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We present two methods to access reciprocal space with reflection high-energy electron diffraction
(RHEED) during substrate rotation. The extraction of an arbitrary number of still frames from a
continuously changing RHEED pattern is realized by triggering the substrate rotation and it allows
analysis of quasistatic RHEED patterns that are updated every revolution. At the same time, the
intensity along a line parallel to the shadow edge can be used to reconstruct a planar cut through the
reciprocal lattice similar to a low-energy electron diffraction pattern. This RHEED pattern directly
reveals the symmetry of the surface reconstruction and its changes during the deposition process.
© 1998 American Vacuum Socieffs0734-211X98)02503-7

[. INTRODUCTION bilities of RHEED beyond the scope of traditional RHEED
experiments and allow assessment of almost the entire acces-

Although almost every molecular beam epitafiyBE) ’ -
rSible reciprocal space.

machine is equipped with a reflection high-energy electro
diffraction (RHEED) system, the information contained in
the diffraction pattern is generally not used during samplél' EXPERIMENT
rotation. This limits the use of RHEED as a trire situ The experiments were performed using a DCA MBE sys-
technique. Most layers for device or scientific applicationstem equipped with a low wobble substrate manipulator, a
have to be grown with substrate rotation because layer unstandard RHEED e-gun operated at 20 kV and a P20 phos-
formity is of paramount importance. It is therefore highly phorus screen. Intensities were recorded at a rate of 50 Hz
desirable to develop methods that allow access to the recipsing a charge coupled devi€ECD) camera and PC-based
rocal lattice of rotating substrates. analysis system.A straightforward way to obtain static
Several approaches using RHEED during rotation havélRHEED images from a rotating substrate is a triggered col-
focused on the specular spot shape and intensity during sukection of images along high symmetry azimuths during ro-
strate rotatiort= The results demonstrate that it is possibletation. The CCD camera taking images of the RHEED screen
to extract the growth rate by extracting the RHEED oscilla-and the rotation motor are therefore interlocked via trigger
tion signal. These approaches are either based on intensitjgnals. Images can then be extracted at arbitrary azimuths
measurements combined with Fourier filterfimyand high  during the continuous rotation. The windows displaying the
frequency rotatioh or measurements of the specular spotresults for the different azimuths are updated once per revo-
size combined with Fourier filteringEven if the RHEED lution, allowing a quasisimultaneous display of the different
oscillations are not evaluated, the specular spot intensity vaguasistatic displays. An example of the implementation in
ies depending on the growth conditions used and can be usédg. 1 shows the capture of the four in-plafid0) azimuths
to characterize MBE growth. of a (001) GaAs B(2x4) reconstructed surface at 580 °C.
RHEED measurements on nonrotating substrates, apafthe source area on the live image is marked by a bright
from growth rate determinatiSnand characterization of frame on the continuous video image in the background.
interface$ using RHEED oscillations, also use the informa- While the two[110] azimuths exhibiting the 2 pattern
tion contained in the geometry and shape of the diffractior(left) are almost identical, the position of the specular spot in
streaks to assess the surface structure in MBEthis work,  the two patterns along tHd.10] azimuth(4 X, right) is dif-
we examine ways of accessing this diffraction geometry inferent, indicating substrate wobble with a misorientation to-
formation during substrate rotation. We demonstrate twavards[110]. For the 20 keV electrons used in this measure-
methods that exploit the rotating substrate to obtain reciproment the distance between th@0) and (01) streaks
cal lattice scans that are impossible with a static RHEEDcorresponds to an angle of 1.23°. This yields a value of 0.5°
experiment. These new modes of operation expand the captor the substrate wobble. The cyclic recording of images
along several azimuths corresponds to the situation of sev-
dElectronic mail: braun@enpop2.eas.asu.edu eral RHEED guns installed at the corresponding angles. It
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Fic. 1. Snapshot of RHEED patterns taken along the {&df) azimuths during continuous rotation of the substrate. The source area of the data is indicated
by a bright frame in the background image. The measurement was made at 580 °C on(@0®ag\sface reconstructed in th&(2x 4) structure using 20
keV electrons. Left{110] and[110] azimuths, right{110] and[110] azimuths.

therefore allows a very detailed assessment of the reciprocér diffraction to occur. During sample rotation, the recipro-
lattice. All the standard measurements like evolution of in-cal lattice revolves around th@0) rod, while the Ewald
tensities, peak shapes, etc. can be performed with a maxéphere stays fixed in space if we neglect wobble. The Ewald
mum rate corresponding to the revolution frequency by subsphere therefore scans almost the entire upper half of recip-
sequent analysis extracting data from the individual displaystocal space as indicated by the shaded area in Fixy. Zhe

The triggered recording of images during rotation allowsscanned volume is largest for the smallest incidence angles
access to several discrete cuts of the reciprocal lattice. &, where the wave vector component perpendicular to the
complete scan of the accessible reciprocal space can Rgirface is smallest, ensuring high surface sensitivity. This
achieved by recording continuously during sample rotationallows us to reconstruct practically the entire upper half of
The basic diffraction geometry of RHEED is shown in Flg reciproca| space during one Samp|e revolution.
2(a). For any incidence anglé, the Ewald sphere construc- | a practical situation, this is not possible in real time due
tion requires bottk, andk’ to end on a reciprocal lattice rod g the lack of capability of current computers. We therefore
presently restrict ourselves to a plane parallel to the surface
and choose the plane containing the specular spot, since it is
the only plane that is continuous across t0€) rod. We
denote this plane as the specular pla8®). Its position is
indicated in Fig. Z0) by a dashed line. The measurement
takes place by recording the intensities along a line parallel
to the shadow edge through the specular spot as shown in
Fig. 3(@). The specular plane is then constructed by plotting
the lines bent with radius and the specular spot centered on
(00) according to their azimuthal angle. This is schematically
plotted in Fig. 3b). The radiusr is given byr=Kkg sin @
given by the geometry in Fig.(@). As the rotation is com-
pleted, the lines add up to a complete cut through the recip-
rocal lattice at a distance kg cosé from the origin of the
Fic. 2. Reciprocal space geometry f(a static RHEED andb) during  reciprocal lattice. Such a cut is similar to a low-energy elec-

rotation. The shaded area (), rotated around00), represents the volume tron diffraction (LEED) pattern and represents the two-
of reciprocal space accessible during a single sample rotation. The onl

surface parallel plane without a void in the center, the specular plane, intevéimenslional(ZD) Symmetry .Of _the surface recon_StrUCtion in
sects the specular spot and is indicated by a dashed line. a top view. By varying the incidence angle, a wide range of

a) b)

~
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Fic. 3. Measurement geometry and top view of the azimuthal scan. Experi-
mental conditions ina) are similar to those in Fig. 1, close to th#10]

azimuth. The intensity distribution in the specular plane is obtained by plot-
ting the lines according to their azimuthal angle with the specular spot

1509

centered at00) and radiug (see Fig. 2

wave vectors perpendicular to the surface can be measurec

similar to al =V measurement in LEED.

[ll. RESULTS

<
Mo
3

GaAs c(4x4)

Fic. 5. Azimuthal scan of a GaAs(4 X 4)-reconstructed surface. The main
azimuths and the surface unit cell are indicated.

To demonstrate the method, we have investigated the

B(2X4) andc(4 % 4) surface reconstructions of Ga@81).

The accuracy in both cases was impeded by charging effects

close to the RHEED screen leading to a distorted RHEEDence angled was 1.5° using 20 keV electrons. In both im-
pattern and unsteady rotation that resulted from the gears nages, the underlying X1 mesh of the surface reciprocal
being driven precisely by a magnetically coupled lattice is indicated by a white square. The scan spans more
feedthrough. Both factors contributed to a slight distortion ofthan six unit cells in each direction. This size is only limited
the processed scan. The results are shown in Fig. 4 for they the electron energghigher electron energlg reduces the

B(2x4) and in Fig. 5 for thec(4X4) surface reconstruc-

distance between the reciprocal lattice redg ') and the

tions, respectively. The rotation speed was approximately 8ize of the RHEED screen. In our setup, this limit was ap-
rpm. The intensity profiles were recorded at a rate of 50 Hzproximately 16 unit cells for GaAs. The eight in-pla¢@®1)
resulting in an angular resolution of about 0.4°. The inci-and(110 azimuths can easily be identified by the adjacent

4
&
~

GaAs [3(2x4)

Fic. 4. Azimuthal scan of a GaA8(2x 4)-reconstructed surface. The main
azimuths and the surface unit cell are indicated.

JVST B - Microelectronics and Nanometer Structures

high intensity radial streaks. These correspond to surface
resonance conditiot$ *>where the Laue circle tangentially
touches reciprocal lattice rods, leading to increased reflectiv-
ity.

Spots in the azimuthal scan correspond to intersections of
reciprocal lattice rods with the specular plane. The spots are
of elliptic shape with the longer axis along the radial direc-
tion. The anisotropy is a direct measure of the different trans-
fer widthst (Ref. 13 of RHEED parallel and perpendicular
to the beam that are not proportional to the normalized full
width at half maximum(FWHM) of the spot in the respec-
tive direction:

_ &0
t= o

whereh denotes the FWHM of the spot arg, andg;; are
the real and reciprocal lattice constants in the direction the
FWHM is measured. In Fig. 4, th@(2x4) structure is
clearly identified by the rows of closely spaced spots directed
along[110]. This distinguishes it from the(4x4) structure
in Fig. 5 that exhibits a centered mesh. A display of the full
2D symmetry of the reciprocal lattice allows an immediate
distinction, e.g., between(4xX4) and (2<2) structures to
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be made that is not evident from observation along(1He) muthal scans provide direct access to the surface reconstruc-
azimuths, where both would exhibit the same symmetry. tion in real time during growth, allowingn situ control of

The c(4%X4) pattern in Fig. 5 does not have a fourfold the growth front. Neither approach requires modifications to
rotational symmetry. If we look, for example, at the spots inthe MBE machine except for the generation of a trigger sig-
the row directly adjacent to thigl10] direction, we observe nal by the rotation motor and either is reliable enough to
high intensity on the second, third, and fifth spots fr@a). work on standard MBE machines. In addition to conven-
In the corresponding row-alond 10], he third spot is very tional recording techniques, azimuthal scans provide full 2D
weak. This deviation from the fourfold, symmetry is presentsymmetry of the reciprocal lattice, a direct ratio of the trans-
even on (1X1) reconstructed surfaces and allows identifica-fer width of the instrument both parallel and perpendicular to
tion of the two different azimuths even if the static RHEED the beam, and access to large portions of reciprocal space
patterns along both azimuths differ only very little. It is due with a single scan. These properties make azimuthal scans
to asymmetries in the structure like the orientation of dimersideal candidates for comparison with theoretical models of
Therefore, azimuthal scans are promising candidates to conRHEED.
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