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A B S T R A C T

Angle-resolved electron Rutherford backscattering (ERBS) measurements using an electrostatic electron
energy analyser can provide unique access to element-resolved crystallographic information. We present
Kikuchi pattern measurements of the non-centrosymmetric crystal GaP, separately resolving the contribu-
tions of electrons backscattered from Ga and P. In comparison to element-integrated measurements like in
the method of electron backscatter diffraction (EBSD), the effect of the absence of a proper 4-fold rotation
axis in the point group of GaP can be sensed with a much higher visibility via the element-resolved Ga to
P intensity ratio. These element-resolved measurements make it possible to experimentally attribute the
previously observed point-group dependent effect in element-integrated EBSD measurements to the larger
contribution of electrons scattered from Ga compared to P.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

In contrast to the elemental group IV cubic semiconductors,
the closely related III–V compound semiconductors lack inversion
symmetry. As a consequence, the 〈001〉 axes lack a proper 4-fold
rotational symmetry. Instead, only an improper 4-fold roto-inversion
axis is present, and the point group of the cubic crystals is 4̄3m.
Determination of the absolute orientation of such a crystal is not only
a classic problem in crystallography [1], but it is also a technolog-
ically relevant question for the controlled growth of optoelectronic
materials like GaP or GaN on different substrates [2–8]. Electron
diffraction experiments are, due to their strong interaction, sensitive
to the lack of inversion symmetry in crystals. Recently, it was demon-
strated how Electron Backscatter Diffraction (EBSD) can determine
the polarity of crystallites in poly-crystalline samples, in particular
due to the asymmetry of the shape of the {111} Kikuchi bands [9].
However, calculations suggested that also near the 〈111〉 zone axes
there should be an influence of the polarity of the crystal on the mea-
sured EBSD distribution [10]. EBSD has also been used to probe the
lack of inversion symmetry in ferroelectrics [11].

* Corresponding author.
E-mail address: maarten.vos@anu.edu.au (M. Vos).

In conventional EBSD, the measurement integrates the signal of
all electrons scattered from different nuclei in a compound. How-
ever, using an electrostatic analyser with sufficient energy resolution
(0.4 eV) at relatively high electron energies (40 keV), it is possi-
ble to discriminate electrons scattered from light and heavy ele-
ments based on the difference in recoil energy that is transferred
by the scattering electron to a target atom (electron Rutherford
backscattering, ERBS [12]). This sensitivity to the nuclear mass of
the backscattering atoms makes it possible to study separately the
individual Kikuchi patterns for electrons scattered from light and
heavy elements. In our initial observations, only the intensity dis-
tribution along a line of scattering directions could be obtained
in this way [13]. Recently, this technique was automated so that
we can measure extended two-dimensional intensity distributions
of Kikuchi patterns, which strongly facilitates the comparison with
theoretical simulations [14].

In this paper, we present element-resolved, two-dimensional
Kikuchi patterns for the case of cubic GaP, which serves as a proto-
typical non-centrosymmetric III–V compound crystal. By investigat-
ing the diffraction patterns of electrons backscattered incoherently
from Ga and P separately, we aim to get a better understanding of
the origin of the sensitivity in EBSD to the polarity of crystal lattice
planes and the absolute orientation of non-centrosymmetric crystals.
Our experiments are also closely related to photoelectron diffrac-
tion [15–17], where element sensitivity is based on the binding
energy levels of the photoexcited core electrons rather than nuclear
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mass dependent recoil losses in our case. As the energies used for
ERBS are considerably higher than even in hard X-ray photoelectron
diffraction, the measured intensity distributions potentially contain
more detail due to the bulk crystal structure and are thus inherently
less surface-sensitive.

So far we have used element-resolved Kikuchi patterns to study
the effect of the atomic arrangements in the physical planes of
crystals. For GaP, the {100} planes contain either Ga or P atoms
(Fig. 1d, e) with the P-containing planes exactly in between the
Ga-containing planes. It turns out that under these conditions the
Kikuchi band of the lighter atom has a minimum in intensity cen-
tered at this plane, whereas the heavier has a maximum [18]. For
{110} planes Ga and P atoms line up in the same plane (Fig. 1d, e). It
was demonstrated that under these conditions the Kikuchi bands of
the two different atoms are virtually indistinguishable [18,19].

In Fig. 1 we show the GaP crystal and highlight the fact that the
two 〈111〉 directions of the point lattice marked by a blue and red
arrow are not equivalent for the crystal structure occupying the lat-
tice, i.e. we have to distinguish between two inequivalent sets of
〈111〉 and 〈1̄11〉 directions. Also, the {111} lattice planes are of par-
ticular interest as they are affected by the absence of the inversion
symmetry. Ga and P atoms are here in different planes, but the P
plane is only slightly displaced from the Ga plane. Now there are two
possibilities: the Ga plane just above or just below the P plane. The
element-integrated Kikuchi band shows an asymmetry here [9,10]
reflecting the asymmetry of this alignment. In this paper, we will
investigate how this asymmetry manifests itself when one measures
the Kikuchi band of Ga and P separately.

The quantitative description of Kikuchi bands is possible by the
dynamical theory of electron diffraction, e.g. based on a Bloch wave
approach. Especially at lower energies (e.g. in the context of photo-
electron diffraction) the results can also be qualitatively described
by forward scattering of electrons along strings of atoms. Within this
framework the 〈111〉 directions are expected to depend on the polar-
ity of the crystal planes. Along these directions, the P atom is either

just before or just after the Ga atom, and this sequence is repeated at
a distance considerable larger than the Ga-P separation. In the scope
of this forward scattering model, we can expect large effects when
the intensity in the 〈111〉 directions is compared with the intensity
in the 〈1̄11〉 directions.

In this paper, we demonstrate the unique access to element
resolved crystallographic orientation information that is provided by
angle-resolved ERBS measurements. We will focus our study mainly
on directions along the (110) and (1̄10) Kikuchi bands. The (110) and
(1̄10) bands themselves are not sensitive to rotation over 90◦ but
they intersect with the directions of interest: 〈1̄11〉/〈1̄1̄1〉, the {111}
planes at the 〈1̄1̄2〉/〈1̄12〉 zone axes as well as the [001] zone axis.

2. Theory

The Kikuchi patterns for GaP were simulated using the Bloch
wave approach of dynamical electron diffraction theory [20]. The
relative backscattering strength of Ga and P were assumed to scale
like the square of the atomic charges Z2, as given by the Rutherford
scattering cross section. For the actual calculations, we used the soft-
ware ESPRIT DynamicS (Bruker Nano, Berlin). For GaP about 2200
reflectors hkl with a maximum reciprocal lattice point distance of
1/dhkl > 1/0.035 nm−1 and a relative strength of larger than 8% of
the strongest reflector intensity (square of the absolute value of the
structure factor) have been taken into account. A mean square dis-
placement of 0.00013 nm2 (both for Ga and P) was used to consider
thermal vibrations of the crystal structure via the Debye-Waller fac-
tor. To describe the effect of inelastic scattering, an inelastic mean
free path of 26 nm was assumed.

The resulting Kikuchi patterns are shown in a stereographic pro-
jection in Fig. 2 for the contribution of Ga and P separately. The
{100} planes are horizontal and vertical, the {110} planes are at 45◦
with this. The {111} bands in this projection are curved so that they
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Fig. 1. In (a) the conventional unit cell of GaP is shown. The unit cell can be projected along 〈111〉 in two ways: For the direction indicated by the red arrow in (a) the P atoms
appear just in front the Ga atoms (b); along the blue arrow the P atoms are just behind the Ga atoms (c). The {100} planes (red, dashed-dotted line) and {110} planes (blue dashed
line) are shown in (d)–(e). The {100} planes are symmetrically spaced and contain either exclusively Ga or P atoms. The {110} planes contain both Ga and P. The {111} planes
(yellow line in (e)) contain either Ga or P atoms, but in contrast to the {100} planes, the Ga plane is not positioned symmetrically between the P planes. The Kikuchi intensity
related to the {111} planes is expected to be asymmetric due to the non-centrosymmetric layering of the atoms. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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intersect the {110} bands in the xy-plane at the [110]-type directions
at the edge of the projected hemisphere.

The calculated stereographic projection of the conventional EBSD
Kikuchi pattern intensity, i.e. integrated over Ga and P, is shown in
Fig. 3a. As our experiment separates these contributions, it is also
of interest to plot the Ga to P intensity ratio. This is done in Fig. 3b.
For the center of the {100} planes the Ga intensity is enhanced over
that of P (horizontal and vertical line through the center). The {110}-
type planes are clearly visible in the Kikuchi pattern (Fig. 3a) but
are totally absent in the plot of the Ga to P ratio figure (Fig. 3b).
This implies that {110}-type planes have exactly the same shape for
electrons scattered from Ga and P.

It is of particular interest to look at the shape of the Ga-to-P ratio
plot for the {111}-type planes in Fig. 3b. Here a high Ga-to-P ratio
(white) band is adjacent to a low Ga-to-P ratio (black) band. For the
{111} bands that connect ‘north-east’ to ‘south-west’ the black band
is at the inside of the white band. For those that connect ‘north-west’
to ‘south-east’ it is at the outside.

Either the total Kikuchi pattern or the Ga-to-P intensity ratio can
be rotated over 90◦, but the resulting pattern is slightly different

(a)

[111]

[111]

[001]

[110]

(b)

Fig. 2. Element-resolved Kikuchi signals for GaP. Stereographic projection centered
on [001]. (a) Ga. (b) P × 4.

due to the absence of the 4-fold symmetry. To illustrate this we plot
(I0 − I90))/(I0 + I90) (with I0 and I90 as the intensity before and after
rotation, respectively) for both the total Kikuchi pattern (Fig. 3c) and
the Ga-to-P ratio (Fig. 3d). The Ga-to-P ratio is much more sensitive
to the rotation than the total intensity. Such a behavior indicates that
when the Ga intensity increases by rotation over 90◦ the P intensity
decreases. Hence the effect of rotation is partly canceled in the plot
of the sum, but enhanced in the plot of their ratio.

Besides the {111}-type planes also the [111]-zone axes display
a very peculiar behavior. There are no planes visible intersecting
at these directions in the ratio plot, but still there is generally an
enhancement of the ratio visible for two and a decline for the other
two.

3. Experimental Details

The experimental set-up is sketched in Fig. 4. An electron beam
with 40 keV (0.2 mm diameter) impinges on the sample. The detec-
tor measures electrons emerging (within 0.1◦) along a segment of
the surface of a cone with half-cone angle of 44.3◦. The measured
segment is ≈11◦ out of 360◦ of the total cone. The incoming beam
is along the axis of this cone. All electrons have thus been scattered
over 135.7◦. The incoming beam, sample surface normal and the
trajectory hitting the center of the detector are all in the horizon-
tal plane. The sample is mounted on a precision rotary feedthrough
which can be rotated by a stepper motor. In this way the angle
between the surface normal and trajectories of the detected elec-
trons can be changed.

The beam current is measured (around 10 nA) and the collected
charge is integrated during the measurement. Data are acquired at
each angle for a preset amount of charge. The electron analyser,
consisting of a set of slit lenses followed by a hemispherical anal-
yser, has a two-dimensional detector that measures the 0-range and
energy window of 40 eV simultaneously. The energy resolution of
the system is about 0.4 eV, the angular resolution in h and 0 is about
0.1◦ [12]. The intensity of the spectrum at each 0 angle is determined
for two different user-defined energy loss ranges. When the pre-set
amount of charge was collected the h angle was incremented and the
measurement was repeated. Unless otherwise stated the h-step size
was 0.1◦ used. A measurement sequence of 100 different h angles
takes about 24 h.

The GaP crystals (supplied by MTI corp. 0.5 mm thick GaP wafers)
were sputtered with 2 keV Ar+ ions and annealed at ≈600◦ before
the measurement, to ensure the presence of a well-ordered, clean
surface. The orientation of the crystal was judged from the docu-
mentation of the supplier and the exact orientation was found by
matching the observed intensity distribution to the calculated one.
Most measurements were done using a wafer with a (001) surface
orientation, but (110) wafers were used as well. Rotating the (001)
crystal over 90◦ along the surface normal, to access the point-group-
symmetry-inequivalent orientation of the crystal, could only be done
by taking the sample out of the vacuum and rotating it manually
in the holder. After reintroducing it into the vacuum the anneal
treatment was repeated.

4. Results

For the measurement conditions in this study (scattering angle
≈135◦, energy 40 keV), the recoil energy transferred to the target
atoms in the large-angle deflection is well resolved [21]. This makes
it possible to distinguish electrons scattered from Ga from those scat-
tered from P because the recoil energy scales as 1/M with M the
mass of the scattering atom. This is illustrated in Fig. 5 showing the
energy distribution of electrons quasi-elastically backscattered from
GaP. Here we integrated over all detector (0) angles. The statistics at
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Fig. 3. Simulation of element-integrated (left column) and element-resolved (right column) Kikuchi signals for GaP. Stereographic projection centered on [001]. Top row: (a)
element-integrated Kikuchi intensity of Ga + P, (b) element-resolved ratio of intensity backscattered by Ga relative to P. The average value of the intensity ratio should be near
Z2

Ga/Z2
P = 4.3. Bottom row: (c) relative asymmetry of (a) after a 90◦ rotation around [001]. A maximum effect of up to 10% is seen for the {111}-type lattice planes. (d) relative

asymmetry of (b), with maximum asymmetry near 80%. For both types of measurements, only specific bands are sensitive to the absence of the 4-fold rotation axis. Most notably,
the {100} and {110} lattice planes show a 4-fold symmetry indicated by a difference value near zero.

a specific detector angle is about 100× less. Because there is some
overlap between the Ga and P peaks, the energy loss regions used to
determine the Ga and P peak intensities were chosen as indicated in
the figure, excluding the region of significant overlap. The intensity of

Fig. 4. A schematic of the experiment. The spectrometer measures electrons that
move very close to a section of the surface of a cone, and resolves their 0 coordinate.
The measurement is repeated for slightly different values of the sample rotation h. In
this way a two-dimensional (h,0) distribution is obtained.
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Fig. 5. The quasi-elastic peak in the energy spectrum of electrons backscattered from
GaP, consisting of partially resolved Ga and P components. The energy regions used to
determine the Ga and P intensities are indicated as well.
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the Ga peak is considerably larger than that of the P peak, as the cross
section scales in first approximation as Z2, with Z the atomic number.
The separation of Ga and P is in good agreement with expectations
for such a system.

The (001) crystal was oriented with a 〈110〉 direction vertical. This
means that a {110} plane is approximately horizontal and always
pointing towards the detector, and hence a {110} Kikuchi band is
always observed. When comparing the results with the calculations
shown in Fig. 2 where these planes are seen at 45◦, we can rotate the
calculated intensity either over ±45◦ so a (110)-type plane is hori-
zontal. As discussed before, these orientations are not equivalent and

correspond to the difference between (110) and (−110) in the crys-
tal structure which we aim to discriminate with our measurements.
Initially, the appropriate rotation was judged from by comparing
the experiment with both options. Once the polarity was deter-
mined from the first measurement, all subsequent measurements
confirmed this choice.

The first measurements we discuss are taken near 〈112〉 zone
axes, indicated as yellow and pink boxes in Fig. 3a. Here the {110}
plane crosses the polar {111} planes and we expect this Kikuchi band
region to be sensitive to the crystal polarity. The results, for both
polar orientations are shown in Fig. 6 and compared to calculations.
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Fig. 6. (a) Calculated Kikuchi pattern for electrons scattered from Ga near the [112] zone axis. (b) Measured pattern for electrons scattered from Ga. The red box in (a) corresponds
to the area covered by the experiment. (c) The calculated pattern for electrons scattered from P. (d) The measured pattern for electrons scattered from P. (e) The calculated Ga
intensity divided by the calculated P intensity. (f) The same for the measured intensity. (g–l) The same as (a–f) but now the crystal was rotated by 90◦ around the [001] surface
normal. Notice that (k) and (l) resemble the negative of (e) and (f). The yellow line marks the h value of the [112] zone axis. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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For easy comparison the calculations extends over a somewhat
larger area than the measurement. The horizontal (h) axis corre-
sponds to directions from 25◦ to 42◦ between the outgoing trajec-
tory and the surface normal. The 0 direction extended from −10◦
to 6◦ below and above the {110} plane. The calculated patterns
show a plethora of structures, the main ones are easily identi-
fied in the experiment as well. The 〈121〉 zone axes stands out
clearly.

The experimental patterns show less contrast, but the main fea-
tures of the theory are easily identified. The actual measurement
range is indicated by the red box drawn in the calculated distribu-
tion. As consistency requires, the measurement range is the same for
the P and Ga distribution.

There are additional features in the experiment causing addi-
tional horizontal and vertical streaks, not seen in the theory.
The horizontal lines relate to the detector response, e.g. inhomo-
geneities in the channel plate detection efficiency. The vertical lines

seen sometimes in the experiment, but missing in the theory are
attributed to channeling effects of the incoming beam as was demon-
strated for silicon crystals elsewhere [14]. Because the incoming
electrons are diffracted in a very similar way as the outgoing elec-
trons, the probability that the incoming beam backscatters from a
target atom changes when the crystal is rotated over h. Similar to
different outgoing diffraction effects for Ga and P, the incident beam
changes are not always the same for Ga and P. If incident beam
diffraction happens it will affect the measurement at all outgoing 0

values in the same way, causing vertical streaks in the outgoing Ga
and/or P distributions.

To highlight the effect of the different polarity we take the ratio
of the Ga and P signals in the lower panels. This has the additional
advantage that detector inhomogeneities are mostly canceled out. In
both experiment and theory, the horizontal bands ({110} planes) dis-
appear if one takes the ratio. The other bands (vertical {111} planes
and {311} planes) remain visible. The vertical dashed-dotted line
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(h)
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(k)
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-45° 45°

40                                                 61
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12

Fig. 7. Same as Fig. 6, but now for directions near 〈111〉 zone axes.
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corresponds for the calculated distribution to 35.2◦, the direction of
the 〈121〉 zone axis relative to the surface normal.

Clearly the calculated maximum intensity along the {111} plane
is either on the inside or on the outside of the dashed-dotted line.
If Ga has its maximum on the inside, then P has its maximum on
the outside and vice versa. In the experiment, the maxima of the P
and Ga intensity are also clearly at different h values. There is thus
only one assignment one can make to the polarity that allows for a
satisfactory comparison of theory and experiment, and the results
are plotted accordingly.

There is, however, much more structure in the ratio distribution
in both the experiment and measurement. They tend to have differ-
ent ‘polarity’. Lines that show up as white for the −45◦ orientation,
appear as black at the 45◦ orientation. Inspection of the experiment
show that many of these features are present in the measurement as
well. Indeed for this choice of polarity the black lines in the experi-
ment correspond to black lines in the calculation, and the same for
the white lines.

In the calculations the origin of the white and black lines in
the ratio distribution can be traced back to differences in the Ga
and P intensity distributions themselves. To show this effect more
clearly in the experiment, even longer measurement times would be
required, as the contrast of the features is reduced.

Next we shift our attention to a similar measurement through
the 〈111〉 zone axis. These measurements correspond to the red and
blue box in Fig. 3a, and are shown in Fig. 7. In this case there is
a strong enhancement along a vertical band for an outgoing direc-
tion of h = 44.3◦. This is when the incoming beam is in the close
vicinity of the 〈100〉 zone axis, where channeling effects leads to
a pronounced enhancement of the backscattering probability [14].
The 〈111〉 zone axis is visible near h = 54.6◦, but when taking the
Ga to P ratio the bands seen crossing here disappear. Again in the
ratio plot dark and bright lines appear and the where dark lines
appear for the −45◦ measurement light measurements appear for
45◦ and vice versa. Near the 〈111〉 direction there are exclusively
dark lines or white lines. These tendencies are all reproduced by the
experiment.

In Fig. 8, we show similar distributions near the surface normal
(〈001〉 zone axis) corresponding approximately to the golden box

in Fig. 3a. Here the measurement was done for only one of the
two geometries (−45◦). In the neighborhood of the star one can
clearly see a white circle segment, which is only present for the
−45◦ geometry. There are other dark and white lines visible in
both the ratio plot of the experiment and theory, and again all
the observed dark/white lines agree with the theory at −45◦, but
disagree with the theory at +45◦. So even in rather close prox-
imity to the 〈001〉 zone axis there is an influence of the point
group on the EBSD pattern (exactly at the zone axis, symmetry
requires the absence of an effect). Note that in this case, when
we take the Ga to P ratio, only the {110} planes disappear, the
other ones remain although the {100} planes appear to get nar-
rower. This narrowing is a consequence of the fact that the Ga and
P atoms here do not share the same plane (see Fig. 1), as explained
elsewhere [18].

Finally, in Fig. 9 we show the intensity distribution near the [110]
direction, both as measured and as calculated, for Ga as well as for P.
This measurement was done using a crystal with a [110] surface nor-
mal and the area measured corresponds roughly to the green box in
Fig. 3a. In the theory, P shows a clear enhancement near this direction
(again not exactly in the zone axis direction but at slightly positive 0

values). For Ga this is not the case. The experiment shows also a clear
maximum for P near the zone axis direction, but indeed no clear peak
is seen for Ga.

Calculations show that the absence of an enhancement for Ga
along the [110] direction is not specific for a measurement energy of
40 keV as it was observed for calculations over a range of energies,
down to 10 keV. Near the [110] zone axis direction the diffrac-
tion has to be described as a many beam case due to very pro-
nounced dynamical scattering effects. The standing wave patterns
of the angle-dependent exit probability that form then can have
a complicated spatial distribution. Along the [110] direction there
are strings of only Ga atoms and only P atoms. As we can see
in Fig. 2 and Fig. 3b, along the low index zone axes 〈100〉 and
〈110〉, the Ga/P ratio is significantly reduced. Along these direc-
tions, the Ga/P ratio is considerably below the theoretical value
of 4.3 for the ratio of their Rutherford scattering cross sections,
which indicates strong dynamical scattering effects along the atomic
columns.

IGa

IP

IGa

IP

θ=-45° Theory Theory Experiment θ= 45°
4

-7
-5.5                                                               8.7

Fig. 8. Measured intensity distribution near the [100] zone axis for Ga and P and the ratio of the Ga to P intensity (left column). A (110) plane is horizontal, easily visible in the
intensity distribution of Ga and P, but completely absent in the ratio. Due to the lack of 4-fold symmetry there are two non-equivalent crystal orientations possible. The calculated
intensity distribution for both possibilities are given (center and right columns). An example of a feature that differs is marked by a red star (a bow, most easily visible in the ratio
plots). The experiment corresponds to h = −45◦ orientation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 9. The intensity distribution for Ga and P near the [110] zone axis for Ga and P, both in the experiment and as calculated. Notice the absence of a noticeable enhancement for
Ga in both theory and experiment for the [110] zone axis.

5. Discussion

The results presented in the previous section allow us to unam-
biguously assign the GaP crystal orientation with the resolution of
the point group 4̄3m. To be specific, in Fig. 10 we show the two real
space crystal orientations corresponding to a measurement of a 〈111〉
zone axis of the cubic point lattice. Due to the lack of inversion sym-
metry that is caused by the different chemical occupation of the two
fcc sub-lattices of the zincblende structure, the [111] direction facing
the analyzer is physically different from the [1̄11] direction.

Our measurements presented above show explicitly that we can
assign the experimental “45◦” orientation of the sample to the
situation when the [111] (or [1̄1̄1]) direction is facing the analyzer
in the (1̄10) Kikuchi band. In this case (seen from the analyzer) the P
atom is just before the nearest-neighbor Ga atom.

For the “−45◦” orientation the [1̄11] (or [11̄1])direction is facing
the analyzer in the (110) Kikuchi band and the P atom is just behind
the nearest-neighbor Ga atom. We see white lines in the Ga/P ratio

plot for the ‘+45◦’ orientation near a [111] direction if P is just before
Ga.

To obtain more insight into the mechanisms involved, it is help-
ful to plot the calculated intensity of Ga, P and the sum for the two
non-equivalent sample orientations (+45◦ and −45◦). This is done
in Fig. 11 for a segment along the {110} bands that contains both
〈112〉 and 〈111〉 zone axes. The Ga distributions are about a factor of
4 more intense than the P distributions. This is because the simula-
tions assume that the probability of large–angle deflections scales as
the Rutherford cross section i.e. like Z2.

The difference of the two Kikuchi patterns for the two orienta-
tions are quite obvious, especially near the 〈112〉 direction. This is
even more obvious if we plot the difference I(45◦) − I(−45◦). For Ga
the maximum difference is about 30% of the maximum intensity of
Ga, but the average difference is of course much smaller. The P differ-
ence pattern is a factor of 2 less intense as the Ga difference pattern
whereas the P signal is 4 times less intense. In relative terms the P
signal is thus more sensitive for the rotation over 90◦.



336 M. Vos, A. Winkelmann / Materials Characterization 123 (2017) 328–338

[111]

(−45°)
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[111]

(+45°)

(b)

Fig. 10. Real-space orientation of the GaP crystal corresponding to the ±45◦ measure-
ments, green: Ga, red: P. The electron energy analyzer direction is to the left. Note
how the two orientations are related by a 90◦ rotation around [001] and effectively
correspond to a different relative placement of Ga and P planes. (a) −45◦corresponds
to [1̄11] (or [11̄1]) facing the analyzer. (b) +45◦corresponds to [1̄1̄1] (or [111]) facing
the analyzer. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Note that features appearing positive in the Ga difference pattern
are negative in the P difference pattern. In the Ga+P difference pat-
tern, shown as well there is thus a partial cancellation and the mag-
nitude of the difference as a fraction of the total intensity becomes
even less.

The difference patterns for Ga and P have to a very large extent
the same overall structure, up to a different sign. The difference
between the two sample orientations is that the P and Ga atoms
interchange their lattice position. So the movement from the P atom
when going from +45◦ and −45◦ is opposite to that of Ga. Hence the
fact that their difference distributions resemble each other, but have
different polarities is plausible.

It is of interest to try to understand why the anisotropy for P,
expressed as a fraction of the total P signal is twice as big as for
Ga. For this it is helpful to consider the atomic differential scatter-
ing cross sections (DCS) of these atoms, as is done in Fig. 12. The
scattering processes that give rise to Kikuchi band formation are
(coherent) small angle deflections. Here the differential cross section
for P is about half of that of Ga. For electrons back scattered from
P rotating the crystal from −45◦ to 45◦ corresponds to a change in
relative position of the Ga atoms. For electrons back scattered from
Ga this rotation corresponds to a change in relative position of the
P atoms. For electrons incoherently backscattered from P the atom
that changes position in both orientations (Ga) has the larger cross
section and hence, the effect of the rotation is larger for electron
backscattered from P.

In the total (Ga+P) intensity there is still some effect of the
rotation left, although, as a fraction of the total signal, is con-
siderable less. For large angle scattering events the DCS of Ga is
four to five times larger than the DCS of P (see Fig. 12). Thus the
total intensity is dominated by that of Ga and the correspond-
ing Ga anisotropy is only partially canceled by the P contribution,
in spite of the fact that the P contribution has the relative larger
anisotropy.

In the experiment we do not explicitly compare intensities after
90◦ rotation, since this is hard to carry out with the required pre-
cision (0.1◦) in our setup. Instead, the Ga:P intensity ratio provides
a much more direct and reliable signal. The Ga/P ratio amplifies
the effect, as an increased Ga intensity implies a reduced P inten-
sity, and vice versa. It is also obvious that, given the behavior of
Ga and P separately, the obtained intensity ratio changes ‘polarity’
if the crystal is rotated by 90◦. Thus, determining the Ga/P inten-
sity ratio in element-selective Kikuchi patterns is an elegant way to
study the effect of the absence if inversion geometry on these Kikuchi
patterns.

6. Conclusion

Using the example of absolute point-group resolved orienta-
tion determination of GaP, we demonstrated that angle-resolved
ERBS measurements using an electrostatic electron energy analyser
can provide unique access to chemically resolved crystallographic
information. In comparison to element-integrated Kikuchi pattern
measurements like in the method of electron backscatter diffrac-
tion [9,10], the effect of the absence of a proper 4-fold rotation axis
in the point group of GaP can be sensed with a much higher visibil-
ity via the element-resolved Ga to P intensity ratio. In particular, it
was demonstrated that the asymmetry recently observed in conven-
tional Kikuchi pattern measurements for the (1̄11) plane is present
for both Ga and P, and that it is of opposite nature. The remaining
asymmetry seen for the total Kikuchi pattern is due to the larger
contribution of electrons scattered from Ga compared to P. Besides
the asymmetry of the (1̄11) plane there were many more features
seen in the Ga/P intensity ratio which are caused by the lack of an
inversion center. In particular, near the [111] zone axis these fea-
tures all favor the Ga intensity over the P intensity, then, when the
crystal is rotated over 90◦ the opposite is true. Moreover it was con-
firmed experimentally that the Ga atoms do not contribute to the
increased intensity along the [110] directions, in agreement to the
calculations.

In short, the experiments shown here illustrate a possible
way of studying the effects of diffraction on the chemical sub-
lattices in non-centrosymmetric crystals. In particular it is possible
to determine the ‘polarity’ of the crystals. This is an important
issue for many technological cases, mentioned in the introduc-
tion, which in most cases (when ‘Friedel’s law’ applies) can not
be addressed by X-ray diffraction. The method demonstrated here
uses even higher energies than is possible in X-ray photoelec-
tron diffraction experiments [17], and the electron beam poten-
tially can provide local resolution on sub-micrometer scales, thus
facilitating the local determination of the polarity of thin epitaxial
layers.
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