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V�~ ¢> scanning electron microscopy(SEM)f >� ¾

� �~~ ª�Ë" ÿ�ö �ò~ 3Nö ��æ¢ &V� >

®º Ë6r^ö �Úbî~ ����¢ ªC~º� 6Ò Ò

Ï>Ú z
. ��¾, V�~ ¢> SEMf � OÂ»ö ~�

*¶zj ;W~V r^ö *¶z~ ^V& 
î > <ö ì

º � ª�Ë~ ��ªCöBº ÒÏ� > ®º �ò& �;

F > <ö ìî
. 
� ö~�, *¶zö jv' n;� Z

Vî ²Ò¾ .³²Òfº �Ò C, O, N, Hb� ��Úê F

Vbî 6º "� C� ��Úê ê²bîf *¶z �Òö ~

� ¶ç� jv' £² ¢Ú¾ �ò~ ;�¾ Ú¦��& æ

~� ;{� ;�¢ áj > ìº ãÖê ®
. 6� �
 �

òº ö¶®^& Ôj ��æ ;W� Â]� «z(contrast)j

áV& ¾� �ê ®
. 

�çöB Þ/� :f ?f V�~ ¢> SEM~ �ê¢ �

�~V *� �nB ©� cold type~ field emission gunj Ò

Ï~º field emission SEM(FE-SEM) �
. FE-SEMf & *

{(15 kV)öBê 1.5~5 nm >&~ � ª�Ë~ &V� &Ë~

V r^ö � ª�Ëj º�~º ;ïÒòf & *{öB �

VN� &V�¢ ~º �bÒò 5 ê²Òò �j ªC~º�


Ö FÎ� >��� �
 ª¢öB~ �" ��öBº ��

�Þ'b� ÒÏ>� ®Vê ~
. V¢B, � &öBº FE-

SEM~ ßW 5 �¢ ÒÏ� ê² ¾�²Ò ªC� rjvÚ

¢ � V�'� Ò�j *Û~² ²B~�¶ �
. 

2. FE-SEM �W

FE-SEMf �² *¶zj B��Êº electron gun, *¶z

~ �V 5 ;ê¢ �.~º lens, �Þ *ö �Ò>º '�j

Ö;~� VNj Ö;~º scan coil, j6>N¢ B�~º

stigmator, *¶z" �òf~ ç^·Ï~ Ö" >Ò>º *¶

¢ ¦Â~º detector, �VB £&ê ;�¢ z�(CRT)�¾

jªö &Ë�Êº Ë~� ��Ú^ ®
. FE-SEM~ �Wf

Fig. 1ö BÛ'b� ¾æÚî
.

�����&MFDUSPO�HVO

FE-SEMöB~ � ª�Ë~ ��f �Þö «Ò~º *¶

z~ Ò�®¢ âî¾ ·² ~¶öö �J®� �º electron

gunöB ¾Jº *¶z~ �Vf &7~² �&>Ú ®
. V

�~ ¢> SEMf kÊv(W)�¾ LaB6� ò
Úê j¢~Þ

¢ �Nb� &��B *¶¢ OÂ�Êæ�(�*¶ OÂ»,
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Fig. 1. Schematic drawing showing the electron column, the
deflection system, and the electron detection.
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thermionic electron) *¶z~ çã� £ 10~50µm ;ê�¾,

FE-SEMöBº � ê�~~ .³ tip ��ö j" � *VË

j �Ú *¶& OÂ>² ~º *ê OÂ»(field emission)j

ÒÏ~æ� �ö ~~� ;WB *¶z~ çãf £ 1 nm~1

µm ;êö ��
. Ö� *¶¢ OÂ�Êº O�ö V¢ *¶

z~ �V& �¢æ� �º 6� ª�Ëj �² ²Ö~º º

�b� ·Ï�
� " > ®Ú FE-SEM� & ö.æöB �

ª�Ëb� R' &Ë� "º º��¢ ~Æ
. j¾öº FE-

SEMö ��º electron gunj V�~ ¢> SEM~ �©" j

v~� ç^® VF~&
.

*ê OÂ *¶ö("� W or LaB6) tipf gunö �Ú&

electric fieldö ~~� ö.æ Ëã� 6²>Ú electron

tunneling*çö ~~� *¶¢ OÂ�Ê² B
(Fig. 2, 3). �

tipf ¢> SEMöB~ Wehnelt cylinder &� 
Ú®º vB

~ anodef �þ triode systemj ��
(Fig. 4). Ñ anodeº

tipöB V1(OÂ *{; extraction voltage)~ *{b� *¶¢

*ê OÂ�Ê� v ®� anodeöBº V0(&³ *{; accele-

ration voltage)~ *{b� *¶¢ &³�B "º ��j ~²

B
. �-² OÂB *¶zf 1~2 nm~ ·f probe beamö

1 nA~ ¸f *~ 8j ~J "Ú �*¶ OÂ »ö ~�

brightness�
 100~1000V ;ê ¸f 8j &î > ®² �

� ª�Ë~ ±f ��æ¢ ;W� > ®
. 

��¾ ç&'b� *~¢ ¢;~² Fæ�ÊV Ú[V r

^ö *ê OÂ»ö ~� �W>º X-ray¢ �Ï� ;ïªC

öº �Öê& ÎÚæº ^B6� ®Ú n;'� *~;Wj

*� . �ê�(~10−8-10−9 torr)� º�B
. *ê OÂ *¶C

Fig. 2. Energy level diagram for cold field emission (FE), ther-
mal field emission (TF), and Schottky emission (SE). (adapted
from Tuggle et al., 1985).

Fig. 3. SEM micrographs of (a) thermionic electron gun, LaB6

and (b) field emission electron gun, (310) single crystal wire tip
welded to a tungsten wire.

Fig. 4. Schematic diagram of (a) conventional self-biased thermionic electron gun (adapted from Hall, 1966) and (b) the Burtler triode
field emission source. (adapted from Crewe, 1969).



204 Y. J. Kim and C. R. Park / Carbon Science Vol. 2, No. 3&4 (2001) 202-211

f �*¶ OÒ; *¶Cö j� brightness& 100~1000V ;

ê ¸b� *¶ö~ �V(d0)ê 30 Åb� ·� �*¶ OÂö

j� �~ �ï'�ÚB ª�Ëj �² Ëç�Ê� >«ê Z

Ë6j &æ� ®
. *ê OÂ *¶zf *¶z~ OÂ O»

ö V¢ Fig. 5f ?� 3&æ «~& ®
. 

(a) Cold type

tipö �*{~ *VËòj �Ú"Ú *¶zj OÂ�Î
.

��� ãÖ n;'� ÒÏj *~�º 10−10torr �~~ {K

� º�B
. � ê� ³öBê tipö �v [~ VÚ ö¶ 6

º ª¶& �OF > ®Ú Ë�* zj ÒÏ~� ¾Bº tipj

�Nb� &�~� �O b
j 
� ÆJ�Ú "Ú¢ �
.

��� ";j ‘flashing’�¢ ~� flashing�ê tip� n;z

F rræ 
� V
J¢ ~º ®Þ�� ®
. 6� ���

flashingj �� ® ~² >� tip~ >«j �»�Êº �6�

®
. ��� �6öê ®�~� ï>N& ·� z Ò�®¢

1~2 nm �V� *¢ > ®Ú & ö.æ~ � ª�Ë~ ��æ

R'ö '�~
.

(b) Hot type

kÊv(W)~ <100> �Ö; filament¢ 1800 Kræ &��

Ú" ÿ�ö tipö *~¢ &~� *¶zj OÂ�Î
. ��

� ãÖ �� ÿ·ç�~ Nê& ¸V r^ö VÚ ª¶
�

�O>º ©j O�~æ� cold emission¾" flashing~ ®�

�æ� ì
. V¢B tip~ >«� ^ öò jî¢ � ê�ê

& º�>æº pº
. ��¾ ö.æ~ ª�& 9Ú cold type

�
 ï>N& ç&'b� 
æ² B
. 

(c) Schottky type

Schottky *¶ OÂöf ZrO¢ W~ <100>�ö z+� ©

b� �-² ~� ¢�>(work function)¢ 4.5 eVöB 2 eV�

ÔºV r^ö *~OÂ n;ê& *~ v «~ö j~� ç

&'b� ±f(2%) Ë6� ®
. Table 1öº ''~ gun
j

jv~� ®
. 

2.1.2. Electron lens

2.1.2.1. Condenser lens

1BöB 3Bræ ®j > ®b� gunöB ¾N cross over

d08, z~ çãj »² �Êº ��j �
. Spot size¢ ·²

ò
æò *¶z~ *~ 8ê 6²~² B
.

2.1.2.2. Objective lens

SEM columnöB &Ë ~�ö ®º lens�� electron probe

~ cross over~ *~¢ 7»ö ï¯� Z» OËb� �ÿ�

B ��æ~ .6j �ºº� �ÏB
. ±f zçj áV *

�Bº electron gunöB BÒB *¶& ¦ÂVö �«'b�

ê�� rræ ;{® 7�»j V¢ ê¯�¢ >N 5 zç

��j �²z � > ®º� �¢ *�B electron columnÚ~

Fig. 5. Schematic diagram comparing tip shapes for the Scottky
emitter, cold field emitter, and thermal field emitter.

Table 1. Comparison of electron sources at 20 kV

Source Brightness A/cm2sr Lifetime (h) Spot size Energy spread ∆E Beam Current 
Stability

W hairpin7,8 105 40-100 30-100 µm 1-3 eV 1%
LaB6

8,9 106 200-1000 5-50 µm 1-2 eV 1%
Field emission

Cold10,11 108 >1000 <5 nm 0.3 5%
Thermal11 108 >1000 <5 nm 1 5%
Schottky11 108 >1000 15-30 nm 0.3-1.0 2%

7Haine and Cosslett (1961)
8Troyon (1987)
9Broers (1974)
10Crewe et al. (1971)
11Tuggle et al. (1985)
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Î� �W º²
� ;{® ÿ¢� »çö ®Ú¢ �
. 

&b2® nöº 
·� �V¢ &ê �ÒB(aperture)& 


Ú®Ú «z, .6�ê¢ 
·~² æz �Ò > ®
(Fig. 6).

2.1.3. Specimen stage

ê� chamber Úö ��¶ ~º �j dV *~� �Þj

æç�º Ë~ 5 .6�ê¢ �.~º WD(working distance)

knob 5 ±f ��æ ;Wj *� tilting knob� ®
.

2.1.4. Detectors

FE-SEMö "� ��º detectorº Everhart-Thorney detector

(E-T detector)� �º scintillator, light pipe, photomultiplier

tube� ��Ú^ ®
(Fig. 7).

E-T detectorº SEM chamberf .�� >Ú ®b� �¦ª

öº wire mesh ;�� screen >Ú ®� +100V~ *{N&

®Ú �NÖ¦ *¶
(secondary scattered electron)j >÷~

² B
. detectornb� 
ÚN *¶º +12 kV� &³>Ú r

��ªb� z+ B scintillatorö ¦P®² >� �r photon

� B�B
. � photonf light pipe¢ Û~� PMT(photo-

multiplier tube)� 
Ú&² >� �VöB lightf Ã�B

electric signal� æ~� ��æ¢ ;W~² B
.

3. *¶z" �Þ"~ ç^·Ï

*¶zj j�� electromagnetic particle, photon �� �Þ

ö «Ò >Ú �Þ" 
·� ;�~ ç^·Ï� ¢Ú¾² B


(Fig. 8). ��� ç^ ·Ï
~ Ö"¢ �Ï~� 
·� ;

�~ ªC� &Ë~² B
. �Þö «Ò B *¶f �Þ"~

ç^·Ïö ~� �N*¶, êOÖ¦*¶, X-ray �� �Þ <

b� ¾J² B
. SEMöBº &�'b� 2N *¶(secondary

electron)f êOÖ¦*¶(backscattered electron)j Û~� �

�æ¢ ;W~� ßW X-ray¢ �Ï~� �Þj �W~º ö

²~ «~f � ·j ªC~º EDS(energy dispersive spectro-

meter) �� ®
. 

�����êWÖ¦	&MBTUJD�TDBUUFSJOH


êWÖ¦�¦ �Þö «Ò >º *¶~ Úÿö.æ~ æz

& ì� *¶~ Úÿã�ò :6 ©j ö�
. �f ?� *

¶º "� �Þ~ atomic nucleus~ *¶f coulombic inter-

actionj ¢bB B�� ©�
(Rutherford scattering). 

3.1.1. êOÖ¦*¶(Backscattered electron)

êOÖ¦*¶º «Ò B *¶& �Þ"~ êWÖ¦ö ~�

>òjJº *çb�B, ¢>'b� «Ò*¶~ £ 30% ;ê

& �Þ"~ êWÖ¦ö ~� >òj OÂ>² B
. ê&~

Fig. 6. Two objective lens configurations: (a) asymmetrical pin-
hole lens and (b) symmetrical immersion lens.

Fig. 7. Schematic diagram of the Everhart-Thorney detector. Fig. 8. Interaction between electron beam and material.
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² êOÖ¦f «Ò B *¶& �®~ Ïòö �� «Ò B O

Ë~ >&OËb� >òjJº *çj ~�~æò, Monte

CarloÎÒ(Fig. 9)ö ~� *¶~ Ê'j ÚÚ�� �Û~ ã

Öö êO Ö¦ >º *¶º �� ®~ êWÖ¦j Ð� OÂ

>º ©b� {�B
. 

êOÖ¦*¶º crystallography(electron channeling), �ÞÚ

¦~ ¶Ë(magnetic contrast), ß® �Þ~ �W(ö¶®^) �

ö ~� N�¢ ��² B
. �¢ atomic number contrast

(compositional contrast, Z contrast)¢� �
. >� �Þ~ '

êö V� êOÖ¦*¶ ~�Wj ÚÚ�� � 'ê& 30ê

�~öBº �Ò � ~�Wj ��æ p
& � �ç~ 'ê

öB¦Vº Ö¦ >º ·� Ã&�j ��&
. �ç~ Ò


�¦V êOÖ¦*¶& &æº " ;�º �Þ~ topologyö

~� ©�
º ö¶®^ö ~� ~�W� �æ� �Þ Úö

�Ò~º ®Bb�¾ Î&B 6º nano-filler& 
Ú ®º

nanocompositej &V~º� FÏ~
� ~Æ
.

�����jêW�Ö¦	*OFMBTUJD�TDBUUFSJOH


jêW Ö¦f «Ò >º *¶& �Þ" >w~� �� 


� ;�� ö.æ¢ *�~� .V «Ò B *¶~ ö.æf

OÂB *¶~ ö.æf N�& �Vº *çj ~��
. �

� 
� ;�� *�>º ö.æº �N*¶, JB�*¶,

characteristic or continuum(bremsstrahlung) X-ray, electron-

hole pair, long wavelength electromagnetic radiation, cathodo-

luminescence, plasmon �j FB�Ê² >� ��� ;�


j �Ï~� ''~ ßWö r�f ªCö ÒÏ~² B
.

3.2.1. �N*¶(Secondary electron)

«Ò B *¶~ Úÿö.æ& �òf~ 7/ö ~� &¦ª

Ò¢æ� �f z®Ú �ò~ ��' *¶& »Î ¾Jº ©

j ö�
. �r OÂ>º �ò~ �N*¶º &¦ª 10 eV ;

ê(�& 70 eV �~)~ Úÿö.æ¢ &ê
(Fig. 10).

�N*¶~ FÏ� ßW 7~ ~¾& Ôf escape depth�


. �N*¶º «Ò*¶~ Î� Ïò";öB B�F > ®

b¾, jêW Ïòö ~� ê³ ö.æ ¶
j Ð² B
. ß

® �N*¶& �Þ~ ��ö ê�~&j r �Þ <b� O

Â>V *�Bº �Þ~ ¢ �>(work function)¢ >ÚB¢

&Ë~² B
. ��� ";j Û�B OÂ>º �N*¶~ O

Â {�f � p�ö V¢B exponential decay;�¢ ��²

B
. �N*¶~ escape depthº êOÖ¦*¶~ £ 1/100 ;

ê& >æ�, ��� ßWb� �� �N *¶¢ �Ï� ãÖ

��;ç~ &V" �� "¾~ ;�¢ áº� FÏ~² �Ï

F > ®
. 

3.2.2. X-rayö ~� �²ö²ªC

jêW Ïò "; 7ö 2&æ «~~ X-ray& B�~² >

º� �©f �³ X-ray(Bremsstrashlung or continuous x-ray)

f inner-shell ionizationö ~� ßWX-ray(characteristic X-ray)

~ OÂ�
. �³ X-rayº background¢ ;W~² >� ßW

X-rayº ªC~º '�öB ö¶~ ßWj ¾æÚ "º ��

j ~² B
.

3.2.2.1. �³ X-ray(Bremsstrashlung or continuous x-ray)

Fig. 9. Monte Carlo electron-trajectory simulations of the inter-
action volume in iron as a function of beam energy: (a) 10 keV,
(b) 20 keV, and (c) 30 keV.

B: Incident beam electrons; SEI: Secondary electrons generated
by B; BSE: Backscattered electrons; SEII: secondary electrons
generated by BSE.

Fig. 10. Schematic illustration of the origin of two sources of
secondary electrons in the sample. 
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«ÒB *¶º �Þ~ ö¶Ú~ positive field¢ j� ®º

�" negative field¢ j� ®º ��' *¶f~ coulombic

fieldö ~~� 6³~² >� ��� 6³*çf *¶2~ ;

�� OÂ~² B
(Fig. 11). ��� ç^·Ïf Z·*� ¢

Ú¾� ©º ö.æê 
Ö 
·~� �³'� spectrumj ;

W~² >Ú �³ X-ray background¢ ;W~² B
. 

�³ X-ray~ ;êº *¶z~ ö.æf ö¶®^~ �>�


. z ö.æ& Ã& �>� ß; eVöB~ ;êº Ã&~²

>� ö¶®^& Ã&�>� ;êº Ã&~² B
. � �F

º .V ö.æ& Ã&�>� �Þ ÚöB ö.æ¢ ©j {

�� Ã&~� ö¶®^& Ã&�>� coulombic force~ '

Ëj z �² Aj energy loss& 
æV r^�
. 

3.2.2.2. ßW X-ray(Characteristic x-ray)

«ÒB *¶zf �Þ~ ö¶ Úö ®º �ö &r� �Ò

~º inner-shell electron" >w~� 
r �â(Fig. 12)öB

��"�� � *¶¢ OÂ�Î ê �'ö ®º *¶& ö.

æ¢ n;z �ÊV *� ö.æ&*& Ôf *¶'b� Â�

� r x-ray¢ OÂ�Êº� �¢ ßW X-ray¢� �
. 6�

� >w" ãç'b� OÂB X-ray� ��' *¶¢ OÂ�

B Auger *¶¢ OÂ~Vê �
.

4. ��æ ;W

�����#SJHIUOFTT

Brightness equationf 
r" ?� ;~B
. 

A/cm2sr (2)

where ib = beam current at a specified point in the electron

column outside the gun

d = beam diameter at a specified point in the electron column

α = convergence (divergence) angle at specified point in the

electron column

Steradian (sr) : dimensionless unit of solid angle

� �öB r > ®�� beam current& �;>Ú ®j rº

beam diameter& ·f ãÖ& CV& z C� beam diameter

& �; >Ú®j ãÖöº beam current& �>� CV& 


ê
.


B� *~ �b� CV¢ G;~V¦ ¾� �
. V¢B

�*¶ OÂ»ö ~�Bº maximum theoretical brightness

(βmax: Langmuir equation)j 
r �ö ~� G;~² B
.

A/cm2sr (2)

Where Jc = current density at the cathode surface

E0 = accelerating voltage (V, volts)

e = electronic charge (1.59× 10−19C, coulomb) 

k = Boltzmann's constant = 8.6× 10−5 eV/K

T = absolute emission temperature (K)

� �ö ~~� �Ú& *VË~ �V(V0)& ¸jî>� Nê

(T)& Ôjî>� CV& 
öj r > ®
.

*ê OÂ»ö ~� ãÖöº 
r" ?f �b� FêB
.

A/cm2sr (3)

where ∆E : energy spread of the beam (~0.3 eV for cold

emission gun)

β=
current

area( ) solid  ∠( )
-----------------------------------------=

4i b

π2d2α2
-----------------

βmax=
JceE0

πkT
-------------

βmax=
JceV0

π∆E
-------------

Fig. 11. Schematic illustration of the origin of the X-ray contin-
uum.

Fig. 12. Schematic illustration of the process of inner-shell ion-
ization and subsequent de-excitation by electron transitions.
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∆E = 0.3 eVf Jc= 105 A/cm2, V0 = 20 kVj *~ >�ö &«

�Î
� βmax ~2× A/cm2sr8j &^ �*¶ O�¢ r �


100~1000V ;ê � ©j r > ®
.

�����$POUSBTU

2N *¶çf �òöB¦V ¾Jº 50 eV �~~ Ôf ö.

æ~ *¶¢ ÎjB ò� çb� ¢¦~ >Ò*¶(êOÖ¦*

¶)ê 'Ëj �~� ®
. «Ò*~ ö.æ& � ãÖöº 2

N *¶~ OÂNf 1/cosθö jf�
.

�-V r^ö �ò��~ òVÎ·ö ~� �²'� θ~

æz& ç contrast~ ö�� B
. (̂ �� êOÖ¦*¶& �

Vº ;êº �ò¢ �W~º ö¶~ ö¶®^ö ~�~V r

^ö ö¶®^~ contrast& �f)

�����%FQUI�PG�GPDVT�EFQUI�PG�GJFME�BOE�QJYFM

Depth of focus (.6�ê) = A' B' = ∆f (4)

Depth of field (bÚ�ê) = AB = ∆F (5)

Pixel size (Dpe) = (6)
LCRT

Npe

-----------

Fig. 13. Schematic diagram of depth of focus and depth of field.

Fig. 14. Appearance of a fracture surface with different depths of focus obtained by varying the aperture size and working distance: (a)
small depth of focus (5 mm WD, 110 µm aperture), (b) intermediate depth of focus (15 mm WD, 110 µm aperture), and (c) maximum
depth of focus (39 mm WD, 110 µm aperture).
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where NPE = number of discrete location along the scan line

Magnification (M) = (7)

SEMöBº ÚÆ� ^� '� ÚöB Îv ; .6� ;W>

º� �r~ ^�(A'B')¢ depth of focus(.6�ê)¢� �
.

6� �ò~ ¢; �V�Ú~ vþö Îv ; .6� ;W>

º� �r~ ^�¢ depth of field(bÚ�ê)¢� �
. depth

of focus¢ �.~º ©f α8" magnification(M)ö ~�~²

B
(Fig. 14). ò£ CRT~ �V& 10 cm�� pixel size& 0.1/

M(mm)~ 8j &æ² >� 
r" ?f �� WãB
.

depth of focus = 200 µm/Mα (8)

*¶*�ã~ � Ë67~ ~¾º :� depth of focus~ 8

� 
Ö �
º ©�
. ¯ screen" Òê 3º stagef~ �Ò

º N�& ¾z¢ê screen~ .6� �b� Òê 6� .6

� �² B
. 

*~ � (6)öBê ¾f �� VN� 
æ� pixel size

(picture element size)& ·jæ² >�, interaction volume~

¢;� �V r^ö �é ~º picture element~ ;�~ 7Ï

� �Î Ö� ��æ& vJæ² B
. Picture element& 


Ö ·jæ� 
Ö ·f probe¢ áV *�B condenser 2®

~ ^V¢ ;~² ~�¢ ~¾ �r beam current ¶
� Ê

V�² B
.

�����2®~�Ö�

2®~ Ö�f 'çj ���Ê� .6j vÒ² ~� ª�

Ëj ¾~² �
. *¶*�ã~ ª�Ëf *¶V 2®~ Ö

�j âî¾ *¢ > ®¶öö �J ®
� " > ®
.

4.4.1. ��>N(Spherical aberration)

� 6öB BÖB �� 2®~ 7 »öB¦V B� 
� �

ÒöB �.� ê 
� ÿ¢� 6b� Î�æ á~º *çj

��>N¢� �
(Fig. 15). 

*¶V 2®öBê 7 »öB fÚöö V¢ ¶VË~ &ê

& �ç'� *¶V 2®~ ãÖfº 
�² /Ï~² æ~�

��>N& �V² B
. ��>Nö ~�B 6� 'ç�ö ö

b� {&F r � çãf 
r" ?f �b� ��B
.

ds = Csα3M (9)

where Cs : coefficient of spherical aberration

 

4.4.2. ².>N(Diffraction aberration) 6º �ÒB >N

(Aperture aberration)


Ö ·f aperture¢ IÚ* ãÖ¾ 2® ÚöB *¶& 7

»ö 'j &æ� >Z� ãÖ *¶~ 2ÿWö ~~� ².

LCRT

Lspec

-----------

Fig. 15. Schematic drawings showing how (a) spherical aberration, (b) diffraction (aperture) aberration, and (c) chromatic aberration in
a lens cause a point at P to blur into a broadened image at Q.
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j ¢bÊ� �� �~� .6� ;W>Ú¢ � �ö airy disk

;�~ ;êª�¢ ;W�
. � airy disk~ �Ò~ >j dd

� ;~~� � �f 
r" ?
.

dd = 0.61λ/α (10)

*öB " > ®�� ².>N~ G�öBº α8� 
î>�

ª�Ëf 6²~º� ��>N~ G�öB �� J®J Ã&

~² >Ú '; α8j dº ©� 7º~
. 

4.4.3. ï>N(Chromatic aberration)

*�ãöB ÒÏ>º *¶z~ 2Ë� B� 
� ©
� �

W>Ú ®j ãÖ *¶V 2®¢ Û"� r �.>º ;ê&

�¢öb�� �}� zç� ;W>º ©j O�~º *çj

ö�
. ï>Nö ~�B 6� öb� {&B 'ç~ çãf


r" ?� "Úê
.

Dc = Csα · ∆E/E (11)

Where ∆E : *¶z~ ö.æ N�

Cs : coefficient of chromatic aberration

4.4.4. j6>N(Astigmatism)

2®~ OËöB B� >ç� OËb� 
ÚN �ö &�

.6�Ò& ÿ¢~æ pj Ö"'b� 6~ 'ç� æöb�

>Ú ;W>º zçf 
B�
 {&, »², 6º 2��^ �

�² B
(Fig. 16). *¶V 2®öBº ¶VË~ ö"OË~

ª�& ö&�j ��æ á~º ãÖö j6>N& B�~²

>º� �º stigmator¢ �Ï~� �~ j*~² B�� >

®
. 

4.4.5. *¶V 2®ö ~� ª�Ë~ �ê

*~ Î� >Nö ~� *¶V 2®º ª�Ë~ �êº

Raleigh �ê 8�
 z � 8j &æ² B
. *¶V 2®~

�� &æ Ö�j �J~� ª�Ë~ �êº 
r~ �b�

�*B
.

 (12)

*¶V2®öB �"~ VFB�� �� ï>Nf j6>

Nº B�� > ®Ú *¶V 2®ö ~� �²ª�Ëf

� B
. 

5. ê² ²Ò ªC~ 
B .


rf �çöB J«� ��' öÒö ~� ·ÿ>º FE-

SEMj �Ï~� R'� '« ê²²Ò~ ¾� ����ªC

Ö"�
.

(1) �¾Ò Nêö V� ê² ��~ æz�ÿ

hard carbonf �OW nanotexture¢ &æ� ®
. �º ·f

GO;~ ê²[ 9ª" �^�
� ��Ú^ ®Ú ��� �

�
� membrane ßWj ��"² B
. ��� ��' ßW

" &ÊR"W~ �&W� 
ææ� hard carbon~ grain �V

�.� 7º� æ>& B
� ~Æ
. * �âf �¾Ò Nê

ö V� nano-grain~ æz¢ ��"� ®
.

(2) �ª¶-.³ ¾� ��Ú~ �¾Òö V� .³~ æz

�ÿ

d = dd
2 ds

2 dc
2 da

2+ + +

d = dd
2 ds

2+

Fig. 16. Schematic diagram showing the origin of astigmatism.
Fig. 17. FE-SEM images of carbonized glassy-like material at
(a) 315oC and (b) 550oC.
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�� &æ ßWö ~� �ª¶-.³ ¾� ��Ú¢ *�Ú

� � �WË ê²r��B�ö &� &�� 
^ z
. �ö

�¾Òö ~� ê²Ò~ ;W� X-ray 5 *¶*�ãj Û~

� ê²�� 5 .³"~ ��ö &~� ôf ��& ê¯>

� ®
. * ��æº ��öB~ .³"~ æz�ÿj &V

� ©�
.

(3) *êW �ª¶~ 
îö V� ��~ ;çæz�ÿ

&�'� *êW �ª¶� polypyrrolef bulk 7�B ãÖ

f 
� 
î �Ò ~öB 7�B ãÖº B� ;ç� 
�


� rJ^ ®
. ��� ;ç~ N�& *êêö � 'Ëj �

~� � ç&&ê �«ö ��& ��Úæ� ®
. * ��æ

º 
î~ FZö V� polypyrrole~ ;çæz¢ &V� ©�
.
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