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A novel instrument that integrates reflection high energy electron diffraction (RHEED), electron energy loss spec-
troscopy (EELS), and imaging is designed and simulated. Since it can correlate the structural, elemental, and spatial
information of the same surface region via the simultaneously acquired patterns of RHEED, EELS, and energy-filtered
electron microscopy, it is named correlative reflection electron microscopy (c-REM). Our simulation demonstrates that the
spatial resolution of this c-REM is lower than 50 nm, which meets the requirements for in-sifu monitoring the structural

and chemical evolution of surface in advanced material.

Keywords: reflection high energy electron diffraction (RHEED), electron energy loss spectroscopy (EELS),
parallel detection, energy-filtered electron microscopy

PACS: 07.77.Ka, 07.78.+s, 79.20.Uv

1. Introduction

Reflection high-energy electron diffraction (RHEED) is
a powerful laboratory-based in-sifu tool to monitor the ex-
tremely small changes at surfaces in the epitaxial growth pro-
cess with sub-monolayer sensitivity. Most of RHEED se-
tups record the diffraction patterns of all scattered high-energy
electrons striking at surfaces with a small glancing incident
angle in a range of 0°-10°, without distinguishing the elasti-
cally scattered electrons from the inelastically scattered elec-
trons. In order to quantitatively determine the atomic struc-
tures of the surfaces, it is crucial to remove the inelastically
multiple scattered electron features, such as the Kikuchi lines
and the broadening of Bragg spot profiles. These high-pass
energy-filtered RHEED setups have been realized by several
groups.!'#! In order to perform the chemical analysis of the
surfaces, the RHEED setup can be combined with either total
reflection angle x-ray spectroscopy (TRAXS),P! or reflection
electron energy loss spectroscopy (REELS),®! thus possessing
a very low spatial resolution in a range of 1 mm—10 mm deter-
mined by the illuminating size of the incident electron beam
on the surface. However, there are few reports that attempt to
quantitatively investigate the superstructures and to perform
the chemical analysis of surface atoms simultaneously.

In this work, we propose an electron optics design for a
novel correlative reflection electron microscope (c-REM) with
three modes of diffraction, spectroscopy, and imaging working
simultaneously. Our simulation demonstrates that this c-REM
can simultaneously record the RHEED pattern, the energy loss
spectra of inelastically scattered electron, and the REM image
of the elastically scattered electrons with a spatial resolution

DOI: 10.1088/1674-1056/ac0522
of 50 nm.

2. Methods

The electron optical system is designed and simulated us-
ing the simulation code COSY INFINITY.!”! Of the various
numerical simulation codes developed for the field of electron
optics, COSY INFINITY, which is based on differential al-
gebra (DA),®! is the fastest and the most powerful. Unlike
the traditional raytracing method, differential algebraic tech-
nique obtains the transfer map of an arbitrary order through
integrating numerically the equations of motion, thus obtain-
ing all aberrations up to a given order at once. As a result, the
tracking of the electrons through the optical system can be car-
ried out using the transfer map, making it orders of magnitude
faster than the ray tracing method. For example, tracking 10*
electrons by using a fifth-order map on a PC takes less than a
minute.

The fringe field distribution of the bending magnet (BM)
is modeled using the Schwartz—Christoffel model.[>!°! The
field distribution of the magnetic round lenses is calculated

based on the Gray model,!'!!

_ BO

"~ 2tanh(1.318(/d))
x {tanh[1.318 (/d) (1+s/1)]
+tanh[1.318 (1/d) (1 —s/1)]},

B(s)

where By is the field at s = 0, [ is half of the distance between
the magnetic poles, and d is the radius of the poles. Here we
set/ =d =6 mm.
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3. Electron optics

The electron optics of the c-REM is sequentially attached
to the back of a RHEED detector I as schematically shown
in Fig. 1. The scattered electrons along a specific diffraction
direction can be steered to pass through a small hole in the
RHEED detector I, and energy is dispersed by a 90° bend-
ing magnet (BM) downstream. Inelastic electrons, which are
energy dispersed by the BM, strike on the EELS detector II,
while elastic electrons pass through the slit along the y direc-
tion. Afterwards, these elastic electrons will be magnified and
projected by two magnetic round lenses and eventually hit the

REM detector III. The distance for the main components of

electron gun

the c-REM with respect to the illuminated point on the sample
are listed in the inset table.

In order to minimize the second order geometric aberra-
tions, we shape the entrance edge and exit edge of the mag-
net into arcs with the same radius of curvature as indicated
in the inset of Fig. 1. The value of the edge angle (26.9° for
both edges) is chosen such that a stigmatic image is formed
and the remained aberrations are greatly reduced due to mirror
symmetry. The remaining second-order aberration along the
energy dispersion direction (x|ad), which causes the image
plane to tilt, can be further corrected by a sextupole magnet
(S0). For a 5-cm-long sextupole placed 5-cm downstream of
the BM, the required sextupole strength is —0.49 T/m?.

Element distance (m)
Sample 0
BM_ent 0.25227
BM_exit 0.44862
S0 0.49862
detector-I1 0.70089
L1 0.71089

L2 1.32089
detector III 1.92089

n B

round lens REM

I-I detector 111

sample
T v\]
z
—
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8

T

Fig. 1. Schematic diagram of main components of c-REM with their corresponding distance to the illuminating point of the sample as indicated
in the inset table. Inset shows detailed diagram of bending magnet, with & =26.9°. Since the radius of the edge is large (610 mm) in comparison
with bending radius of magnet (125 mm), the curvature is not apparent to eyes.

The magnification of the EELS image on detector II of the
BM is —1 and the magnification of the REM image on detector
[T is —2970. The two magnetic round lenses are identical with
the same excitation currents. The magnetic fields are set to be
opposite to each other between L1 and L2, which avoids rotat-
ing the image on the REM detector III. This is for conveniently
interpreting the features in the REM image, especially during
the alignment and optimization procedures of the instrument.

4. Results

In order to evaluate the energy- and spatial-resolution of
the c-REM, we perform a series of ray tracing calculations.
First, the 5th order transfer map of the setup is generated. Sec-
ond, the initial phase space coordinates of a set of 10* elec-
trons are generated using a random number generator with
Gaussian distribution. Third, the set of electrons is plugged
into the transfer map and the final coordinates are obtained.
All these simulations are carried out using COSY INFINITY,
while the data are analyzed and presented with the packages

of MATLAB.[?]

Figure 2(a) shows a simulated diffraction spot passing
through the RHEED detector I, which corresponds to an rms
cone angle of 0.2 mrad with respect to the primary electron
beam direction: p,,/po. Since the distance between the
RHEED detector I and the illuminating spot on the sample
is 200 mm, the projected pattern has an FWHM diameter of
80 pm, corresponding to the typical smallest aperture size used
in an electron microscope as shown in Fig. 2(b).

To determine the energy resolution of this instrument,
Rayleigh criterion is employed, in which only the electron en-
ergy difference is tuned, while other parameter such as the
angle divergence is fixed at 0.2 mrad, the same as y hat in
Fig. 2. The simulated one-dimensional energy dispersion pat-
tern on the image plane of EELS detector II is shown in Fig. 3,
with four relative energy differences of 1 x 1074, 3 x 1077,
2.5% 107>, and 1.5 x 1073, with respect to the primary elec-
tron energy Ey. It is determined that the relative energy reso-
lution of the system is around 2.5 x 1077.
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Fig. 2. Simulated diffraction spot passing through hole of RHEED detector I, showing (a) two-dimensional projections of initial distributions
of electron, and (b) profile along x = 0 (blue) and y = 0 (red).
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Fig. 3. Dispersion of electrons on EELS detector II, with electron energy difference of (a) 1 x 1074, (b) 3 x 1073, (c) 2.5 x 1073, and (d)
1.5 x 107> with respect to the primary electron energy Ey.
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Fig. 4. Projected distribution of electrons (a) along x direction on EELS detector-II (red) and REM detector III (blue, scaled by 1/2970), and
(b) along non-dispersive y-direction for electron with energy differences § = 2.5 x 10~ (red) and O (blue) on EELS detector-II.

For the 15-keV electrons, the absolute energy resolution
is 0.375 eV, which corresponds to the typical energy spread of
electrons emitted from cold field-emitters. At EELS detector
I, the energy resolution is limited mainly by the pixel size of

the detector. Assuming that 3 pixels are required to resolve a
peak with a pixel size of 30 um, the absolute energy resolu-
tion is roughly 5.4 eV, which is comparable to the counterpart
of the EELS on the market. [ To achieve the best resolution of
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this instrument, a magnified image of the energy spectrum can
be formed on REM detector III where only a fraction of the
full spectrum can be displayed. Furthermore, figure 4 shows
that the projector lenses L1 and L2 behind the BM do not af-
fect the energy resolution, i.e., the aberrations of those lenses
are negligible. In consequence, they hardly contribute to the
spatial resolution of the REM images as shown in the follow-
ing Fig. 5.

To evaluate the spatial resolution of the c-REM system,
we let the sample with a 5 x 5 grid arrays in square emit elec-
trons, each grid point with 10* electrons. Three sets of grid
arrays are simulated, with different spot spacing values of 2.5,
7.5, and 25 pm, respectively.

For electrons with an rms angular spread of 0.2 mrad,
their projections on the REM detector III are presented in
Fig. 5. It is worth noting that the spot spacing is magnified
2970 times behind two projection lenses, while the square fea-
tures of the grid arrays are kept quite well in the field of view
of 50 pm x50 pm.

Marginal distortions from the square are observable only
for the largest field of view of 100 umx 100 pm, for the corner
spots (Nos. 1, 5, 21, and 25) as shown in Fig. 5(c). More quan-
titative results for Fig. 5(c) are listed in Table 1. The fact that
the resolution at spot Nos. 21 and 25 are much worse than at
Nos. 1 and 5 indicates that the second-order aberrations from
the bending magnet play an important role in large off-axis
distance of 100 um. Through tuning the curvature £ of both
the entrance and exit edges of the BM, as shown in the inset
of Fig. 1, the spatial resolution in the y direction can be sig-
nificantly improved. Specifically, the second-order geometric
aberrations in the y direction are largely suppressed as shown
in Table 1, for A = —1.64 and spot distance of 25 um. The spa-
tial resolutions achievable at the edge of a large field view of
100 pmx 100 pm are improved from 98 nm—137 nm to 59 nm—
93 nm as shown in Table 1, and reach the limit of 35 nm—52 nm
in the distortion-free center region of 30 umx30 pum as indi-
cated in Table 2.
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Fig. 5. Final distributions of electrons arriving on the REM detector-III with electronsemitted from a 5 x 5 grid with A, = A, = 2.5, 7.5, and 25 pm,

respectively.

Table 1. Comparison among spatial resolutions of REM images at four spots on sample in Fig. 5(c), with different curvatures at the edge of field
view of 100 pumx 100 pm (unit: nm).

Spot No. 1 5 21 25
h(m™') Oy oy Lo oy oy o, o, o,
0 82.4 127.7 112.1 97.8 115.5 101.3 82.5 137.0
-1.64 86.4 84.4 111.1 59.0 114.1 63.0 87.9 92.7

Table 2. Spatial resolutions of REM images corresponding to the typical spots in Fig. 5(b) with field of view 30 umx30 pm, for different

initial parameters such as emission angle dispersion a and energy difference &.

5/(Eo) a (mrad) No. RMS (nm) FWHM (nm)
X y X y
5 51.2 36.6 45.6 35.5
02 21 51.1 36.8 46.2 36.6
0 7 46.4 33.7 41.6 33.2
19 47.6 36.0 51.9 36.5
0.2 46.3 33.9 37.8 33.8
0.5 289.2 2149 236.4 230.6
0.9 B 936.9 7205 767.1 832.6
6.7x107° 0.2 1693.7 34.0 4037.7 33.3
2.5%x107° 0.2 6376.8 39.0 16624.7 458
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Table 2 also demonstrates that the spatial resolutions of
the REM image are strongly dependent on the dispersions
of both emission angle and energy of the elastically scat-
tered electrons. For electrons with larger angular dispersion
of 0.5 mrad and 0.9 mrad in FWHM, the spatial resolutions
quickly increase from ~ 40 nm to ~ 900 nm in both x and y
directions. The energy dispersion of 100 meV and 375 meV
(6.7 x 107% and 2.5 x 1073 in Ey) further spoil the spatial res-
olution to above 1.7 um in x direction, while the spatial reso-
lution along the non-dispersion y direction can be preserved to
below 50 nm.

5. Conclusions

In this work, the c-REM presented in this paper allows us
to detect the diffraction pattern, the energy spectrum as well as
real space image of the same surface region at the same time.
The spatial resolution of the non-dispersive direction can reach
50 nm in the typical working conditions of RHEED setup, pro-
viding new capabilities for the experimentalists.
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