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www.myscope.training Transmission Electron Microscopy 24



!"#$%&'#()*+%
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How images are formed - !"#$%&'()"#*+(,&-#.+/.

!"#$%&'()"#*+(,&+,&*-%&./0&+1&2("34%5&#,6&(227)1&+,&*8(&1*#$%19
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Image types - !"#$%&'()*+,#-.$)/
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2#6.4"((0-#"/5+2*/5".'.=*A45'#*;0#,.*0;*)"#$*&'()*+,"-+3-*"#'*)+.21..')*+3*45'*.'24+03*03*B/'2+"(+.4*>CD*4'253+E1'.

("4'#*+3*45+.*,0)1('=
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How do I get a good image? - Instrument alignment -
!"##$%&'(#)*#"+',$#-'$%(#*./"%#')0$&%/"%#
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()*'6530"&;'<01('3%=*'%&'5()*.':5."1'5:'"%6.51658>?'()*'7*#"'#315'&**41'(5'7*'65..*6(*4':5.'#&>'#1(%$"#(%1"?'#&4
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,5-2'",'<7'-511*/(',#"%%'<%.-D,'12&/'+*#$%*/('"6"7'12&'-&/1&)')&(*./@'()*/+*/(@'"/+'$.%*,2*/(@'.)'12*//*/('6*12'"/
*./'<&"#3'42*,'$).+5-&,'"'12*/'+*,-'.)'?.*%'12"1'+.&,'/.1'/&&+'?5)12&)',5$$.)13'M51'12&,&'$).-&,,&,'")&'5,5"%%7'./%7
5,&+'?.)'2&"1B,1"<%&'.)'*/.)("/*-'2")+'#"1&)*"%,',5-2'",'#&1"%,'"/+'-&)"#*-,3

O")1*-5%"1&,'-"/'<&',5,$&/+&+'*/'"',.%:&/1'"/+'$%"-&+'./'"',5$$.)1'9%#'+*)&-1%73
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C#"(&' ,2.6,' "' $..)%7' $)&$")&+' ,$&-*#&/' 6*12' ./%7' "' ,#"%%' )*#' .?' 1)"/,#*,,*./3' C#"(&' 1"D&/' ?).#' "' ,$&-*#&/' .?' 2.1' ).%%&+
#"(/&,*5#@'*#"(&+'5,*/('<)*(21'9&%+'!4GH'#.+&3'C#"(&'-.5)1&,7'J*DD*'!1"/?.)+@'L/*:&),*17'.?'!.512'A5,1)"%*"3
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Organic (soft) samples - 
!"##$%&'(#)*#"+',$#-'.*&)%$/'()012"(

!"##$%&'()*+,**&(-.*-/./+%#&(0*+"#1$
!"#$#%&$#%'"$##%(&)*%'+,#-%./%-&(,0#%,$#,&$&').*%(#'".1-%'"&'%&$#%1#-)2*#1%'.%,$#-#$3#%4#0050&$%-'$54'5$#-%&*1
#*"&*4#%4.*'$&-'6%!"#-#%&$#7%4$+.%89&').*:%4"#()4&0%89&').*%&*1%*#2&')3#%-'&)*)*26

!"#%'#4"*);5#%./%4".)4#%'.%5-#%.*%&%-&(,0#%1#,#*1-%.*%'"#%*&'5$#%./%'"#%-&(,0#:%'"#%1#-)$#1%#*1%,.)*'%&*1%'"#
#;5),(#*'%&3&)0&<0#6%=&(,0#-%'"&'%*##1%'.%<#%0&<#0#1%'.%,)*>,.)*'%'"#%,.-)').*%./%,$.'#)*-%?)((5*.0&<#0)*2@%$#;5)$#
&%1)A#$#*'%,$.'.4.0%/$.(%-&(,0#-%'"&'%&$#%<#)*2%-0)4#1%'")*0+%'.%0..B%&'%)*"#$#*'%(.$,".0.2+6%C"#*%)'%)-%1#-)$#1%.*0+
'.%-##%'"#%.5'0)*#%.$%-5$/&4#%-"&,#%./%'"#%-&(,0#%'"#*%&%*#2&')3#%-'&)*)*2%'#4"*);5#%)-%*##1#16
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!"#$%&'($)#)&*

!"#$%&'($)#)&*+ ',+ #-.+ /%&.+ 0'1./+ #)+ #%2'/0+ #-'/+ ,.(#')/,+ )3+ #-.+ 4%(.+ )4+ %+ ,%&5".+ 6")(27+ 8-.+ #.$&+ ($*)9
:"#$%&'($)#)&*+$.4.$,+#)+;)'/0+#-',+<-./+#-.+,%&5".+',+4$)=./7

>+0"%,,+)$+;'%&)/;+2/'4.+ ',+:,.;+ 4)$+ #-.+,.(#')/'/07+>#+ $))&+#.&5.$%#:$.+ #-.+,.(#')/,+%$.+:,:%""*+?)%#.;+)/#)+%
,&%""+<%#.$+6%#-+%##%(-.;+#)+#-.+4$)/#+)4+#-.+2/'4.7+@4+($*)9,.(#')/'/0+',+6.'/0+:,.;+#-./+#-.+,%&5".,+%$.+(:#+;$*+%/;
,.(#')/,+%$.+"'4#.;+;'$.(#"*+4$)&+#-.+2/'4.+,:$4%(.+%,+#-.*+()&.+)3+#-.+6")(27
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!""#$%&'()&&*$+

!""#$%&'(')*+%$,"-)+%.)%/0,1-""#$%&234,)+0%&-""#$%5%(6,*')7$-8#'4,9%:#0;.#,"'*7%6<,-.,;,*')7$-8#',#.'6,*%
6'*')*,;$6,(;='(,/+%*'-$.,-$,)'((.,=0,#.-$5,'(')*+%$&%/;8#',=';6.,;**;)7'6,*%,;$*-=%6-'.,1'>5>,?@,$",5%(6,=';6.<>

!""#$%(;='(-$5, );$, =', ;)7-'A'6, %$, +'.-$, .')*-%$., ;$6, %$, *7;B'6, )+0%&.')*-%$.>, 97', %$(0, )%$.*+;-$*, -., *7;*, *7'
.;"/(',"#.*,7;A',+'*;-$'6,;$*-5'$-)-*0,6#+-$5,*7',/+%)'..-$5,.*'/.>

97',%C*'$,/+'C'++'6,9%:#0;.#,"'*7%6,#.'.,)'((., *7;*,;+',)7'"-);((0,DE'6F, )+0%&/+%*')*'6,=0, -""'+.-$5, -$,G>H,3
.#)+%.',.%(#*-%$,*%,/+'A'$*,-)'&)+0.*;(,C%+";*-%$,6#+-$5,C+''I-$5,*7'$,C+%I'$,;$6,)#*,*%,J@&?@@,$",;.,)+0%&.')*-%$.>
97'.', .')*-%$., ;+', /-):'6, #/, #.-$5, ;, C+%I'$, 6+%/, %C, G>H3, .#)+%.', *7'$, *7;B'6>, 97', .')*-%$., %$, 5+-6., ;+', *7'$
(;='('6, B-*7, ;, /+-";+0, ;$*-=%60, *7;*, -., 7-57(0, ./')-D), *%, *7', ;$*-5'$, %C, -$*'+'.*, -$, *7', .;"/('>, 97'$, ;, .')%$6
;$*-=%60, *7;*, B-((, =-$6,B-*7, *7', D+.*, -., ;//(-'6>, 97-., -., *7', %$', *7;*, -., ;**;)7'6, *%, *7', %#*.-6', %C, 5%(6, /;+*-)('.
1)%((%-6;(,5%(6,%+,/+%*'-$,K&5%(6<>,L-M'+'$*,.-I'6,/;+*-)('.,;+',;A;-(;=(',1'>5>,J,*%,H@,$",6-;"'*'+<F,B7-)7,;((%B,C%+
6%#=(',%+,*+-/(',(;='(-$5,%C,*7',%$',.;"/(',B-*7,*7',6-M'+'$*,.-I'6,./7'+'.>,97',5%(6,);$,=',.''$,#.-$5,*7',923>

L#+-$5,*7',(;='(-$5,/+%)'..,);+',"#.*,=',*;:'$,*%,=(%):,$%$&./')-D),=-$6-$5,B-*7,;,=(%):-$5,=#M'+,1'>5>,@>JN,=%A-$'
.'+#",;(=#"'$<,;$6,*%,B;.7,='*B''$,.*'/.>

2E;"/(', %C, -""#$%(;='(('6, ./')-"'$>, O;='(., );$, =', .''$, ;., .";((, =(;):, ./%*.>, !";5', )%#+*'.0, P-):, Q'==, ;$6, P%=, R;+*%$F
S$-A'+.-*0,%C,T#''$.(;$6>
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!"#$%$%&

!"#$%&'()*+#,*&-)&#&./0&'("%,&1+("&*2%&#3-4-*5&(1&*2%&,#"64%&*(&,*(6&(+&,'#**%+&%4%'*+(),7&!*&-,&)(*&1+("&'(4(8+%9&(+
:8(+%,'%)*&95%,&#,&(''8+,&-)&"8'2&4-$2*&"-'+(,'(657&.2%&3#,-'&'2%"-,*+5&(1&'%44,&-,&"#9%&1+("&4-$2*&%4%"%)*,&*2#*
9(& )(*& 6+(;-9%& "8'2& -)2%+%)*& '()*+#,*7& <%#;5& "%*#4,& *2#*& 3-)9& *(& '%44& ,*+8'*8+%,& '#)& 6+(;-9%& *2%& )%'%,,#+5
#99-*-()#4&'()*+#,*7&=+#)54&#'%*#*%&#)9&>%5)(49,&4%#9&'-*+#*%&#+%&'(""()45&8,%9&,*#-),&1(+&*2-,&68+6(,%7

=+#)54&#'%*#*%&'#)&3%&8,%9&*(&,*#-)&?2(4%&*-,,8%&3%1(+%&9%259+#*-)$@&%"3%99-)$&#)9&6(45"%+-,#*-()7&<(?%;%+@&*2%
"(+%& '(""()& #66+(#'2& -,& *(& ,*#-)& *2%& ,8+1#'%& (1& *2%& ,%'*-()& #1*%+& 84*+#"-'+(*("5& *(& #'2-%;%& ,("%& 4-"-*%9
6%)%*+#*-()&(1&*2%,%&,*#-),&-)*(&*2%&,#"64%7

.(6&*?(&-"#$%,&,2(?&-""8)($4(384-)&9%6(,-*&-)&*2%&3#,%"%)*&"%"3+#)%&(1&#&A-9)%57&B(**("&4%1*&,2(?,&#&6#+#,-*-'&'5,*@&#)9&*2%
3(**("& +-$2*& ,2(?,& #& $#,*+-'& #)*+8"& -)& #& $(34%*& '%447& C44& ,6%'-"%),& 8)9%+?%)*& '2%"-'#4& DE#*-()& -)& F7GHI;& $48*#+#49%259%@& JI
6#+#1(+"#49%259%&-)&62(,62#*%&38K%+@&*(&?2-'2&JI&,8'+(,%&?#,&#99%9@&1(44(?%9&35&,%'()9#+5&DE#*-()&-)&GI&(,"-8"&*%*+(E-9%7&.2%
,#"64%,&?%+%&*2%)&6#,,%9&*2+(8$2&#&$+#9%9&,%+-%,&(1&%*2#)(4,@&-)D4*+#*%9&?-*2&%6(E5&+%,-)&#)9&*2%&34('A,&?%+%&6(45"%+-,%9&-)&#)
(;%)& (;%+)-$2*& #*& LM& 9%$+%%,7& .2%& ,%'*-(),&?%+%& '8*& ()& #)& 84*+#"-'+(*("%& #*& NM)"& *2-'A)%,,& 8,-)$& #& 9-#"()9& A)-1%@& #)9& *2%)
,*#-)%9&?-*2&8+#)54&#'%*#*%&#)9&4%#9&'-*+#*%7&!"#$%,&'(8+*%,5&>8*2&O-44-#",@&C9%4#-9%&0-'+(,'(657
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!"#$%&'()*$+

!"#$%&'()*$+, -.*)-, (, "(+/0, $1, -(2340-5, 670-0,2(#, 80,2*+.)0, -.-30+909, 3(")*:40-, )7(), :(+, 80, :$+:0+)"()09, 8#
:0+)"*1./()*$+;, 4*<*+/,2()0"*(4, )7(),:(+,80,)"(+-3$")09,(4*<0,(+9,9*--0:)09,$",-.8%-(23409, *+,)70, 4(8$"()$"#;,-2(44
8*$4$/*:(4,-(2340-,=05/5,2*:"$80->,$",$"/(+*-2-,.3,)$,?@@,2*:"$20)"0-,4$+/A;,(+9,+$+%4*<*+/,2()0"*(4-,)7(),("0,-$1)
$",:$+)(*+,B()0",(+9,:(+,80,3"$9.:09,$",:.),)$,(33"$3"*()0,-*C05,D"#>,-$1),3$4#20"-,:(+,80,:"#$%3"$:0--09,*+,4("/0
3*0:0-,-*+:0,)70#,B*44,+$),.+90"/$,*:0,:"#-)(4,1$"2()*$+5

E$20, -(2340-, 9$, +$), -.*), :"#$%040:)"$+,2*:"$-:$3#5, E(2340-, :$+)(*+*+/, 3()7$/0+-, $", 84$$9, .-.(44#, :(++$), 80
)"(+-3$")09,-(104#,1"$2,)70*",3$*+),$1,$"*/*+,.+40--,)70#,("0,:702*:(44#,&'09,&"-)5,F)70"-,2(#,80,9(2(/09,8#,80*+/
:.),)$,(,-2(44,0+$./7,-*C0,1$",:"#$%&'()*$+5,G$-)2$")02,:7(+/0-,2(#,$::.", *1,)70"0,*-,(,904(#,80)B00+,:$440:)*+/
)70,-(2340,(+9,/0))*+/,*),)$,)70,:"#$%0H.*320+)5,67*-,:(+,80,(+,*--.0,B*)7,&049%:(./7),2()0"*(4,$",8*$3-#,-(2340-5
E$20,-(2340-,("0,I.-),)$$,8*/5

J7*40, :"#$%&'()*$+, *-, /0+0"(44#, )70, 80-), )0:7+*H.0>, *1, *), *-, (<(*4(840, (+9, )70, -(2340, *-, -.*)(840>, )70"0, *-, +$)7*+/
*+70"0+)4#,B"$+/,B*)7,.-*+/,:702*:(4,&'()*$+,(+9,3"$:0--*+/5,670,2(I$"*)#,$1,8*$4$/*:(4,-(2340-,("0,-)*44,7(+9409
)7"$./7, :702*:(4, &'()*$+>, "$$2%)0230"()."0, 907#9"()*$+>, *+&4)"()*$+, (+9, 3$4#20"*-()*$+, $1, -.""$.+9*+/, "0-*+>
80:(.-0,$1,)70,0(-0,$1,.-0>,)70,"0(9#,(<(*4(8*4*)#,$1,:702*:(4->,(+9,)70,.+-.*)(8*4*)#,$1,)70,-(2340,1$",1"00C*+/5

E30:*(4*-),7$490"-K, L), *-,B$")7,+$)*+/,)7(),)70"0,("0,-$20,-30:*(4*-),-(2340,7$490"-M:7(280"-,)7(),:(+,7(+940,B0)
-(2340-,$",N.*9-,8.),)70-0,("0,0'30+-*<0,(+9,)70*",.-0,*-,"("0,(),3"0-0+)5

!"#$%&'%()*+,'-#.(/
L),*-,B$")7,+$)*+/,)7(),)70"0,("0,-$20,-30:*(4*-),-(2340,7$490"-M:7(280"-,)7(),:(+,7(+940,B0),-(2340-,$",N.*9-,8.)
)70-0,("0,0'30+-*<0,(+9,)70*",.-0,*-,"("0,(),3"0-0+)5
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67*+%&42,:"#$,&'()*$+,$1,2.4)*%4(#0"09,4*3$-$20-5,E:(40,8(">,O@@,+25,!"09*)>,D04&+0,!70+/>,670,P+*<0"-*)#,$1,E#9+0#
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!"#$%&'()*+',%-.

!"#$ %&#$ '($ )"#*+),-$ .,/"#.$ /",0$ 1"2&+),-$ 1.')#&&#&$ /'$ &/,3+-+4#$ /"#$ &/.%)/%.#$ '($ ,$ &,*1-#5$ 6"2$ )"#*+),--2$ 78

&,*1-#&9$:.;,0+)$ ,0<$ -+=+0;$*,/#.+,-&$ %&%,--2$ 0##<$ /'$ 3#$ 1.#&#.=#<$ 3#('.#$ (%./"#.$ 1.#1,.,/+'0$ ('.$ =+#>+0;5$ !"+&

1.')#&&$ +&$.#(#..#<$/'$,&$ ?78,/+'0@5$A0-#&&$/"#$&,*1-#&$,.#$",0<-#<$ +0$/"+&$>,2$,./+(,)/&$>+--$3#$&##0$,&$,$.#&%-/$'(

<#;.,<,/+'0$'.$1'&/*'./#*$)",0;#&5

!"#$%&'(&)*$+,)-.&/0-1,'23
B-<#"2<#&$,.#$#C#)/+=#$1.+*,.2$)"#*+),-$78,/+=#&$('.$3+'-';+),-$/+&&%#&$&+0)#$/"#2$).'&&D-+0E$1.'/#+0&5

F+/"#.$('.*,-<#"2<#$'.$;-%/,.,-<#"2<#$G'.$,$*+8/%.#$'($3'/"H$+&$/"#$7.&/$78,/+=#$%&#<$'0$3+'-';+),-$/+&&%#5$!"#&#

).'&&D-+0E$1.'/#+0&$,0<$7.*$%1$/"#$/+&&%#5

:&*+%*$/#/.'8+<#$+&$%&#<$,&$,$&#)'0<,.2$78,/+=#$,0<$&/,3+-+4#&$-+1+<$)'*1'0#0/&I$)#--$*#*3.,0#&$+0$1,./+)%-,.5

J'.$ /"#$ !'E%2,&%$ /#)"0+K%#$ '($ +**%0'-,3#-+0;L$ ,$ =#.2$ *+0+*,-$ ,*'%0/$ '($ )"#*+),-$ 78,/+'0$ +&$ ,11-+#<$ G-'>

,*'%0/&$'($;-%/,.,-<#"2<#L$%.,02-$,)#/,/#H5

4-($1"&2'1$3
B-<#"2<#&$),0$78$/"#$.#&#,.)"#.@&$/+&&%#&$,&$>#--$,&$/"#$&,*1-#$&'$<'$0'/$#81'&#$&E+0L$#2#&$'.$-%0;&$/'$/"#$=,1'%.

'.$ M%+<5$ :&*+%*$ =,1'%.$ ),0$ 78$ /"#$ #2#$ ,0<$ 1.'<%)#$ 3-+0<0#&&5A.,02-$ ,)#/,/#$ +&$ .,<+',)/+=#5$ A&#$ 1.'/#)/+=#

)-'/"+0;L$;-'=#&L$#2#$1.'/#)/+'0$,0<$,$(%*#"''<5

!"#$%&'()*+

!"#$%&'()*+,-"'+.,&"-*/)+0,(#",1'("&,'+%,).,2'&&)"%,*3(,*+2",()..3",#'.,4""+,.('4)5)."%,(#&*30#,67'()*+8

9#",3.3'5,'5("&+'()/", )., (*,&":5'2", (#",1'("&, )+, (#", ()..3",1)(#,',.*5/"+(8,;2"(*+", ).,:&"<"&&"%,4"2'3.", )(, ).,-*&"
-).2)45",1)(#,(#",&".)+,(#'(,1)55,4",3."%,%3&)+0,(#",)+65(&'()*+,'+%,"-4"%%)+0,.(":8

=*(">, .'-:5"., 2'+,4",%"#$%&'("%, )+,"(#'+*5,'+%, (#"+,.1)(2#"%, (*,'2"(*+", )+, (#", 5'.(,?@@A,.*5/"+(, .(":8,9#)., ).
3."<35,(*,&"-"-4"&,)<,:&":'&)+0,.'-:5".,<*&,BCD,'+%,9CD,'(,(#",.'-",()-"E,.)+2","(#'+*5,).,:&"<"&&"%,<*&,(#",BCD
:&*2"..)+08

9#",-*&",&':)%5$,(#",.*53()*+.,'&","72#'+0"%E,(#",-*&",5)F"5$,)(,).,(#'(,()..3",%'-'0",1)55,*223&,%3&)+0,%"#$%&'()*+
(#&*30#,.#&)+F'0"8,G*&,(#).,&"'.*+,',.5*1,"72#'+0",).,4".(,*/"&,',."&)".,*<, )+2&"'.)+0,.*5/"+(,2*+2"+(&'()*+.8,G*&
"7'-:5",$*3,2'+,.('&(,1)(#,H@A,.*5/"+(,(#"+,-*/",(*,I@AE,3:,(*,J@AE,K@AE,L@AE,M@A,'+%,6+'55$,(*,N,2#'+0".,*<
?@@A8

9#",()-",+""%"%,<*&,',<355,"72#'+0",'+%,:"+"(&'()*+,)+(*,(#",()..3",%":"+%.,*+,(#",.'-:5">,(#",.-'55"&,(#",()..3"
45*2F,*&,.'-:5"E,(#",4"(("&8,B*-",.'-:5".,.32#,'.,:5'+(.E,'+%,:'&()235'&5$,.""%.E,'&",.5*1"&,(*,:"+"(&'(",4"2'3."
(#"$, #'/", ', 2"55,1'55, '+%, (#"&"<*&", (#".", ('F", 5*+0"&, (*, %"#$%&'("8, 9#", 3.3'5, 4"+2#, :&*(*2*5, <*&,-*.(, .'-:5".
1*35%, 4", ?@, (*, ?I, -)+3("., :"&, "72#'+0"8, O&*45"-, .'-:5"., -'$, &"P3)&", ', <"1, #*3&., (*, */"&+)0#(, <*&, "'2#
"72#'+0"8

;, 5'4*&'(*&$,-)2&*1'/", Q"808, (#",R)*S'/",-)2&*1'/"T,2'+,4",3."%,(*,.:""%,3:,(#",:&*2"..8,G*&,%"#$%&'()*+,$*3
2'+,3.",NI@,1'((.,'+%,U@,."2*+%.,:"&,"72#'+0"E,1)(#,+*,/'233-,+""%"%8,;+,"7'-:5",."P3"+2",).,I@AE,K@AE,M@,*&
MIAE,?@@A,'+%,?@@A8
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!"#$%&'%()"

!"#$%&'(#)*$+,*",)$*"#$%-./'#$)##0%$*&$1#$2#/'-3#0$+,*"$-$.,%3,1'#$2#%,)$*"-*$+,''$/&'4.#2,%#$*&$-$"-205$16*$#-%4$*&
36*5$.-*#2,-'7$!",%$%*#/$,%$3-''#0$,)8'*2-*,&)7

!"#$-,.$9&2$1,&'&:,3-'$%-./'#%$,%$3&./'#*#$-)0$6),9&2.$/#)#*2-*,&)$&9$*"#$%/#3,.#)7$!",%$,%$-3",#(#0$14$:2-06-''4
0#32#-%,):$*"#$3&)3#)*2-*,&)$&9$*"#$%&'(#)*$-)0$/2&/&2*,&)-''4$,)32#-%,):$*"#$3&)3#)*2-*,&)$&9$*"#$2#%,)$,)$,*%$;6,0
9&2.7

!"#$/2&3#%%$%"&6'0$)&*$1#$/2&'&):#0$6))#3#%%-2,'4$1#3-6%#$#<*2-3*,&)$&9$.-*#2,-'$92&.$*"#$%-./'#$3-)$*"#)$&3362=
2#%,)$.&)&.#2%$-2#$:&&0$&2:-),3$%&'(#)*%7

>2&*&3&'%$-2#$0#/#)0#)*$&)$*"#$%-./'#$*4/#$-)0$%,?#$16*$-)$#<-./'#$+&6'0$2#@6,2#$%&.#*",):$',A#=
BCD$"&62%=$EFG$2#%,)$H$EFG$%&'(#)*
D$"&62%=$IFG$2#%,)$H$JFG$%&'(#)*
D$"&62%=$KEG$2#%,)$H$EG$%&'(#)*
D$"&62%=$BFFG$2#%,)
D$"&62%=$BFF$G$2#%,)$L&2$&(#2),:"*$,)$92#%"$BFFG$2#%,)M

N''$,)8'*2-*,&)$,%$1#%*$0&)#$,)$(,-'%$&)$-$2&*-*,):$0,%3$&2$+,*"$2#:6'-2$-:,*-*,&)$&2$:#)*'#$%"-A,):7

O-1&2-*&24$.,32&+-(#C-%%,%*#0$,)8'*2-*,&)$,%$.63"$9-%*#2$*"-)$,)8'*2-*,&)$P&)$*"#$1#)3"Q5$*-A,):$&)'4$-$9#+$.,)6*#%
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E$.("'-.25('"%-+",("%&1"3(5-1*C(59"=&*%D59"H*14"-">?@",&1"23(2-3-1*$+"$#"B:,-3"'-.25('"%-+"1-D("K:L"4$&3';"8-''"*'

(3$)()"$&1"#3$."-"13(+%4"1$"5(-C("-"14*+"3(%1-+I5("-+)"14*'"%-+"14(+",("%&1"#3(("1$",(%$.("14("'-.25(;
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!"#$%&'#(

!"#$%&'#()&"*)+%#*,)%+-,.)$,)/01)(2*'$3*,(4)/5*(*)'&,)6*)#5*)"*(-7#)+%)2"+67*3()8$#5)#5*)$,$#$&7)'5+$'*)+%)(&327*)+"
'&,).*9*7+2).-"$,:)2"*2&"&#$+,4);$,'*)#5*)&$3)$()#+)2"+.-'*)&)(&327*)%+")9$*8$,:)#5&#)$()&"#$%&'#)%"**)$#)$()$32+"#&,#
#+)6*)&67*)#+)"*'+:,$(*)&"#$%&'#()&,.).*#*"3$,*)85&#)5&()'&-(*.)#5*34

<,)25=($'&7)('$*,'*)2"*2&"&#$+,(>)&"#$%&'#()3&=)&"$(*)%"+3)(*9*"&7)(+-"'*(4)?+")*@&327*>).-"$,:)$+,)3$77$,:A#5$,,$,:>
&":+,)$+,()'&,)6*)$327&,#*.)$,#+)#5*)(&327*)&,.)#5$()'&,)"*(-7#)$,)&3+"25$(&#$+,)&,.)25&(*)#"&,(%+"3&#$+,(4)/5$(
$() '&-(*.) 6=) -($,:) #++) 5$:5) &,) &''*7*"&#$+,) 9+7#&:*) 7*&.$,:) #+) *,*":*#$') $+,() .&3&:$,:) #5*) (2*'$3*,4) B5*3$'&7
2"*2&"&#$+,)2"+'*.-"*() '&,) 7*&9*) '+,#&3$,&#$+,)+,) #5*) (&327*4) C++")3*'5&,$'&7) 2+7$(5$,:) '&,)2"+.-'*)-,*9*,
(-"%&'*()&,.)('"&#'5*(>) 7*&9*)"*($.-*()+") $,#"+.-'*).$(7+'&#$+,() $,#+)#5*)(&327*4)09*,)2"*2&"&#$+,)+%)2&"#$'-7&#*(
+,)&)(&327*):"$.)'&,)"*(-7#)$,)&"#$%&'#()$%)#5*)(&327*()&"*)(+,$'&#*.)%+")#++)7+,:)+")#5*)8"+,:)(+79*,#)'5+(*,4)D5*,
-($,:)'"=+E#*'5,$F-*() #5*)(&327*)3-(#)6*)&67*) #+) #+7*"&#*) #5*) 7+8) #*32*"&#-"*() $,9+79*.)8$#5+-#)'+32"+3$($,:
#5*)(#"-'#-"*4

?+")6$+7+:$'&7)(&327*()G@&#$+,)'&,)$,#"+.-'*)&"#$%&'#(4);&327*).*:"&.&#$+,)'&,)+''-")&()&)"*(-7#)+%)#++)3-'5)#$3*
*7&2($,:) 6*#8**,) 5&"9*(#$,:) &) (&327*) &,.) G@&#$+,4) 1*'5&,$'&7) .&3&:*) '&,) 6*) $,#"+.-'*.) 6=) 2++") 5&"9*(#$,:
2"+'*.-"*(4) H(3+#$') .&3&:*) '&,) +''-") 6=) ,+#) 3&#'5$,:) #5*) G@&#$+,) (+7-#$+,) #+) #5*) (&327*) '+,.$#$+,(4) C++"
8&(5$,:)6*#8**,)G@&#$+,)(#*2()'&,)7&#*")"*(-7#)$,)#5*)&22*&"&,'*)+%)I2*22*"J)$,)#5*)(&327*)%"+3)2"*'$2$#&#$+,4

B"=+EG@&#$+,)5&()$#()+8,)"&,:*)+%)&"#$%&'#()"*7&#*.)#+)(&327*)#5$'K,*(()&,.)#++)(7+8)&)'++7$,:)"&#*4

L*5=."&#$+,)&,.)"*($,)$,G7#"&#$+,)'&,)"*(-7#)$,)&"#$%&'#(4)M*3+9$,:)8&#*")#++)F-$'K7=)'&,)"*(-7#)$,)(5"$,K&:*)&"#$%&'#(4
C++")"*($,)$,G7#"&#$+,)&,.)2+7=3*"$N&#$+,)'&,)"*(-7#)$,)5+7*()$,)&)(&327*4

/5*)(*'#$+,$,:)+%)3&#*"$&7)$,#"+.-'*()&,+#5*")(*#)+%)2+(($67*)&"#$%&'#(O)#*&"$,:>)'+32"*(($+,>)+")('"&#'5*(4

;#&$,$,:)(&327*()'&,)"*(-7#) $,)2"*'$2$#&#$+,)+,)#5*)(-"%&'*4)09*,)6"*&#5$,:)#++)5*&9$7=)+,)(&327*().-"$,:)(#&$,$,:
8$#5)7*&.)'$#"&#*)8$77)"*(-7#)$,)7*&.)'&"6+,&#*)2"*'$2$#&#$+,4)C++")'7*&,7$,*(()+%)*F-$23*,#)P%+"'*2(Q)&,.)6*,'5)'&,
"*(-7#)$,)+$7()&,.)'+,#&3$,&#$+,)*,.$,:)-2)+,)#5*)(&327*)(-"%&'*4

B+,.*,($,:)#5*)6*&3)$,($.*)#5*)3$'"+('+2*)#++)"&2$.7=)+,#+)#5*)(&327*)'&,)&7(+)'&-(*).&3&:*)#+)#5*)(2*'$3*,)+"
#5*)G73)+,)#5*):"$.4

/01)3$'"+:"&25)+%)'+7+"*'#&7)'&,'*")'*77()8$#5)(2*'$3*,)2"*2&"&#$+,)&"#*%&'#() $,'7-.$,:)#*&"() $,) #5*)(*'#$+,>)(#&$,$,:)2"*'$2$#&#*( 
&,.)K,$%*)3&"K()%"+3)(*'#$+,$,:R);'&7*)6&"O)STTT,3R)B"*.$#O)U&9**,&)V+K++72&"(&.5>)/5*)W,$9*"($#=)+%);=.,*=
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Specialised TEM techniques - Cryo – TEM - 
!"#$%&'(#)%"*#%*+$,%

!"#$%&#%'()#*+#%),-./#)%0$%1"#%#/#21*'$%-02*')2'.#3%&#%,/&,4)%",+#%1'%5##.%0$%-0$6%1",1%&#%(*0$7%'8*%),-./#)
0$1'% 1"#% +,288-% '9% 1"#% #/#21*'$% -02*')2'.#% 2'/8-$% ,$6% ('-(,*6% 1"#-% &01"% "07"% #$#*74% $#7,10+#% 2",*7#6
.,*102/#)3%1"#%#/#21*'$):

;'*%-')1%(0'/'702,/%),-./#)% 1"0)% 0)%,%+#*4%"')10/#%#$+0*'$-#$1%,$6%(0'/'70)1)%7'% 1'%7*#,1% /#$71")% 1'%.*#.,*#% 1"#0*
),-./#)%9'*%1"0)%#$+0*'$-#$1%)'%1",1%1"#4%2,$%(#%2'$<6#$1%1",1%1"#%)1*8218*#)%1"#4%'()#*+#%,*#%2/')#%1'%1"#0*%$,10+#
)1,1#%,$6%1",1%,%2#//%0)%)10//%*#2'7$0),(/#%,)%,%2#//%,$6%6'#)$=1%/''5%/05#%,%7*,.#3%1",1%,91#*%6*40$73%0)%1*,$)9'*-#6%0$1'%,
*,0)0$:

>$#% -#1"'6% 1'% ,*2"0+#% 1"0)% 0)% 1'% )$,.% 9*##?#% /0+0$7% 2#//)% '*% 2#//% #@1*,21)% &"0/#% 1"#4% ,*#% )10//% 0$% 1"#0*% $,10+#
#$+0*'$-#$1%,$6%'()#*+#%1"#-%0$%,%9*'?#$3%(81%'1"#*&0)#%$,10+#%)1,1#%0$%1"#%#/#21*'$%-02*')2'.#:%!"0/#%1"0)%)'8$6)
#,)4%1'%6'3%0$%*#,/014%1"#*#%,*#%A801#%,%9#&%'()1,2/#)%1'%'+#*2'-#%0$%'*6#*%1'%7#1%1"#%6#)0*#6%'812'-#:%B'1%&01"'81
*#,)'$%",+#%1"#%.0'$##*)%'9%1"0)%<#/6%(##$%*#2#$1/4%,&,*6#6%1"#%B'(#/%C*0?#:

D"#%<*)1%'()1,2/#%0)%1'%9*##?#%1"#%&,1#*%.*'.#*/4:%D"#%2'$+#$10'$,/%&,4%'9%9*##?0$7%&,1#*%0)%1'%E8)1%)/'&/4%/'&#*%1"#
1#-.#*,18*#% 8$10/% #+#$18,//4% 1"#% &,1#*% )'/060<#)3% (81% &",1% ",..#$)% 68*0$7% 1"0)% .*'2#))% '$% ,%-'/#28/,*% /#+#/% 0)
,()'/81#/4%6#)1*8210+#%9'*%2#//)%(81%,/)'%.'1#$10,//4%6#)1*8210+#%9'*%0)'/,1#6%(0'/'702,/%-'/#28/#):

F#)06#)% /'2,/% 2'$2#$1*,10'$% 2",$7#)% '9% 1"#% )'/81#)% 0$% 1"#% -#608-% 0$% ,$6% ,*'8$6% 1"#% 2#//)% 68*0$7% 1"#% 2''/0$7
.*'2#))3%1"#%&,1#*%#+#$18,//4%9'*-)%"#@,7'$,/%02#%2*4)1,/)%,$6%1"#%+'/8-#%'9%1"#%&,1#*%0$2*#,)#)%(4%,('81%GH:%D"#
7*'&0$7%02#%2*4)1,/)%.0#*2#%1"#%2#//%-#-(*,$#%,$6%*8.18*#%2#//%&,//)%,$6%1"#%/'2,/%2'$2#$1*,10'$)%2",$7#)%'9%),/1)
,$6%(8I#*%)8()1,$2#)%2,$%2,8)#%",+'2%9'*%1"#%<$#/4%18$#6%(8I#*%2'$6010'$)%9'*%0)'/,1#6%-,2*'-'/#28/#)%/#,60$7%1'
.*#20.01,10'$%,$6%6#$,18*,10'$:

J/1"'87"%$'1%,//%-,2*'-'/#28/#)%,*#%1",1%)#$)010+#%1'%9*##?0$7%1"#%.*#)#$2#%'9%02#%2*4)1,/)%,/'$#%&0//%0$1#*9#*#%&01"
1"#%0-,7#%9'*-,10'$%(4%1"#%#/#21*'$%(#,-:%K/#21*'$)%2,$%#$6%8.%60I*,210$7%,/'$7%1"#%2*4)1,/%./,$#)%'9%1"#%02#%*,1"#*
1",$%,//'&0$7%1"#%2'$+#$10'$,/%0-,70$7%'9%1"#%),-./#):%D"#%&,4%,*'8$6%1"0)%0)%1'%,+'06%9'*-,10'$%'9%"#@,7'$,/%02#
2*4)1,/)%68*0$7%1"#%9*##?0$7:

!,1#*%$##6)% 1'%(#% 9*'?#$% 0$% ,% 7/,))% /05#% ,-'*."'8)% )1,1#3% '*% ,1% /#,)1%&01"%'$/4% +#*4% )-,//% 02#% 2*4)1,/)% 1",1%6'$=1
2",$7#%1"#%6#$)014%'9%&,1#*%,$6%6'$=1%0$1#*9#*#%&01"%1"#%#/#21*'$%(#,-%0$%1"#%KL:%;'*%(0'/'702,/%),-./#)%1"#*#%,*#
1&'%60I#*#$1%-#1"'6)%1'%,2"0#+#%1"0):
M:% ;'*%),-./#)%1"0$$#*%1",$%N:O%--3%&,1#*%2,$%(#%9*'?#$%(4%.*#))8*0)0$7%01%1'%OMNN(,*%E8)1%(#9'*#%9*##?0$7%01%&01"

/0A806%$01*'7#$%6'&$%1'%,%1#-.#*,18*#%'9%PMGQRS:%D"0)%20*28-+#$1)%1"#%"#@,7'$,/%02#%.",)#%,$6%2,$%(#%8)#6%9'*
2#//%)8).#$)0'$)%'*%)-,//%.0#2#)%'9%10))8#3%(81%'91#$%$##6)%98*1"#*%.*'2#))0$7%0:#:%(4%1"0$$0$7%'9%1"#%),-./#%0$%,
2*4'P8/1*,-02*'1'-#:%%T)##%,/)'%)0-./0<#6%.",)#%60,7*,-%'9%&,1#*%0$%)/06#%OU

O:% F4%2''/0$7%&,1#*%6'&$%1'%PMGQRS%,1%,-(0#$1%.*#))8*#%0$%,%1"0$%/,4#*3%(81%,1%,%).##6%9,)1#*%1",$%MN3NNNRSV):%D"#
/,)1%-#1"'6%9'*-)%1*8/4%,-'*."'8)3%+01*0<#6%02#%&01"%$'%02#%2*4)1,/):
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!"#$%&#'$()*+

!"#$%&'"(")'*+(%#,-*'.-/#%*+/0$%1'$2#$+/3%$2-%2"#$'(-%-/4'5"/.-/$%'/#'3-%$2-%67!%1'$2"8$%#,-*'+(%,5-,+5+$'"/9%:"5
'#"(+$-3%,5"$-'/%.+5*"."(-*8(-#%$2-%#'.,(-#$%1+;%$"%3"%$2'#%'#%$"%35;%$2-%#+.,(-#%"/%+%$2'/%*+5&"/%<(.%+/3%*"/$5+#$
$2-.%1'$2%2-+4;%.-$+(#%#+($#%('=-%85+/;(%+*-$+$-%>/-)+$'4-%#$+'/'/)?9%62-%3'#+34+/$+)-%'#%$2+$%35;'/)%+/3%*"/$5+#$'/)
*2+/)-#%$2-%#+.,(-%#$58*$85-9

62-%#"(8$'"/%'#%$"%@5--A-%$2-%.+*5"."(-*8(-#%'/%$2-'5%/+$'4-%#"(8$'"/%'/%+%$2'/%1+$-5%<(.%"4-5%2"(-#%'/%+%*+5&"/%<(.9
62'#%+(("1#%&'"(")'*+(%.+$-5'+(%$"%&-%#+@-(;%'/$5"38*-3%'/$"%$2-%4+*88.%"@%$2-%67!%*"(8./9%62-;%+5-%2"1-4-5B%#$'((
4-5;%&-+.%#-/#'$'4-9%C$%$-.,-5+$85-#%"@%DEFGHI%+/3%+$%JGG=K%+**-(-5+$'"/%4"($+)-%&-+.L'/38*-3%3+.+)-%&-)'/#%+$
+/%-(-*$5"/%3"#-%"@%(-##%$2+/%JG-MNO9%62'#%'#%.8*2%(-##%$2+/%35'-3%+/3%2-+4;L.-$+(L*"/$5+#$-3%#+.,(-#%$"(-5+$-9

!"#$%&$'(&)*+',-.')-/*'0-&)%1%-&/
P&#-54+$'"/%"@% @5"A-/%2;35+$-3%#+.,(-#% '/% $2-%-(-*$5"/%&-+.%/--3#%+% #,-*'+('#-3% '.+)'/)%,5"*-385-%*+((-3%Q"1
R"#-%S.+)'/)9%:"5%$2'#%$2-%#-+5*2'/)B%@"*8##'/)%+/3%'.+)'/)%$+#=#%+5-%3"/-%+$%3'T-5-/$%.+)/'<*+$'"/#%+/3%3'T-5-/$
+5-+#%"@%$2-%#+.,(-%)5'39%U-+5*2'/)%@"5%+%#8'$+&(-%'.+)'/)%,"#'$'"/%'#%3"/-%+$%("1%.+)/'<*+$'"/#%"@%+5"8/3%VEWGGB
@"*8##'/)%'#%3"/-%+$%$2-%'.+)'/)%.+)/'<*+$'"/B%&8$%1'$2%$2-%&-+.%#2'@$-3%+1+;%@5".%$2-%+*$8+(% '.+)'/)%+5-+9%:"5
$2-% '.+)'/)%$2-%&-+.%'#%#2'@$-3%&+*=%+/3%+%,2"$"% '#%5-*"53-3%#"%+#%/"$%$"%-V*--3%$2-%+&"4-%.-/$'"/-3%-(-*$5"/
3"#-9
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!"#$%&##'()*$+&,-#..

!"#$%&'(")*((+(*",-"%-(."/0"-&1#")*((+("/2("-13#$(4"5&",/-"-,3#$(-/")0*3"/2,-",-"1"'%,$$0/,&(6$,7("-(/6%#"/21/"20$.-"1&

89"-13#$("'*,.":,/2"1"#1,*"0)" /:((+(*-"0;(*"1" <0&/1,&(*":,/2" $,=%,."(/21&("1-"1" <*>0'(&4" ?2(" <*>0'(&" ,-" 7(#/"1/

6@ABCD"E>"$,=%,."&,/*0'(&4

?2("'*,.",-"<0;(*(.":,/2"1"/2,&"<1*E0&"F$3G"/21/"%-%1$$>"21-"1"#1//(*&"0)"/,&>"20$(-"0)"1E0%/"@6HI3",&",/4"J%-/"E()0*(

)*((+,&'G"1"-31$$".*0#"0)"/2("-13#$(",-"#$1<(."0&"/2("'*,."1&."/2("(K<(--"$,=%,.",-"E$0//(."1:1>":,/2"1"#,(<("0)"F$/(*

#1#(*"%&/,$"0&$>"1"/2,&":1/(*"F$3"0)"$(--"/21&"@BB&3",-"-#1&&,&'"/2("20$(-4"J%-/"E()0*("/2("/2,&":1/(*"F$3"0;(*"/2(

20$(-" *%#/%*(-" /2("#$%&'("3(<21&,-3" ,-" /*,''(*(."1&." /2("-13#$("'*,." ,-"#$%&'(." ,&/0" /2("<*>0'(&4"?2(":1/(*" ,-

,&-/1&/$>")*0+(&":,/2"/2("-31$$"#*0/(,&"#1*/,<$(-"*1&.03$>"0*,(&/1/(."1&."(3E(..(.",&"/2(",<(4"?2("*1#,.")*((+,&'

*1/("0)"1##*0K,31/($>"@BGBBBCDL-")0*3-"130*#20%-",<(":,/20%/"1&>",<("<*>-/1$-4
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Diffraction - !"#$%&'(#)%"*#%*&)+$,(#)%"

!"#$ !%&$ '()$ *+,-./#$ .)0,+1(2.,)$ (3,42$ 2"#$ 452+(62+4'24+#$ ,0$ ($ 6(1*5#7$ .)'54/.)8$ .26$ '+962(55.)#$ )(24+#:$ ;+962(5
5(22.'#6$('2$(6$($/.<+('2.,)$8+(2.)8$=.2"$.)2#+0#+#)'#$*(22#+)6$*+,/4'#/$.)$2"#$#5#'2+,)$3#(1$(6$.2$2+(-#56$,42$0+,1
2"#$5(22.'#:$!"#6#$'()$3#$*+,>#'2#/$(6$()$.1(8#$,0$+#845(+$/,26$,+$+.)86:

?52",48"$),2$.11#/.(2#59$,3-.,46$0+,1$3+.8"2$@#5/$!%&$1.'+,8+(*"67$(55$'+962(55.)#$6*#'.1#)6$/.<+('2$2"#$#5#'2+,)
3#(1$ /4+.)8$ !%&$ .1(8.)87$ ()/$ .2$ .6$ 5(+8#59$ 2".6$ /.<+('2.,)$ 2"(2$ '+#(2#6$ 2"#$ .1(8#6$=#$ 6##:$ !%&$ /.<+('2.,)$ ()/
.1(8.)8$(+#$ 2"#+#0,+#$'5,6#59$ 5.)A#/:$B#2C6$ +#-.6.2$!%&$ .1(8#$ 0,+1(2.,)$ .)$1,+#$/#2(.5$ 2,$"#5*$46$4)/#+62()/$",=
/.<+('2.,)$.1(8#6$(+#$0,+1#/:

!%&$ .1(8#6$(+#$ 0,+1#/$ .)$ 2=,$ 62(8#6:$ D)$ 2"#$@+62$ 62(8#7$ E2(8#$?7$ 2"#$ 6*#'.1#)$ 6'(22#+6$ 2"#$#5#'2+,)$3#(1:$ !".6
6'(22#+#/$3#(1$*(66#6$2"+,48"$()$,3>#'2.-#$5#)67$=".'"$0,'46#6$.2$2,$0,+1$2"#$*+.1(+9$.1(8#:
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!"#$6#',)/$62(8#7$E2(8#$F$46#6$ 2"#$*+.1(+9$ .1(8#$,32(.)#/$ .)$62(8#$?$()/$1(8).@#6$ 2".6$ .1(8#$46.)8$(//.2.,)(5
5#)6#6$2,$0,+1$($".8"59$1(8).@#/$@)(5$.1(8#:
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!"#$%&#''%#(#)*%

!"#$%&$#'(&)%*+("%,)-#+./0"(10#'(/#23$%4%"#5%6.(+"%,)#+,)".(0"7#8$%0#+()#,++9.#:,.#,)2#,:#";,#.2(0,)0<
=7# >".,)&1/#5%6.(+"%)&# .2&%,)0#,:# +./0"(10# +()#(??2(.#5(.@2.#42+(902# "$2.2#(.2# :2;2.#212+".,)0# ".()0'%""25#(1,)&

"$2#?.%'(./#42('7#8$202#+./0"(10#'(/#42#0%""%)&#,)#"$2#&.%5#$,152.#("#(#"%1"25#()&12#0,#"$("#(#1(""%+2#,:#"$2#+./0"(1
1%)20#9?#?(.(1121#",#"$2#42('7

A7# 8$%+@2.#.2&%,)0#,:#(#0('?12#+()#(10,#(??2(.#5(.@2.#592#",#&.2("2.#0+(""2.%)&7#8$%0#+()#42#022)#%)#"$2#%'(&2#$2.2-
;$2.2#0,'2#+./0"(110#(.2#1/%)&#,)#",?#,:#,)2#(),"$2.7

!0# "$2# 0('?12# %0# "%1"25# %"#;%11# +$()&2# %)# (??2(.()+2# ",#5(.@2.#,.# 1%&$"2.# +,)".(0"#52?2)5%)&#,)#$,;# "$2#42('# %0
%)"2.(+"%)&#;%"$#"$2#%)"2.)(1#1(""%+27#B$2)#0".,)&#5%6.(+"%,)#+,)5%"%,)0#(.2#(+$%2C25-#"$2#%'(&2#;%11#(??2(.#5(.@2.#(0
',.2#212+".,)0#(.2#0+(""2.25#,9"0%52#,:#"$2#,4D2+"%C2#(?2."9.27
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+"&'%29$0)# <9'&-0'# 8-()0# $-(",0)# 2080"2+",# %"# &-0# 20<%$9)# ("2# %&-0'# 10")# (*0''(&+%")5# 4(+"17# )8-0'+$(1
(*0''(&+%"=#A78+$(117#(#H$-0'I0'#20<%$9)#%<#(88'%G=#.JK#"4#+)#9)02#L&-%9,-#&-+)#6+11#E('7#6+&-#0($-#4+$'%)$%80M=#N&
&-+)#20<%$9)#&-0#8-()0#$-(",0#$(9)02#*7#(*0''(&+%")#+"#&-0#%*F0$&+E0#10")#('0#4+"+4+)02=#!&#+)#+48%'&("&#&%#"%&0#&-(&
2+'0$&#())0))40"&#%<#$%"&'()&#+"#?@ABC#+)#"%&#8%))+*10#6+&-%9&#'+,%'%9)#$%489&0'#)+491(&+%")#("2#+)#&78+$(117#%"17
8%))+*10#<%'#&-+"#)0$&+%")#OPK#"4=
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LQNM#+)#+")0'&02#+"#&-0#*1($3#<%$(1#81("0#&%#(11%6#&-0#$0"&'(1#)8%&#&%,0&-0'#6+&-#+&)#"0('*7#)8%&)#&%#,%#&-'%9,-#&%#<%'4#("#+4(,0=#A-0
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Scanning TEM (STEM) - !"#$%&'()*+',-./

!"#$$%$&' ()#$*+%**%,$' -.-"(),$' +%"),*",/0' 1!2345' %$6,.6-*' 7,"8*%$&' #$' -.-"(),$' 9-#+' %$(,' #' *+#..' /),9-' #$:
*"#$$%$&' %(' #"),**' #' *#+/.-' 1*%+%.#)' (,' #' !345;' 2<-' %+#&-' %*' 98%.(' 8/' /%=-.>90>/%=-.' 90' ",..-"(%$&' (<-' -.-"(),$*
()#$*+%((-:' (<),8&<' (<-' *#+/.-' #(' -#"<' /,%$(' %$' (<-' *"#$;' 2<-' *#+/.-' )-?8%)-+-$(*' #)-' *%+%.#)' (,' (<,*-' 7,)
",$6-$(%,$#.'234'#$#.0*%*@'#*'*8A"%-$('-.-"(),$*'+8*('9-'()#$*+%((-:'(<),8&<'(<-'*#+/.-'(,'98%.:'8/'(<-'%+#&-;
2<-' )-*,.8(%,$' ,7' (<-' %+#&-' :-/-$:*' ,$' (<-' /),9-' *%B-@' C%(<' #(,+%"' )-*,.8(%,$' /,**%9.-' ,$' <%&<>)-*,.8(%,$
%$*()8+-$(*;' D*' %$' (<-' !34@' (<-' +#&$%E"#(%,$' ,7' (<-' !234' %+#&-' %*' *%+/.0' (<-' )#(%,' 9-(C--$' (<-' *%B-' ,7' (<-
+%"),&)#/<'7,)+-:'#$:'(<-'*%B-',7'(<-'#)-#')#*(-)-:'90'(<-'-.-"(),$'9-#+;

!"#$%&#$'(")*+,"-#.,*/+&

!"#$%&"#%'()*#%+,-$+%-,()++%-%&".$%,(/+&-00.$#%+'#,.1#$2%&"#%&(-$+1.&&#3%#0#,&()$+%4$3#(5)%3.6#(#$&%.$&#(-,&.)$+

-$3%,)$+#74#$&0/%#1#(5#%-&%8-(.)4+%-$50#+9%:"#(#%-(#%&"(##%&/'.,-0%.$&#(-,&.)$+%);%&"#%#0#,&()$+%<.&"%&"#%+'#,.1#$=

>9% ?0#,&()$+%&(-$+1.&&#3%&"()45"%&"#%+'#,.1#$%'-++%*#&<##$%&"#%-&)1+%<.&")4&%*#.$5%+,-&&#(#39

@9% ?0#,&()$+%".&%&"#%#0#,&()$%,0)43%);%-$%-&)1%-$3%0)+#%#$#(5/%*/%A$),A.$5%&"#%#0#,&()$+%)4&%);%&"#.(%+"#00+9

B9% ?0#,&()$+%&(-8#0%,0)+#%&)%&"#%$4,0#4+%);%&"#%-&)12%<"#(#%&"#%C)40)1*%D#03%);%&"#%$4,0#4+%+,-&&#(+%&"#% .$,.3#$&

#0#,&()$% .$&)%".5"%-$50#+9%:"#%+,-&&#(.$5%5#$#(-&#3%*/%&"#%C)40)1*%D#03%);% &"#%$4,0#4+% .+%,)$+.3#(#3%&)%*#%-$

#0-+&.,%+,-&&#(.$5%#8#$&%-$3%&"#%')<#(%);%+,-&&#(.$5%&"#%.$,.3#$&%#0#,&()$+%.$,(#-+#+%<.&"%&"#%-&)1.,%$41*#(%);

&"#%-&)1%EFG9%:".+%'()'#(&/%);%+,-&&#(.$5% .+%4&.0.+#3% .$%H:?I%1)3#%&)%#J-1.$#%+'#,.1#$+%,)$&-.$.$5%1)(#%&"-$

)$#%&/'#%);%-&)1+9%K&%.+%'-(&.,40-(0/%4+#;40%<"#$%&"#(#%.+%-%0-(5#%-&)1.,%$41*#(%,)$&(-+&%*#&<##$%&"#%;#-&4(#+%);

.$&#(#+&2%;)(%#J-1'0#2%-%,)''#(%'(#,.'.&-&#%.$%-$%-041.$.41%1-&(.J9
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Use of ronchigrams in STEM

What is a ronchigram?
A ronchigram is a type of di3raction pattern. It’s used to align the microscope in STEM mode to obtain the best STEM

images possible from your microscope. STEM mode works a bit di3erently to normal bright @eld TEM imaging: whereas

TEM involves a large unfocused beam of electrons interacting with the specimen, in STEM, a focused beam of electrons

(or probe) is scanned across the specimen. For each position of the STEM probe on the specimen, a di3raction pattern is

obtained – this is the ronchigram. It is these individual ronchigrams that are integrated by the software to form the @nal

STEM image.

How and why we use ronchigrams?
Ronchigrams are very sensitive to the shape, size and position of the electron probe used to form STEM images. To get

the best STEM images, the electron probe must be of the right shape and size and must be focused on the top of the

specimen. This is why most microscope adjustments are made directly on the ronchigram.

A thin amorphous region is usually used for this to avoid complications caused by crystal structure. In the @gure below

you can see that there are two main regions in the ronchigram: a central circular region bounded by concentric rings of

contrast, and the region outside of these rings. No part of this outer region should be used to optimise the STEM imaging

as it contains distortions from the scattered beams.

Ronchigrams obtained from a thin amorphous carbon 4lm in STEM mode.

The @rst adjustment is to focus the incident electron probe on the surface of the specimen, by changing the specimen

height relative to the probe. As the specimen approaches the correct height, the ronchigram changes in appearance

from having a speckled centre region, shown in the @gure on the left, to having a clear, featureless central region, shown

in the @gure on the right.

Once the incident electron probe is focused on the specimen, the ronchigram can be used to correct for astigmatism, i.e.

to make sure the probe is round. This is done by overlaying a perfect circle on the centre of the ronchigram and adjusting

the stigmators to make the ronchigram round to match the circle. Finally, the ronchigram is used to centre the

condenser aperture, by aligning it with the outer rings of the ronchigram. The size of the condenser aperture should

match the central region of the ronchigram, as shown by the blue circle in the image on the right.

Once the condenser aperture has been inserted to select just the central part of the ronchigram, the incident probe can

be scanned over the specimen and a STEM image obtained.

So, you can see from this introduction to the ronchigram that it is a vital tool for your STEM imaging!
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3.*$+,*+9"<

B//-&%$'C%$DE>"&(?'04"'BC@'.,'%/'%//-&%$'(")"*)+$8'*+/*"/)$.*'F.)4')4"'=@'(")"*)+$8'%&&+F./6')4"'=@',.6/%&')+'9%,,
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!"#$%&'#()*&''+(&,*-&,.%/)(-* 0!11234*56789*&(:;*,)<),,)-*=;*&:*>%?;'=,&:=* "@&#"'#9* "'A;(A):*?;(()?="'#*;'(B* =$;:)

)()?=,;':*:?&==),)-*=$,;+#$*A),B*(&,#)*&'#():C*6$)*,):+(="'#*"@&#)*:$;D:*@&::%*0;,*>%*4*?;'=,&:=*D"=$*$"#$),*&=;@"?

'+@E),*,)#";':*;<*=$)*:&@F()*&FF)&,"'#*E,"#$=),*=$&'*("#$=*)()@)'=*,)#";':C

!1123*5678*"@&#)*;<*&'*5"GH*F&,="?()*?;&=)-*D"=$*'"?.)(*'&';%F&,="?():C*I;=)*=$)*E,"#$=),*?;(;+,*;<*=$)*'&';%F&,="?():*-+)*=;*=$)",
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Energy dispersive spectroscopy (EDS) -
!"#$%&'(#)%"*#%*+,-

!"#$%&'&(#)%&*&+,(-'.%"/01+,"'#%-'%/1,,&(%2"**%+13.&%,$&%&/".."-'%-4%56(1).7%,$&%&'&(#)%-4%2$"+$%".%+$1(1+,&(".,"+%-4
,$&% &/",,"'#% 1,-/8% 9$&.&% +1'%:&%/&1.3(&;%3."'#% 1% ,&+$'"<3&% +1**&;% &'&(#)%;".0&(."=&% 56(1)% .0&+,(-.+-0)% >?@AB8
?/",,&;% 56(1)% ."#'1*.% 0(-=";&% +-/0-.","-'1*% "'4-(/1,"-'% -'% ,$&% .0&+"/&'% 1';% -("#"'1,&% -'*)% 4(-/% ,$&% (&#"-'
"**3/"'1,&;% :)% ,$&% :&1/8% 9$&% :&1/% +1'%:&% :(-1;7% -(% ",% +1'% :&% 4-+3.&;% -',-% 1% (&#"-'% C3.,% 1% 4&2%'1'-/&,(&.% "'
;"1/&,&(8% D,% ".% ,$&(&4-(&%0-..":*&% ,-%-:,1"'% +-/0-.","-'1*% "'4-(/1,"-'%2",$% =&()%$"#$% .01,"1*% (&.-*3,"-'7% &8#8% 4(-/
"';"=";31*% '1'-01(,"+*&.8% E)% 1'1*)."'#% ,$&% ?@A% .0&+,(3/7% ",% ".% 0-..":*&% ,-% -:,1"'% <31*",1,"=&% "'4-(/1,"-'% >2$"+$
&*&/&',.%1(&%0(&.&',B%1';%.&/"6<31',",1,"=&%"'4-(/1,"-'%>$-2%/3+$%-4%&1+$%&*&/&',%".%0(&.&',B%2",$%1'%1++3(1+)%-4
0&($10.%1% 4&2%0&(+&',8%9$&%0&(4-(/1'+&%-4%?@A% ".%.-/&2$1,%.0&+"/&'%;&0&';&',7%:3,% *-2&(%;&,&+,"-'% *"/",.%-4
1:-3,% F8G% 2,H% 1(&% ,)0"+1*8% ?@A% ,&+$'"<3&.% $1=&% <3",&% 0--(% .&'.","=",)% 4-(% =&()% *"#$,% &*&/&',.% >E7% I7% J7% KB8% D,% ".
0-..":*&% ,-% ;&,&(/"'&% ,$1,% 1% /1,&("1*% ".% 1'% -L";&% -(% 1% +1(:";&% 4-(% &L1/0*&7% :3,% *",,*&% /-(&8% M-(,3'1,&*)7% ,$&
+-/0*"/&',1()%,&+$'"<3&%-4%&*&+,(-'%&'&(#)%*-..%.0&+,(-.+-0)%>??NAB%.$-2.%&L+&**&',%.&'.","=",)%4-(%*"#$,%&*&/&',.
1';%:&,2&&'%,$&%,2-%,&+$'"<3&.%1%+-/0*&,&%1'1*).".%".%3.31**)%0-..":*&8

?'&(#)%;".0&(."=&%.0&+,(-.+-0)% "/1#"'#%-4% ,$&% "',&(41+&%:&,2&&'%E"M&KO%1';%A"9"KO8% D/1#&%+-3(,&.)%-4% P"1'#,1-%Q37%R'"=&(.",)%-4
A);'&)
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