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Abstract

A method for determining polarity in III-V semicon-
ductors 1s discussed. It is based on comparison of
two conjugate four-beam CBED patterns tilted away
from the [011] zone axis. The method was originally
developed for GaAs, but it is shown that with care-
fully chosen diffraction conditions strong effects of
non-centrosymmetry may be observed for III-V semi-
conductors in general. The polarity can be uniquely
determined from observed intensity differences in the
4200 discs. Examples from GaAs and InP are given.
The general conditions for strong asymmetry effects in
the +200 discs are that the structure-factor magnitudes
of the reflections involved are about of the same size
and that the three-phase invariants involved are as close
as possible to +m/2. The asymmetry effect is rather
insensitive to thickness but weakens as the thickness
approaches the extinction lengths of the weak reflections
involved. It is shown that U,,, for GaAs (sensitive to
bonding) in principle may be determined from the gap
between the black lines in one of the 200 discs if the
other parameters can be controlled. It is further suggested
that the Al content x in Al Ga,_ As, on which U, is
strongly dependent, can be determined from this gap
when x < 0.3-04.

1. Introduction

An important aspect of the characterization of semi-
conductors with a non-centrosymmetric structure is the
determination of absolute polarity of the specimen. How-
ever, this is not always straightforward and depends
in general on carefully chosen diffraction conditions.
Several electron diffraction methods have been proposed
for the determination of polarity in non-centrosymmetric
crystals (e.g. Taftg & Spence, 1982; McKernan & Carter,
1990; Spellward & James, 1991). In the work of Taftg
& Spence (1982), a very simple method for polarity
determination was proposed that may be used for crystals
of the sphalerite structure. It is based on comparing
the intensity in the +200 convergent-beam electron
diffraction (CBED) discs for two conjugate four-beam
cases tilted away from the [011] zone axis. For GaAs,
it has been shown that very large asymmetry effects can
be obtained even though GaAs deviates very little from
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centrosymmetry. These strong asymmetry effects can
be explained qualitatively based on quasi-kinematical
arguments making use of the polynomial expression of
Cowley & Moodie (1962) with all excitation errors set
to zero (Taftg & Spence, 1982; Ishizuka & Taftg, 1984).

In the present work, we have reinvestigated and
discussed the method of Taft¢g & Spence within the
framework of the Bloch-wave theory and dynamical
many-beam calculations. However, for the sake of com-
pleteness, the qualitative interpretations made in the
previous works are also included. The aim of the present
work has been to evaluate the general applicability of
the method and to see if it is possible to establish some
general conditions when strong asymmetry effects may
be observed. The fact that such large effects are produced
for GaAs where the deviation from centrosymmetry is
so small makes this effect very intriguing, and suggests
that it can be used for quantitative purposes. The object
has therefore further been to evaluate the potential that
the strong asymmetry effects observed in GaAs has for
quantitative purposes. Some preliminary results from
this work have been published previously (Marthinsen
& Hgier, 1992).

2. The asymmetry effect in GaAs
and its qualitative interpretation

Fig. 1 shows a four-beam simulation of the +200
asymmetry effect in GaAs corresponding to the original
experiment by Taftg & Spence (1982). With respect
to the [011] zone axis, the incident-beam direction
corresponds to a tilt of about 13° around the (100)
direction such that the Bragg condition is fulfilled for
the 200, 911 and 11,1,1 reflections in Fig. 1(a), and
for the reflectons 200, 11,1,1 and 911 in Fig. 1(b).
Schematic drawings showing the reflections involved
and corresponding scattering paths in the respective
(conjugate) cases are given below for each case. The
crossing lines in the discs, which are a consequence
of scattering from the direct beam via the 911- and
11,1,1-type reflections, appear black in the 200 disc
and white in the 200 disc suggesting destructive and
constructive interference, respectively. Although GaAs
has a very small deviation from centrosymmetry (Ga and
As have atomic number Z = 31 and 33, respectively), the
difference between these two conjugate cases is striking.
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The simulations in Fig. 1, as well as all the computer
simulations in the present work, were carried out with a
standard Bloch-wave simulation program (Zuo, Gjgnnes
& Spence, 1989). For simplicity and since the present
work is focused on qualitative interpretations, only three
and four beams are included in the calculations. The
structure factors (elastic part) are based on tabulated
scattering factors from Doyle & Turner (1968). Absorp-
tion is included in the simulations using the subroutine
ATOM (Bird & King, 1990), however, the structure-
factor phases used in the discussion refer to the elastic
part of the structure factor. The Debye-Waller factors
used for GaAs were B, = 0.637 and B, = 0.686 A’
(at 300 K). The correspondmg values for InP were B =
0.333 and B, = 0.270 A%, If not otherwise stated, the
simulations have been carried out for 100 keV electrons
and with a specimen thickness of 2000 A. As illustrated
in Fig. 2, the GaAs (InP) unit cell is defined with Ga
(In) at (0,0,0) and As (P) at (1,1, 1).

Following Ishizuka & Taftg (1984), the £200 asym-
metry effect in Fig. 1 can be explained qualitatively
making use of Cowley’s polynomial expression for
dynamical diffraction with all excitation errors put equal
to zero. The structure factors of the reflections consid-
ered are so small that all extinction lengths are more
than 4000 A at 100keV (c¢f. Table 1). Therefore, phase
changes due to change in thickness can be neglected
up to about 1000 A for such weak reflections. For
thicknesses much lower than actual extinction lengths,
the phase of a scattering path is the sum of the phase
change of —7/2 associated with each scattering process
and ¢, for each structure factor involved. The total phase
change ¢ for » times multiple scattering can then be
written

"

g=73

i=1

/24 . (1)

Since the atoms are almost identical, we may write the
atomic form factors as f;, = =f— Af and Sao = f+ Af.
where fis the mean value and Afis defined positive. The
unit cell 1s defined with Ga and As atoms at (0, 0, 0) and

Fig. 2. The GaAs unit cell in the [011] projection. The absolute
physical orientation of the crystal is consistent with the diffraction
pattern in Fig. 1.
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(1.1, 1), respectively, and in the equivalent positions of
the f.c.c. structure. To first order of Af in the amplitude
and neglecting Af in the phases, the structure factor then
becomes

0 mixed indices
4 x 22 fexp(+in/4) h+k+1=4n+1
—8Af h+k+l=4n+2
—8f h+k+1=4n.

(2)

Neglecting the coupling between the two odd-
index reflections with reciprocal vector [20,0,0],
(Usy g.0/Usyy = 1/9), each four-beam case may
approximately be considered as a superposition of two
three-beam cases. This is strictly not correct (e.g. a
three-beam case does not generally decompose into
two independent two-beam cases if the coupling is
neglected), however, in this case, the assumption is
supported by simulations with U, , , = 0, which show
no visual change in the diffraction pattern. Then there
are essentially two scattering paths into the 200-type
reflections. One is the direct path

Fig =

(000) — (£200) = p = —7/2+ 7 = +7/2 (3)
and the other one is via the odd-index reflections that
are of the type 4n + 1 and 4n — 1 for the 200 and 200

cases, respectively, Le.

(000) — (dn+ 1) — (200) =

P = ( T2+ w/4)+(-7/2+7/4) = —7/2
(000) — (4n—1) — (200) =

@ = 7r/2—7r/4 +(—m/2—7/4) = +7/2.

(4)

Hence, the direct scattering into the 200 reflection is
7 out of phase with the scattering over each of the
two other paths giving destructive interference, while
both the double-scattering paths scatter in phase with
the direct path into 200 giving constructive interference.
All scattering paths are of approximate equal strength.
This explains the black and white crosses observed in
the +£200 discs in GaAs.

If we, on the other hand, consider Ge, which is in
between Ga and As in the periodic system, Ge has
diamond structure and is centrosymmetric. In this case,
Af = 0 and the 200 reflections are extinguished and the
direct path is no longer existent. As a consequence, there
is constructive interference in both conjugate cases and
only a white cross appears in both cases.

3. Polarity determination in GaAs

The above results for GaAs can be utilized to determine
the polarity of the crystal, i.e. the absolute chemical
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Table 1.
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Selected structure factors and corresponding extinction lengths in GaAs calculated at 100 keV

‘Total” is the elastic part plus the absorptive part of the structure factor.

Elastic Total
Reflection  |U,| (A2, (O) U A=) £, ) ( (&)
200 0.003807 0.0 0003816 =385 7079
11,1,1 0003734  —4481 0003834  —5582 7047
,1,1 0.003734 44.81  0.003775 3362 7157
91T 0.006261  —4476 0006411  —5470 4214
911 0.006261 44.76  0.006305 34.64 4285

orientation of a specimen. In order to distinguish non-
equivalent directions such as [100] and [100], three
directions need to be specified: the sense of the basis
and two indexed reflections. Two may be chosen freely
and the third then determines the polarity consistent with
the choices made (Spellward & James, 1991). If strong
absorption effects are present, the phase differences for
conjugate reflections shown in Table I will in principle
appear as intensity differences between conjugate discs
even in the two-beam case (Bird, 1990) and the polarity
can in principle be determined. However, this is a
second-order effect and polarity determination has in
general to be based on dynamical many-beam inter-
actions, which in practice are present in all electron
diffraction experiments. The polarity determination is
then based on a comparison of the intensity in the g
and —g discs for two diffraction conditions differing
only by a change of g in the incident-beam direction K.
Non-centrosymmetry will in general introduce a loss of
translation symmetry between the g and —g discs, even
when only reflections in the ZOLZ are exited. The reason
for this is interchanging elements in the eigenvectors
(e.g. Marthinsen, 1993). This is exactly the diffraction
conditions we have for GaAs in Fig. 1, and the intensity
differences observed between the £200 reflections are an
extreme example of this loss of translational symmetry.
The position of the white cross relative to the black one
determines uniquely the polarity of a GaAs sample. With
the definition of basis given above, the observations in
Fig. 1 are consistent with an absolute orientation of the
crystal relative to the diffraction pattern in Fig. 1 as
shown in Fig. 2. A white cross in the disc to the right
of the direct beam implies that As lies to the right of
Ga in the specimen and vice versa if the white cross is
to the left.

4. Dynamical Bloch-wave theory

Within dynamical Bloch-wave theory, the intensity in
a CBED disc g, neglecting absorption, is given by
the following intensity expression (e.g. Spence & Zuo,
1992):
I(n) = E ICyC P +2 2 S 1CC

i>j
x cos[(v' — v/)t + .

i g i*
C()Cg I

(5)

Here, ' and C' are Bloch-wave eigenvalues and Bloch-
wave elgenvector components, respectively. a¥ is the
phase of C;"C,C,CY".

The two conjugate four-beam cases we are discussing
will have the same eigenvalues but a conjugated eigen-
vector set (neglecting absorption), which reverses the
sign of «. This change of sign is thus the origin
of the asymmetry observed between the 200 and 200
discs (Marthinsen, 1993). For the special case of a cen-
trosymmetric crystal, the eigenvectors (again neglecting
absorption) will be real, oY = 0, and the asymmetry
obtained for non-centrosymmetric crystals disappears.
In the non-centrosymmetric case, the size of the phase
term «“ depends on the magnitude of the individuat
structure factors, U, = |U, | exp(iy,) and the three-phase
structure 1nvar|a.nt‘s mvoived lI/ =@ _,t ¢+,
respectively.

Many-beam effects are in many cases conveniently
discussed in terms of a perturbed two-beam case, incor-
porating the effects of all reflections apart from the two
strongest say 0 and g, through an effective potential

by using a perturbation series (Bethe, 1928). In
thls case, the standard two-beam intensity expression
becomes (Zuo, Hgier & Spence, 1989)

I, = [JUS"?/(KAv)?) sin® (n1Ay), (6)

where A+ is the difference between the roots of the
modified dispersion equation. In the three-beam case
with only one weak beam h, the effective structure factor
is given by

(U = U1 = (101Ul /1U,|2Ks,) cos &

+ (| I1I|Ug—}1|/IUg|2Ksh)2]‘ (7)

5. Simulations and discussion
5.1. Structure-factor amplitude and phase sensitivity

As mentioned above, the two conjugate four-beam
cases we are discussing can be discussed in terms of two
superimposed nearly equivalent three-beam interactions,
i.e. 000, 200, 11,1,1 and 000, 200, 911 and the conjugate
cases, respccuvcly, since the coupling between the odd-
index reflections, ie. 20,0,0, may be neglected. The
magnitude of the structure factors involved are approx-
imately equal (cf Table 1) and the three-phase structure
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The gap observed in the 200 disc for GaAs was shown
to be a genuine four-beam effect. It cannot be explained
from three-beam calculations based on Bloch waves;
however, with the assumption of the coherent multiple
scattering in the four-beam case, the occurrence of a
gap in only one of the conjugate discs is predicted.
Furthermore, the gap width was found to depend on
the different structure factors involved as well as the
specimen thickness. Nevertheless, it should be possible
to determine one structural parameter when knowing or
carefully controlling the others by quantitatively com-
paring experimental and calculated rocking curves.

U,y of GaAs (sensitive to bonding) may be deter-
mined from the gap between the black lines in the 200
disc if the other parameters can be controlled. However,
U, 1s probably equally well determined from the strong
variations in £200 intensity oscillations itself using
recently developed quantitative CBED methods (Spence,
1993).

One of us (KM) acknowledges Hydro Aluminium a.s.
for financial support.
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content x in Al Ga,_ As. 100 keV, 2000 A,
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