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 A  novel  electTon  beam (EB) spot  size  measurement  method  is proposed. In this method,  EB  spot  size  is obtained  from
the relationship  between  the width  of  the  trenches  in the  reference  sample  and  the intensity profile of  backscatteTed elec-
trons.  Selective chemical  etching  of  a GaAIAsfGaAs  superlattice  produces an  ideal structure  for the referenee  sample,

Such  superlattice  is fabricated by inetalorganic  chemical  vaper  deposition and  trench  widths  are  verified  by transmission
electron  microscopy.  Using O.6"m  deep and  8.5-65 nm  wide  trenches, nanometer-]evel  EB  spot  sizes can  be aecurately
measured.

KEYWORDS:  electron  beam  diameter, measurement  method,  Gaussian  distribution, reference  sample,

          GaAIAsfGaAssuperlattice

gl. Introduction

  Fine focused electron  beams  are  necessary  in both elec-
tron beam  (EB) lithography') and  EB  metrology2)  because
the resolution  limits in these  technolQgies  are  heavily
dependent  on  the spot  sizes  of  the electron  beams. Spot
sizes  in newer  EB  lithography and  metrology  systems

have  agready  reached  the nanometer  Ievel, However,  the
accuracy  of  the  conventional  spot  size measurement

method  using  a  knife edge  is inadequate  for nanometer-
leyel EB  spot  size  and  profile measurement.  The inac-
curacy  in the conventional  spot  size  measurement

method  is mainly  caused  by the  influence of  transmitted

electrons  from the side  wall  of  the knife edge,  and  the  ob-

tained spot  size  is not  completely  verified  because of  the
lack of  a  standard  reference.  This paper  proposes  a novel
    'spot

 size measurement  method  applicable  to a  fine elec-
tron  beam. The  method  uses  a  speciaily  fabricated
reference  sample  having extremely  narrow  and  deep tren-
ches.

Fig, 1. Schematic of  a  Gaussian  electron  beam  and  a  deep trench.

g2. Principie of  Measurement  Method

  In this measurement  method,  EB  spot  size is obtained
from the relationship  between the  widths  of  the trenches
in the  reference  sample  and  the intensity profiIe of

backscattered electrons,

  First, it is assumed  that the electron  beam  distribution
is a Gaussian distribution. When  the  electron  beam  ir-
radiates  a trench having a  known  width  x  as shown  in
Fig, 1, no  backscattered electrons  can  be reflected  from
the part of  the  EB  spot  projected into the trench.  Then,
the intensity profiIe of  backscattered electrons,  I, cor-

responds  to the  number  of  electrons  backscattered from
the  outside  of  the EB  spot,  i,e., those  projected onto  the
fiat surface  of  the reference  sample,  as  follows.

         J(x, x, a)=i-S:IIIif(D  dx, (i)

        f(X)=vtna  exp  (- 2Xa22), (2)

where,  the total intensity of  all backscattered electrons

from  the fiat surface  is normalized  as unity,  andXis  the

position of  the EB  spot,  the  origin  of  which  is defined as
the center  of  the trench. Figure 2 shows  distributions of

intensity I calculated  for various  values  of  X, x  and  a,

The  minimum  value  of  intensity I at  X=O  approaches

unity  as  the width  of  trench x  is made  narrower  than  EB
spot  size a, Then,  by  preparing trenches as narrow  as the
EB  spot  size and  measuring  the width  of  trenches  x  and

Lnin, that  is, I at X=O,

   Lninix, a)=  1 
-SX-ii/,

 vlna  exp  ( -2Xi2) dx, (3)

so,  the  EB  spot  size a  can  be obtained  accurately  from
eq,  (3).

g3. Experimental

3.1 Rqferencesampie

 The  key to  accurate  measurement  is in creating  a  good
reference  sample.  There  are  several  requirements  for a

40S

NII-Electronic  



The Japan Society of Applied Physics

NII-Electronic Library Service

The  JapanSociety  of  Applied  Physics

406JJAP  Series S

 1.0

 o.s

 O.6I

 C.4

 O.2

  o

re

l g
XajIlr"O

:iill,l
･""

e

;e

dnLavthth･  thth･  --Lan.-..A
JO.6

 1.0

 o.s

 .O.6I

 O.4

 O,2

  o

-O.4.O,2. 0 O.2

 Posi'tiem (Um>O.4O.6

a=O.10"ml

 
,::

 
-b-..j

l
a

.pTan-mF"va

x;O,Oll:m-

 D.02-
 a.o3- O.05-･
 ejo

  o.2e

-

I

JO.6

 1,O

 O,B

 O.6I

 O.4

 O.2.

  o
  -O.6

JL.h-kni./i n'  ha'  -w･
-O.4-O.2  O  O.2

 Position Cgm)

"twA

O.4

･･di･

I!o.el"m

 D.02
 O.03
 o.es
 O.10- o.2e

O.6

 1.0

 o.s

 O.6l

 O.4

 O,2

  o

-O.4
･ t u

.e.2. o o.2

 Positiori ("irn)O.4O.6

'

6TO.Ol.ttm

'th.di

p t"N

/L
x=O.Olpm
 e.e2
 O.03
 o.es
 e.lo
 o.2ett

rm--17t

g
.O.6-O.4JO.2  O  O.2

 Pos[tioo (ptm)O.4O.5

Fig. 2, Relationship between i, x,  a  fr･ om  calculation,

good  reference  sample.  One  is that the trenches  of  the

reference  sample  be deep and  their widths  verified  by ac-

curate  measuring.  Another  Tequirement  is that  the

reference  sample  be stable  and  immune  to charging  under

EB  irradiation.

  A  GaAIAs!GaAs  gupergattice  (Fig. 3) is adopted  te iffn-

plement  very  narrow  and  deep trenches. Such  a superlat･-

tice can  be fabricated by rrietalorganic  chemicaE  vaper

deposition (MOCVD).
  The  thickness of  each  Gae.s6Alo.i4As layer is controlled

during MOCVD  to precisely one  atomic  layer and  is

measured  by transrnassion  electron  microscopy  (TEM) to
an  accuracy  of  O.U nffn. Trenches  O.6 ptm deep and  8.5-6S

nm  wide  are  obtained  by selective  chemical  etching

(HiO2:NH40H=250;1), As  ;he etching  rate  ratio  be-

tween  Gau.gGAIo.i4As and  Gao.sAlo.jAs is extrernely  high

and  the compositgonal  abrwptness  at  the  heterointeTface

is less than  O,5nm,  the trench walE  is almost  p¢ rpen-

dicular and  the  difference bgtween the tkickness  olM each

Gao.s6Alo.i4As laycr and  treemch width  x  is less than  1 nm.
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Fig. 3. SEM  micrograph  ef  GaAl,AslGaAs  superlattice.  Thicklless  of

 each  Gao,E6Aio -As  layer i,s verified  by TEM  measuremcn[.
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Fig. 4. SEM  micrograph  of  cross  sectional  view  of  selective chemieaT

 etched  t'rench.

T' he eomposgtiomal  abruptness  at the heterointerface can

be measured  accurately  by TEM  using  CAT  (Cormposi-
tion Analysis by Thielcncss-fringe).3} Figure 4 shows  a

scanning  electron  microscopy  (SEM) micrograph  of  a

selective  chemical  etched  trench cToss  section.  Such a

trench gives a  high-eontrast signal,  and  absoEutely

verified  calibratgon  represemts  a  suiiable  stTucture  for the

Teferencc  sample.

3.2 EB  spotsizemeasurement
  An  EB  metrology  system4)  is used  for EB  spot  size

measurement.  The  accelerating  voltage  is 0.5-2 kV  and

the beam  current  is 10pA  with  a  field emission  gun. EB

spot  diameter, caUculated  from  the elcctrom  optics

paramet¢ rs,  is 10mm. The  images and  intensity profiles

from both  backscattered and  secondary  electrons  can  be

displayed.

ge4. Results a-d  Dfiscwssaowa

  Figurcs 5 and  6 show  the  obtained  intensity profiles

and  SEM  gmages of  backscattered and  secondary  elec-

trons  at 1.5 kV  accelerating  vo}tage.  The  signals from  the

secondary  e]ectrons  are  affected  significantly  by dSsper-

sion  at  the edge  of  a  trench  over  54nm  wide.  tthis

phenomenon  docs  not  depend on  accelerating  voltage.

On  the  other  hand, the  signals from  the backscattered

electrons  are  stable  and  clear  at  every  trench.

  Therefore, the signals  from  the backscattered ¢Eectmons

are suitable  for the  proposed  measuri'ng  method.  in the

wavet'orm  of  backscattcred electrons  at  1.S kV, all  tren-

ches  can  be identified. The  waveform  toses definitien
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Fig. 5, Wavei'orm  of  backscattered electrons  (BSE) and  SEM  image

 at l.5kV.
Fig. 7.Waveform  of  BSE  and  SEM  image  at 1.0  kV,
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Waveform  of  BSE  and  SEM  imaee at  O.8 kV.

when  the trenches  become  narrower  than  27 nm.  So, EB
spot  size  o  is roughly  estimated  to be about  10 nm  from
the relationship  between  L.i., x  and  a  as  shown  in Fig, 2.
Furthermore, an  accurate  EB  spot  size is obtained  by
measuring  the  intensity of  backscattered electrons  L.i.
from  each  trench. For  a  27 nm  wide  trench, the  intensity
of  backseattered electrons  I normalized  by  the intensity
from the Faraday  cup  is O,312. EB  spot  size  a  then ob-

tained is 13.4 nm  by  eq.  (3) substituting  I and  x, In most
cases, EB  spot  diameter d, defined as the diameter of  a  cir-

cle containing  half the total beam  current,  is used  as  a

physical parameter.6) In the case  of  a  Gaussian  electron

beam, EB  spot  diameter  d  is expressed  by  a  as  follows.

                 d=1,67a.  (4)
So, EB  spot  size d can  be obtained  from eq. (4) as  22,3
nm.

  In the  same  way,  EB  spot  size a  and  diameter d  at 1.5
kV  acceleration  are  obtained  from  trenches  17 and  8.5
nm  wide  as shown  in Table  I, Then,  the averaged  EB  spot
diameter is 21± 3 nm.  The  differences between EB  spot

diameters obtained  from  each  trench are  very  small,  i.e,,
within  ± 3 nm.  Therefore, the  initial assumption  that the
electron  beam  distrjbution is a  Gaussian distribution is
supported  by the experimental  results.  If more  trenches
of  various  widths  are  prepared, the precise distribution
of  an  actual  electron  beam  can  be obtained,

  EB  spot  sizes and  diameter  at 1,O and  O.8 kV  accelera-

tion  voltage  are aiso  measured.  Figures 7 and  8 show  the

waveforms  and  SEM  images of  backscattered electrons

at 1.0 and  O.8 kV  acceleration  voltage.  The  narrowest

trench, 8.5 nm  wide,  cannot  be detected in either  case.

Table I.Results  of  EB  spot  size  measurements.

E(kV)  x(nm)1-imi,tLnin  a(nm)a  (ave.)
 (nm)d=1.67a (nm)

1.S27178.5O.688O.438O.375O,312O.562O,62513.3S14,6510,6313± 22r ± 3

1.0402717O.7SOO.556O.472O.250O.444O.52817.3917.4913.47t6± 226 ± 3

O,8402717O.692O.538O.385O.308O.462O,61519.6318,3416,9318± 230 ± 3

Waveforms  of  the other  trenches  are  less defined com-
pared  with  the  waveform  at  1.5 kV  (Fig, 5) as  accelera-

tion  voltage  is lower. As  a result, it can  be said  that the
EB  spot  size  increases when  the accelerating  voltage

decreases. EB  spot  size and  diameter  values  obtained  are

listed in Table I. Averaged EB  spot  diameters at  1.0 and

O.8 kV  are  26± 3 and  30± 3 nm,  respectively.

 Electron  beam  diameter  d is given by the equation

            d2  =d;+dg+di+di,

where,

    1ds=s
 Csor]; (spherical aberration),

  C,: spherical  aberration  coeficient  of  the  Iens

  et convergenee  semiangle

   AEdc=

 E  qor; (chromatic aberration),

(5)
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  E: electron  energy

  AE:  energy  spread  ef/ eaectrens

  C,: chromatie  aberTatfion  coeMcient  of  the  lens

   li ,22 ,･'ISO!E
dd=  ; (eiectron diffraction),
        or

rf. :=M･  d,; (diameter with  neither  aberration  nor  diffrac-

tion).

  va: reductgon  ratio sf  the eiectron  optics

  dr: electron  source  diameter

  With  a  field emigsion  gun,  AE  becomes so small  th.at

the  dependence otA EB  spot  daarneter d on  eleetron  eRergy

.".,
 as due  to egectron  difthracticn only.  ]-igure 9 show.g.  the
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Fig. 9. Dependence  or  ER  spoL  diameter d  oi'. e]ectron  energy  E,

relationship  between  EB  spot  diametem and  accelerating

'voltage.
 The  segid  line represents  the  case  of  eUectron

diffraction limited diameter.

                 doc ,,[i/gb:o7'E  (6)

where,  E  gs electron  energy.  Experimental  resulls  agree

with  the relationship  (6). J't is then  confirmed  that EB

spot  diameters gn this electron  optics  depcnds  on  elcctren

diffi/action.

gS. Cone]usion

  A  novel  EB  spot  sgze  measurement  method  using  a

reference  sampge  with  extremely  narrow  trenches  has

been proposed.  Selective chemical  etching  of  a

GaAIAs!GaAs  superlattice  achieved  an  ideal structure
for the reference  sampie.  The  precise trench  widths  were

verified  by TEM.  The acc"racy  was  on  the order  of  less

than  1 nm.  Using  trenches C.6 .scm deep and  8.5-6S nrn

wade,  nanometer-Eevel  EB  spst  sjzes could  be measured

accurately  with  thfis method.  From  the  experirnental

results  at  O.8-1,5 kV  accegeration  voltage,  it was  confirm-

ed  that  EB  spot  diarTieters in the  experiments  depended
on  eYectron  dithaction.
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