeerreennccee  
AApppplliiccaattiioonnss  
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  BBiirreeffrriinnggeennccee  

A%calcite%crystal%laid%upon%a%paper%with%all% 
leWers%showing%the%double%refracBon% 
3KRWR�FRXUWHV\�RI�$QGHUV�6DQGEHUJ�RQ�)OLFNU� 

7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 

Birefringence,%or%double%refracBon,%is%the%decomposiBon%of%a%ray%of%light%into%two%rays%  
when%it%passes%through%certain%anisotropic.materials.%  
%  
Rays%passing%through%a%posiBvely%birefringent%material.%The%opBcal%axis%is%perpendicular%to%  
the%direcBon%of%the%perpendicular%component%of%incident%ray,%so%the%ray%polarized%parallel%  
to%the%opBc%axis%has%a%greater%refracBve%index%than%the%ray%polarized%perpendicular%to%it.%  
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http://www.flickr.com/photos/arenamontanus/2756010517/


    SSttrreessss--IInndduucceedd BBiirreeffrriinnggeennccee 

When%isotropic%solids%%are%under%mechanical%stress,%color%paWerns%can%be%  
observed%when%placed%between%two%crossed%polarizers.%  
%  
It%is%because%polarizaBon%of%a%light%ray%is%rotated%amer%passing%through%the%  
stressed%material%and%the%amount%of%rotaBon%is%dependent%on%wavelength.%%  

7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 

Color%paWern%of%a%plasBc%box%with%"frozen%in"%mechanical%stress% 
placed%between%two%crossed%polarizers.% 

24



  AAccttiivviittyy  

7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 

,PDJH�FRXUWHV\�RI�.ULV�0HQGR]D�RQ�:LNLPHGLD�&RPPRQV� 

How%do%you%see%Birefringence%Interference?%  
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http://commons.wikimedia.org/wiki/File:MacBook_Air_Mid_2012.png


  PPhhoottooeellaassttiicciittyy  

When%a%ray%of%plane%polarized%light%is%passed%through%a%photoelasBc%material,%it%  
gets%resolved%along%the%two%principal%stress%direcBons%and%each%of%these%  
components%experiences%different%refracBve%indices.%%  
%  
It%leads%to%a%relaBve%phase%retardaBon%between%the%two%component%waves.%The%  
interference%takes%place%and%we%get%a%fringe%paWern,%which%depends%on%relaBve%  
retardaBon.%  

Courtesy of Photoextremist.com. Used with permission.
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PPaarrttiicclleess oorr WWaavveess  
DDoouubbllee--SSlliitt EExxppeerriimmeenntt  
TThhiinn FFiillmm IInntteerrffeerreennccee  

BBiirreeffrriinnggeennccee IInntteerrffeerreennccee  
AApppplliiccaattiioonnss  
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    XX--RRaayy CCrryyssttaallooggrraapphhyy  

Illustrations of x-ray crystallography setup and angle calculations removed due to copyright restrictions.

Refer to: Figures from Young, Hugh D. "Interference and Diffraction." Chapter 26 in College Physics with
Mastering Physics. 9th ed. Addison-Wesley, 2012. ISBN: 9780321749802.
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  SSppeeccttrroommeetteerr  

29
Image by MIT OpenCourseWare.



  

 
   

  
 

SSppeeccttrroommeetteerr  

7KLV�LPDJH�LV�LQ�WKH�SXEOLF�GRPDLQ� 

Handheld%spectrometer% Desktop%spectrometer% 
$2,000%and%up% 

How%to%make%a%spectrometer%for%less%than%2%dollars?%  

Photograph of handheld spectrometer removed
due to copyright restrictions.
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          SSnneeaakk PPeeaakk ((LLaabb ##11 SSppeeccttrroommeetteerr))  
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    HHoommeemmaaddee SSppeeccttrroommeetteerr  

Diffraction grating from CD 

Droid camera held against 
diffraction grating 

Droid camera image showing 
spectrum of fluorescent bulb 

CD%graBng%pitch%=%1.6um% 

DVD%graBng%pitch%=%740nm% 

Slit made from razor blades 
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HHoommeemmaaddee SSppeeccttrroommeetteerr  

DiffracBon%graBng%from%CD%  

Parallel%light%going%through%the%tube%  

Razor%blades%to%create%a%slit% 

1. How%does%the%slit%width%influence%the%resoluBon?% 
2. Why%should%the%diffracBon%graBng%be%in%parallel%with%slit?%  
3. What%do%we%need%a%tube%in%between?% 

33



  

      
    

    

CCoonncclluussiioonnss  

dsin(θ) = m⇥, m = 0, ±1, ±2, ... Constructive  

dsin(θ) = (m + 1/2)⇥, m = 0, ±1, ±2, ... Destructive  

DDoouubbllee--SSlliitt EExxppeerriimmeenntt  

TThhiinn FFiillmm IInntteerrffeerreennccee 
3KRWR�FRXUWHV\�RI�$OL�7�RQ�)OLFNU�  

BBiirreeffrriinnggeennccee IInntteerrffeerreennccee  
Courtesy of Photoextremist.com. Used with permission.
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