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RESUME : L'emploi d’un diaphragme semi-circulaire dans le mi-
croscope électronique en transmission (TEM) ou d’un détecteur
divisé en deux parties dans le microscope électronique & balayage
en transmission (STEM) peut fournir des résultats précieux sur les
composants de phase et d’amplitude de la transparence de I’échan-
tillon.

L'utilisation d'un faisceau incident structuré (ptychographie)
en TEM, quoique susceptible de fournir des résultats comparables,
s'est avérée difficile jusqu’a présent. Le détecteur divisé et une

I. — INTRODUCTION

During recent years, considerable effort has been
devoted to the problem of separating the phase and
amplitude contributions of the specimen transparency
to image contrast, in electron microscopy. If the
specimen scatters the incident beam weakly, these
contributions can in principle be obtained directly
from two single-sideband images, obtained by using
complementary half-plane objective apertures in a
conventional transmission electron microscope (TEM)
[2, 6, 8, 13,17, 18, 21]. For strongly scattering speci-
mens, the contributions can be obtained either by an
iterative scheme or even directly, provided certain not
unreasonable conditions are satisfied [17]. In practice,
such complementary images are difficult to obtain :
the edge of the half-plane charges up, the specimen
may suffer radiation damage, the two half-plane images
may not match closely enough — this does not exhaust
the list of possible problems. The review articles by
Misell [16] and Saxton [22] contain very full discus-
sions of the uses of half-plane apertures in the electron
microscope. Generalizations of this technique have
been proposed in which apertures of other shapes are
invoked but these will not concern us here [14, 15].

MOTS CLES :

Contraste de phase
Microscope électronique a balayage en transmission

généralisation de celui-ci sont analysés et quelques possibilités
analogues de la ptychographie adaptées au STEM sont proposées.

SUMMARY : Half-plane apertures in transmission electron
microscopy (TEM) and split detectors in scanning transmission
electron microscopy (STEM) can provide useful information about
the phase and amplitude components of the specimen transparency.
A procedure involving structured incident illumination (ptycho-
graphy) in TEM has so far proved difficult to apply in practice.
The STEM arrangement and a generalization of it are discussed
in some detail and some STEM analogues of ptychography are
proposed.

Another technique that has been proposed for
rendering phase information more readily accessible
involves modulating the illuminating beam that falls
on the specimen (in TEM) in some well-defined
fashion, thereby producing a modified diffraction
pattern [11, 12]. This technique, which Hoppe has
styled « ptychography » has proved difficult to apply
in practice [10]. It would clearly be very desirable if we
could modulate the incident beam in such a way that
half of the diffraction was absent, since this would
correspond to the single-sideband case without the
need for a real half-plane. Unfortunately, there is no
general way of achieving this and indeed, if there
were it would in all likelihood be as difficult to create
the appropriate modulation of the incident intensity
as it is to work with semi-circular apertures in the
back-focal plane of the objective.

In the scanning transmission electron microscope
(STEM), the phase and amplitude images can be
obtained directly, for weakly scattering specimens, to a
first approximation at least, by using half-plane
detectors, as Dekkers and de Lang [3,4, 5] have
demonstrated. The phase and amplitude contributions
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are, however, rigorously separated only in the absence
of spherical aberration and defocusing. In the follo-
wing paragraphs, we analyse the method proposed by
these authors in some detail and suggest a simple
generalization in which the semicircular detectors
are replaced by quadrants.

Dekkers and de Lang pointed out that a TEM
analogue of their procedure should exist, by virtue of
the optical reciprocity between the two types of
microscope ; they, however, adhered strictly to the
reciprocal relationship, which would entail « two
exposures with coherent illumination, the first with
one half and the second with the other half of the
illumination aperture covered ». They go on to say that
« this method is almost unusable in practice because
perfect registration of the two exposures is difficult
and also because they cannot be made simultaneously ;
images change shape in the interval between exposures.
Another disadvantage is that the contrasts are poot ».
Unless the STEM detectors are very small, the TEM
analogue requires a large source and the scheme
outlined above seems more impractical still. If the
angular distribution of the electrons in nearly spa-
tially coherent illumination is modulated, we recover
a form of ptychography, now requiring multiple
exposures., We briefly examine the STEM analogue
of complementary half-plane apertures in TEM in
section IV, where we compare the half-plane TEM
image and the signals collected on a split detector
in STEM.

II. — CONTRAST FORMATION IN THE STEM
AND THE SPLIT DETECTOR

1. — STEM image formation

The formation of the STEM image has been
analysed in considerable detail by numerous authors,
notably Zeitler and Thomson [25] (see also Zeitler [24]),
Rose [19, 20], Burge and Dainty [la] and Hanszen
and Ade[9]. We now recapitulate very briefly the
relevant results.

The optical system of a STEM essentially consists
of a small, incoherent source, a probe forming lens
and a detector. The lens forms a demagnified image
of the source in the vicinity of the specimen plane,
which is thus approximately conjugate to the source
plane. The detector is located in a plane conjugate to
the entrance or exit pupil of the probe-forming lens.
The probe is swept over the specimen in a uniform
raster, by scanning coils, the imperfections of which
are ignored here : we assume that the probe is unaltered
as it explores the specimen. The notation we shall use
to describe this system is illustrated in figure I. In
each plane, we define cartesian coordinates, (x, y)
with the appropriate suffix and we denote the arbitrary
point pair P, P, in any plane by (x, ) and (X, ). We
use the compact vector notation x = (x, y) and the
explicit cartesian notation interchangeably, without
further explanation. The position of the probe in
the specimen plane is denoted by x, = (x,,,).

Since the source and probe are conjugate, apart
from any deliberate defocusing which we include in
the wave aberration of the probe-forming lens, we

J. Optics (Paris), 1978, vol. 9, n° 4

—effective Ixg .Ys)
| source
|
1
1
|
!
Conjugate | pupil plane
I
| Xa.Ya) =-n
1
1
I
|
L specimen (X0 .Yo!

Conjugate

detector (xd,yd) _—

FiG. 1. — Definition of the notation employed in analysing STEM
image formation.

may use Glaser’s general result (eq. (47.10) of 7))
that the wave function in the specimen plane is related
to that at the effective source by the formula :

(1)
B =) = 7 [ KoM = ) E a2

in which E, and E, are quadratic phase factors and K
is the point-spread function for the probe-forming
lens (and condensers, though these will have little
effect just as the intermediate and projector lenses do
in TEM). In the present treatment, we ignore the
defects of the scanning coils and the problems arising
from aberrations other than spherical aberration,
though these need to be considered in a full treatment
as Hanszen and Ade [9] have shown. When the probe
is centred on x,, therefore, the wave function is simply
W(x,, z,).

he point-spread function K(x) is related directly
to the aperture function 4 of the probe-forming lens,
where :

exp(— iy) inside the aperture

@) A={

0 elsewhere

and v is the familiar wave aberration, corresponding
to spherical aberration C, and defocus 4. For a
vanishingly small source, we have :

® E, (3, 2) = 7 Kx/M).

At the object, the amplitude and phase of the
illuminating beam are modulated by the complex
specimen transparency, o(x,). If the probe is centred
on a point (x,, y,) then the emergent wave is repre-
sented by :

(4) lﬁo(xoﬁ xp) = ‘p(xp - xa) O'(Xo) .
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In the detector plane, the signal will be proportional
to the total current incident on the detector. We
represent the latter by a function D(x,), which charac-
terizes the shape and any position-dependent varia-
tions in sensitivity of the detector. The image intensity
generated while the probe is located at the point x,
is thus proportional to :

(5) J(x,) =J lW(xy) |* D(x,) dx,
But :

© Yix) = j Ul ;) XD (— k xo-xd> &,
so that :
D) ix,) = fw.,(xo, %) V3., x,) Dx,) x

X exp {— %%(XO-X,; - io'xd)} dx, dx, dx,

or
®)
X

Jx,) =J Vo(Xo X,) Y2, X,) D (

o io -
TR ) dx, dX,

where :

9  D(p) = JD(xd) exp(— 2 mip.x,) dx, .

Introducing the specimen transparency, eq (8)
becomes :

(10) j(xd) = J. l//(xp—_xo) tp*(xp_)_(o) O-(Xo) a*(io) X

~(x, — X, -
><D< TR >dxodxo.

2. — The split detector

The relation between the signal detected and the
specimen transparency o(x,) may be determined for
any given geometry by inserting the appropriate form
of D(x,) in eq (10).

For a split detector as proposed by Dekkers and
de Lang [3, 4, 5], we have :

D(x;) =1
Dix,) =0

X3 >0 Yy,

(1D
x; <0 Yy,

or D(x; y,) = H(x,), where H(x,) is the Heaviside
unit step function. Hence :
(12)

D(p) = JH(xd) exp { — 2mi(px, + qy,) } dx, dy,

= J H(x,) exp(— 2 m ipx,) 6(2 ng) dx,
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=n {5@) - n—‘p}aa 7q)

1 i
=3 {5(17) - n—p}fs(fJ)
in which we have denoted the components of p by

@9 ,
Substituting into eq (10), we obtain :

(13)
joxg) = 2R j W, = %) Y*(%, — X)) 0(x) 0*(X,) X

Xo = %, iAR _ ~
g {5< AR > B X, — }0}5(}/0 _yo)dxodxo-

We now separate the main beam from the scattered
beam, writing :

(14) a(x,) = 1 + a,(x,)
or :
(15) a(x,) = 1 — s(x,) + ip(x,) .

In the weak scattering approximation, s and ¢ are
small and represent (to a first approximation) the
amplitude and phase components of ¢ directly, since
we may write 0 = (1 — s) explip) ¥ 1 — 5 + ip. In
terms of o, eq. (13) becomes :

(16) Jxp) = Jjo(xp) + j1(x,) + J2x,)

where :

jolx) = 28 Sw(x,, — x) YA, = %) X

X, — X, IAR - -
X{(S( R >_xo_)—co}5(}o—.}o)dxodxa

A% R?
= 2 jl lp(xp - xa) |2 dxo

2
18) ji(x,) =2

£ wa,, ~ x) U, — %) x

x {as(xo) + O-S*(’_‘a) }

X {5(-’(0 - }o) - x i)_C }5(}"0 - yo) dxodio

(19)
; A*R? _
]2(XP) = T J‘ l/j(xp - xo) lp*(xp - xo) Us(xo) o's*(io) X

i

Xo ™ X,

b {é(x,, —-X,) — }5(}’0—?0) dx, dx, .

In j;(x,), we now write 6, = — s + ip and separate

the amplitude and phase terms,
(20) J1 = Jis +j1¢

20
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We find :
2D Jj, =
x {s(x,) + s(X,) }

X {5()60 - X,) — p

(x, — X,) X

— }5(}-0 — 7,) dx, dX,

4] [

The term arising from the pair of delta functions
collapses to :

(22) - i? RZJ |v(x, — x,) |* s(x,) dx, .

The other term vanishes only if ¥ is independent of x,
the case used by Dekkers and de Lang to explain the
principle of their technique. Otherwise, this second
term gives a contribution of the form :

(23)

—A*R? Jlm {Y(x,= X0 )= YW (X, =X, 3, = V) } X
X 8(x,, ¥,) (x,—X,) " dx, dy, dx, .

Turning now to the phase term, j, ,, we have :

ir? R2

(24) Ji,(x,) = jl//(x —X,) ¥*(x,—X,) x
X {w(xo) - ox,) }

X {5(-’6‘0—}0) - X —1-)_6 }5(.})0—70) dxa dio'

(] /3

The term arising from the two delta functions now
vanishes identically, as of course it must, being
imaginary. The other term takes the form :

it R? =
(25) 'T J‘w(xp_xo) ‘p*(xp_xo) X

x (P(xa) - Q_D(io)
x —

[ [

5()’0_70) dxo dia .

For small values of x, — X,,
about x, to give :

we may expand ¢ and y*

2 2

EE [yt w2 225229

Ox °

o

(26)

apart from a constant.
If we now consider the signal collected by the
complementary detector, for which :

D(xg y) = 1 X, <0 Yy

27
@n D(xs,y9) =0

x; >0 7

we have :
(28) D(p) = 5 {5(17) + —}5((1)

Of the two terms of which j; ; is composed, the first (22)
arising from the two delta functions is unaffected
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whereas the second (23) changes sign. The expression
for j,, (25 or 26) likewise changes sign. Thus if the
second contribution to j,, can be neglected, signals
associated with s alone and with d¢p/0x alone can be
obtained simply by adding and subtracting the signals
from the complementary detectors. We can estimate
the effect of the antisymmetric part of j, , by expanding
Y*(x, — X,, ¥, — ¥,) in(23) about (x,, »,) ; we obtain :

(29)
— A2 sz {w(x —x)w—(x——i")} s(x,) dx,

apart from a constant.

Finally, we examine the signals collected by the two
detectors corresponding to j,(x,) (eq. (19)). Like jy,
this too has a symmetric and an antisymmetric
component ; the two delta functions yield

12R2'

(30) jl\p(x —x) [ oyx,) |2 dx,

for either detector, whereas the term in 1/(x,—X,) is :

@31

44 2R Jlm{l//(x —X,)¥*(x,—X,) }o,(X,) 6¥(X,) %

x (x,—X,)" ! 6(y,—7,) dx, dX, .

An iterative routine can be devised to extract the
phase and amplitude distributions from the two
signals.

III. — THE QUADRANT DETECTOR

1. — General expressions for the signals selected

The asymmetry of the split detector with respect
to x and y suggests that interesting results might be
obtained by dividing the STEM signal into four rather
than two parts. This would entail using a detector
consisting of four quadrants Q,, i =1,2,3,4. We
then have four detector functions, D, such that :

1 Xz Ve€ Qi
(32) D = {0 otherwise

and hence :

Di(p,q) =4{(p) — i/np} {(g) — i/ng }
Dy(p,q) = 1 {8(p) — i/np } { 8(g) + i/nq }

B3 Bip,q) =+ {6(p) + ilnp } {8(@) — i/mg }
Dy(p.q) =41 {&p) + inp} {8(g) + i/ng }
or .
(34)
~ A iy, 6(p) v, 0(g)
4 D(p, q) = d(p) é(g) + s + 7 + o
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where :
h=—-1 u=-1 vy=-1
AZ= 1 ,uz= 1 V2=""1
(35) ;L.3= 1 '[4,3=_1 V3= 1
da=—=1 o= 1 v, = 1

Each detector receives a signal which we divide as
before into zero, first and second order terms,
Jj=1Jo +Ji +Jj, and we concentrate on the first
order terms j, :

(36)

) = J WX, =X P, =%, {0.0%,) + o) } %

X D< AR_ )dx dx,
/12
jtﬂ(x —X,) Y*(x,—X,) X
x{o,(x,) + 0¥, }

A
nz(xo _J_Co) (yo _.)70)

g {5(&,—%0) 5(r,—T,) +

i ia __o i i(Sj 'u__"o -
i O(x, _x) Lo (y _}) dx, d%,
TC(}’O - yo) TC(XO - xo)
Introducing s and @, g, = — s + ip, we subdivide

JO(x p) into j¥Ax,) and ](‘) (x,); clearly, j{¥ is obtained
from Ji by replacmg {c (x ) + o*(X,) } by

— {s(x,) + s(x,) }

while j{ is obtained by replacing this term by
i{e(kx,) — ¢, }. We find that each j{ contains
four contributions, two of which are independent of
the index 7 and hence are the same for all four detectors;
the other two are antisymmetric about the x axis and
the y axis respectively. The currents j{) contain only
three contributions, however, two of which involve
the x and y components of grad ¢ respectively. These
various contributions are as follows, in which we
have written :

=8+ A4S, +wS, +vS,

37 jo = Qo+ 40+ 1; 9, + v, D,
2 2
So= = 2Ry, —x ot ex,
22
S, = — jw(x—xw(x—x)x
s(x,) + s(X,) -
X T G e e
2 RZ
= — 2 jRe{w(X —X)lﬁ*(x _xo)}

s(X,)

X ———2 _dx, dX,
(x,=%,) (3,=¥,) °
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(38)
Su____l,lz Jw(x—X)W(X_X)X
o ) ¥ ) 55 dx, dR
Yo= Do ° o
2 2
- Azi jlm {¥x,—x,) ¥*(x, — X)) }
}S(f}-) 8(x,—%,) dx, dX,
2 2 * —
JER j Im{wx,_ ) %;ox“)}s(xo) dx,
S, = — Mjw(x —X,) ¥*(x,—X,) x
y S(_X%J_rx;(’_‘)a( —7.) dx, dX,
AZ R2 [+ 0
== jIm {¥(x,—x,) ¥*(x,—X,) }
xs(") 5(3,~T,) dx, dX,
AR i P8 e
(39
P, =
__iA*R?
®; 4 2

y j VX, = X)YU*(x,~X,) {0(x) ~9(%,) )

= — dx,dx
(xo_xo) (yo—yo) Xo CX

i* R?
22 X

y j Ip {Y(x, = %) Y*(x,—%,) } (x,)
%) Ga—)

dx,dx,

o, = - “szwx x,) UH(x,—X,) %

<P(X) ¢6‘)
.}'a—}o

22 2

A4I; jllﬂ(xp )|26q)(x> dx,
/{2

v j‘//(x _xo) ‘//*(x _x) X

M
X,

o(x, —%,) dx, dx,

%

S
II

o(y,~y,)dx,dx,

)

2 2
< flwx,, >|25‘”(X) dx,
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2. — Useful signal combinations

We have seen that, apart from the constant bias
Jo(x,), each detector receives signals of the form
Ji(x,) = ji; +j1, and higher order terms not consi-
dered here. The individual contributions, j,, and j,,
are subdivided into :

(40) JRx,) =S, + A4S, + S, + v S,
jiza(xp) = L+ 1 d, + v P,

and it seems reasonable to suppose that S, and S, will
often be small, in which case we have :

(41) j{i)(xp) =8¢ + A4S, + @) + u e, +v 9,
or :

i I -1 —1 —1\ /S,
+(2) s
Ji 1 1 1 -1 S;
42 =
@ lel=lr 1 -1 1]le,
@ -1 1 1/ \e,

which inverts to :

So [ 111 1 e
Y PN o S B R RS
@ le, |51 1 -1 1)@
?, -1 -1 1 1/ \j®

in which we have written S; = §; + @,. It seems
réasonable to suppose that @, will be smaller than S,
but this comparison needs further investigation.

Always subject to the approximations made above,
therefore, we can separate the amplitude term S,,
the hybrid term S, and the two terms involving the
components of grad ¢, @, and P, simply by combining
the signals from the four quadrants suitably.

IV. — DISCUSSION

It is natural to enquire whether any useful relation
exists between the image information provided by a
STEM with a half-plane or quadrant detector and that
obtained using complementary half-plane apertures
in the TEM. They are clearly not related by the
reciprocity relationship between the two instruments,
since the STEM counterpart of complementary objec-
tive apertures in the TEM would require similar
apertures in the pupil plane of the probe-forming
lens. The specimen would thus be scanned by a spot
onto which all the electrons would converge from one
half of the aperture. We have not examined such an
imaging mode in any detail but this suggests that a
useful signal might be detected if the specimen were
scanned with a tilted probe, the tilt angle remaining
constant for the duration of the scan. If this can indeed
be exploited to give useful information about the
phase and amplitude components of the specimen
transparency, the STEM version of the technique is
likely to be more successful that the use of comple-
mentary apertures in TEM since the purely technical
problems — contamination and charging of the half
plane and the difficulty of ensuring that the two half-
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planes are truly complementary, for example — do not
arise : the required tilts can be produced accurately,
reproducibly and symmetrically. On the other hand,
the image interpretation may be difficult, for the
foregoing reasoning neglects the effects due to the
extra aberrations associated with a scanning system
and, as Hanszen and Ade [9] have stressed, these must
be taken into account in a full treatment. Moreover,
it would be necessary to match the detector geometry
carefully to the beam tilt in some way. Nevertheless,
the idea of modifying the incident beam in STEM,
which we might regard as STEM ptychography,
is a far-reaching one. It should also be distinctly
easier to implement than the techniques requiring
detector arrays, such as that described by Waddell
et al. [23]. However, problems of interpretation can
arise with difference signals in STEM, owing to the
background signal that must be added ; this point has
been explored in considerable detail by Ade and
Hanszen [1, 8]. In a later paper, we plan to explore the
relation between the image signal and the probe
geometry in more detail : the probe could, for example,
be tilted, hollow or even more elaborately structured
though any modulation that cannot be produced

electronically is not likely to be worthwhile, except
in very special circumstances.

In conclusion, therefore, we observe that the family
resemblance between the information available from
split detectors in STEM and single-sideband images
in TEM arises less from any analogy between the
optics of the two systems than from the fact that both
exploit the symmetry effects associated with the real

and imaginary parts of the specimen transparency.
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