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Real-time measurements of GexSi12x /Si(001) composition and segregation dynamics in Sn/Si~001!
in molecular beam epitaxy are demonstrated using parallel detection reflection electron energy loss
spectroscopy. Parallel detection enables quantitative acquisition of low-loss spectra in a time of
,500ms and surface composition determination in GexSi12x /Si(001) via GeL2,3 core loss
analysis to a precision of approximately 2% in time of order 1 s. Segregation and trapping kinetics
of monolayer thickness Sn films during Si epitaxy on Sn-covered Si~100! has also been studied
using the SnM4,5 core loss. ©1997 American Institute of Physics.
@S0003-6951~97!03744-3#
ng
ha
at
re

ct
ye

f
e

S
r h
s
h

fo

e
fe
s

ze

da
m
n
n
t
w

a
o

r
–3

ot
ru-
n
ex-
any
dru-
s do
ism
os-
l

y af-
les
kes
em-
ntly

le
00

pec-
1Reflection high energy electron diffraction~RHEED!
has become the most widely usedin situ structural analysis
method for epitaxial growth in vacuum environments owi
to the high surface sensitivity and long working distance t
does not interfere with film growth. Inelastic electron sc
tering generally complicates quantitative RHEED measu
ments, but it also represents a source of valuable spe
scopic information which can be used to determine overla
thickness,1,2 surface composition in alloy films,3 and con-
taminant concentration4 via quantitative measurement o
core-loss intensities in reflection electron energy loss sp
troscopy~REELS!. Until recently, measurement of REEL
spectra using a serial-detection energy loss spectromete
required data acquisition times of tens of seconds to ten
minutes.5 However, to be useful for practical film growt
rates in the 0.01–1 nm/s range, REELS spectra should
acquired in times less than or equal to that required
growth of a monolayer~i.e., 0.1–10 s!. In this letter, we
describe the use of a parallel-detection REELS spectrom
in high speed REELS measurements of both low-loss
tures ~400 ms for 0–100 eV! and relatively deep core-los
intensities~2 s for 1200–1300 eV! during epitaxial growth of
GexSi12x /Si(001) and Sn/Si~001!.

REELS with serial data acquisition employs an analy
that accepts only a small fraction (;0.1%) of the energy
loss spectrum at a time. Faster detection using parallel
acquisition has been employed in applications other than
lecular beam epitoxial~MBE! growth, such as transmissio
electron microscopy.6 In parallel-detection reflection electro
energy loss spectroscopy~PREELS!, the energy-selecting sli
and detector/multichannel scaler system are replaced
optics that allow detection of the entire electron dispersion
the spectrometer exit, as depicted in Fig. 1. Quadrup
lenses magnify the dispersion to optimize coupling to
cooled 25631024 element charge coupled device~CCD! ar-
ray detector via a phosphor-coated screen. The detector a
is capable of 18 bit dynamic range at readout rates of 10

a!Corresponding author. Electronic mail: haa@daedalus.caltech.edu
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ms/pixel with noise levels of 1.5 counts rms/element-ro
scan. The overall energy resolution of the PREELS inst
ment is ;6 eV, a limitation imposed by the RHEED gu
crossover, and identical to that of serial REELS, as the
ternal sextupole lens at the spectrometer exit nullifies
remaining second-order aberrations of the magnet. Qua
pole lenses do not possess sextupole moments, and thu
not affect the second-order focusing properties at the pr
exit. The lateral spread of 30 keV electrons inside the ph
phor screen is of the order of severalmm, and since the pixe
size of the CCD array is 19mm, the spatial uncertainty of a
photon generated inside the phosphor does not adversel
fect energy resolution. Two pairs of electromagnetic dipo
are used to rock the incident RHEED beam before it stri
the substrate, allowing various incidence angles to be
ployed, while ensuring that the scattered beam is consiste
aligned with the optic axis of the spectrometer.

PREELS analysis of GexSi12x alloys of various compo-
sitions yields GeL2,3 core-loss intensities of comparab
signal-to-noise ratio, but with acquisition times 50–5

FIG. 1. Schematic of parallel-detection reflection electron energy loss s
trometer interfaced to molecular beam epitaxy system.
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times shorter than with serial detection. With parallel dete
tion, acquisition of a complete spectrum requires only se
onds, even for relatively deep core losses such as GeL2,3.

PREELS analysis of alloy composition was performe
during MBE of GexSi12x heterostructures grown with step
wise graded composition, with individual layer thickness
of 30 nm, and layer compositions ranging from 0.1,x,1 in
steps ofx50.1, on Si~100! substrates. The system base pre
sure was 7310211 Torr, but rose to the low 1029 Torr range
during deposition. PREELS spectra were obtained throu
out the growth, with an electron beam incidence angle
approximately 26 mrad, and a 12 mrad collection semiang
Bragg reflections from the~00! rod were analyzed for a
GexSi12x(001) 231 surface along the@110# direction. Com-
position measurements were derived from GeL2,3 and SiL2,3

core-loss intensities. The low-loss spectrum in Fig. 2~a! il-

FIG. 2. Electron dispersion in the low-loss region indicating zero-loss a
first and second plasmon peaks for a silicon~001! surface along@110# for
400 ms data acquisition time in~a!. In ~b!, background-subtracted GeL2,3

core-loss intensity for several GexSi12x alloys of the heterostructure, for 2 s
data acquisition
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lustrates that extremely short data collection tim
~,500ms! can yield high signal-to-noise ratio low-loss dat
Figure 2~b! shows background-subtracted GeL2,3 core-loss
intensities for several GexSi12x alloys for 2 s data acquisi-
tions. Despite high frequency noise, the GeL2,3 edge is
clearly visible for a Ge0.1Si0.9, and since alloy composition
analysis is derived from integration over a 200–400 eV wi
dow region beyond the edge, this high frequency noise d
not affect composition measurement precision. Comparis
of the data in Fig. 2~b! with post-growth composition mea-
sured by 2 MeV He1 Rutherford backscattering spectrometr
shows quantitative agreement to within 2% with precisio
limited by the signal-to-background in Rutherford bac
scattering spectra.

In another set of experiments, Sn segregation during
epitaxy on Si~001! was investigated. Although Sn segreg
tion during Si epitaxy on the~001! surface has not been
studied extensively, previous investigations of homoepita
on Si~111! surfaces employing Sn as a surfactant for epita
ial growth indicates smoother growth than for Si epitax
without Sn at temperatures greater than 330 °C.7 In this
work, 0.5-nm-thick Sn layers were deposited on Si~001!
buffer layers. Sn segregation was monitored during sub
quent Si epitaxy at a constant growth rate of 0.05 nm/s
temperatures of 550, 500, 400, 300, and 250 °C. An incid
electron beam angle of approximately 30 mrad was us
The variation of normalized Sn coverage, as determin
from the SnM45 core loss, with Si thickness is shown in Fig
3. At 400–500 °C, the normalized Sn coverage decrea
from 1.0 to 0.9 ML after growth of 25 nm of Si, in essen
tially the same manner independent of temperature. The
crease in normalized Sn intensity was interpreted to be
result of coarsening of the initially smooth Sn film into S
islands during subsequent Si growth.8 Post-growth analysis
by scanning Auger and optical microscopy confirmed th
micron-scale Sn islands were present on the Si surface. D
ing Si growth at 300 °C, the RHEED pattern indicated th
development of considerable surface roughness, and for

d

FIG. 3. Variation of normalized SnM 4,5 core-loss intensity from 0.5-nm-
thick Sn films with deposited Si thickness at 550 °C~crosses!, 400 °C~tri-
angles!, 300 °C~squares!, and 250 °C~circles!. Inset illustrates the transition
from crystal to amorphous Si for growth at 250 °C.
Ahn et al.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp



pi-
i

tia
io

bl
lec

i

he
o
a
h
o

f
r

un-

oc.

l.

rf.

H.

s.,
tion of twin defects, and after 15 nm of Si growth, an e
taxial to polycrystalline transition occurred. During S
growth at 250 °C, the surface roughened during the ini
stages of growth and after 4–6 nm of growth a transit
from epitaxial to amorphous film growth ensued.

Reflection electron energy loss spectroscopy ena
both low-loss and core-loss spectroscopy of RHEED e
trons to complement the structural information present
RHEED data. While both electrostatic9,10 and electromag-
netic filters5 provide serially acquired low-loss spectra in t
energy loss range of 0–50 eV, parallel data acquisition
deep core loss spectra, necessary for real time REELS an
sis, has been performed using a magnetic sector. REELS
now emerged as a powerful method for real time analysis
surfaces during thin film growth, and the development o
high data rate parallel instrument, described here, has
moved a major obstacle to the achievement of this goal.
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