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Abstract— Recent efforts on growth modeling of the
atomic layer deposition process emphasized the need of an
accurate understanding of the process, especially for the ini-
tial stage of the deposition. This paper presents results ob-
tained from in-situ RHEED measurements during atomic
layer deposition of Al2O3 on Si(001), using Al(CH3)3 and
H2O as precursors. The results show the expected decrease
in reflected intensity on deposition of aluminum atoms. Also,
a recovery of intensity was observed on exposure to H2O.
This recovery is contributed to removal of methyl groups
from the surface, resulting in an improvement of surface
roughness. Finally, the intensity decay is analysed using a
simple growth model.

Keywords— reflection high-energy electron diffraction
(RHEED); atomic layer deposition (ALD); high-k gate di-
electrics; aluminum oxide (Al2O3)

I. INTRODUCTION

One of the barriers in the continuing downscaling of
transistors is the high leakage current through the MOS
stack. The search for a new gate dielectric material, to re-
place the traditional SiO2, has resulted in Hf-based oxides
being the most promising candidates at the moment. Al-
though dielectric constant and the leakage currents at pro-
gressing EOT values become acceptable, several interface
related problems still have to be solved.

The replacement of the conventional thermally grown
SiO2 by a high-κ dielectric material was accompanied
by the introduction of the atomic layer deposition (ALD)
technique to front-end semiconductor manufacturing. Al-
though leakage currents become acceptable at progressing
equivalent oxide thickness (EOT), several interface-related
problems remain unsolved. In the initial stage of the ALD
process, a low nucleation rate due to a low reactive stick-
ing of precursors with the silicon surface is the cause of
growth inhibition. [1] Characterization of this part of the
deposition process is usually ex-situ [2] and at best with-
out a vacuum break. [3] In-situ monitoring of ALD with
RHEED could provide direct growth information, con-
tribute to growth model development and lead to improve-
ment of device characteristics.

The ALD process of metal oxides is based on the se-
quential exposure to oxidizing and reducing precursor va-
pors. The precursor molecules, e.g. the reducing ones, sat-
urate the surface by chemisorption. This process is limited
by the amount of suitable, available and accessible bond-
ing sites. A second precursor is used as an oxidizing agent,
removing ligands of the first precursor molecules on the
surface and creating new bonding sites for the first pre-
cursor. Successful layer-by-layer growth is achieved by
sequential repetition of both steps and avoiding gas phase
reactions between both precursors. The deposition rate, or
growth-per-cycle, is considered to be constant during the
bulk deposition of the layer.

Reflection high-energy electron diffraction (RHEED) is
widely used for in-situ analysis of (crystalline) growth in
pulsed laser deposition (PLD) [4] and molecular beam epi-
taxy (MBE) [5] systems. Several ALD layers have been
studied by ex-situ RHEED [6, 7, 8], although only pho-
tographs of the diffraction patterns are presented. A beam
of high energy electrons (5 - 35 keV) is reflected off the
sample surface at grazing incident angles, usually 1 - 3°
with respect to the wafer surface. The wavelength of
the electrons (0.070 Å at 30 keV) is considerably smaller
than the size of and the distance between the scattering
centers, i.e. atoms on (or near) the surface. Therefore,
atomic features play a role in the diffraction and reflec-
tion. Diffraction spots and intensity oscillations of the
diffracted beam(s) yield information on the growth mech-
anism. [9] Intensity oscillations, observed during epitaxial
growth, have been related to the sequential completion of
monolayers. [10]

II. MODELING OF RHEED AND ALD PHYSICS

In a simple and commonly used deposition model, a fi-
nite area is considered to be covered with cubic blocks in
a close-packed array. The building blocks represent sin-
gle atoms, molecules, unit cells or another unit of the de-
posited material. A set of basic deposition rules is used
to define the preferential form of the deposition, resulting
in different growth modes. Calculation of the change in
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RHEED intensity during an ALD process, requires simpli-
fication of the electron-surface interaction.

The electron wavelength is much smaller than the size
of an atom. Therefore, the interaction of electrons with the
surface atoms in RHEED analysis should be described us-
ing wave mechanics. The reciprocal of the electron wave-
length is the amplitude of the wave vector |k| = 2π/λ.
The momentum transfer of the incident wave with vector
k0 to an exit wave with vector k, due to scattering on a
surface atom (see figure 1), is u = (k − k0). In elastic
scattering, the amplitude of the exit wave vector is equal
to the amplitude of the incident wave vector.

Incident electrons interact with the potential distribution
of atoms at and near the surface. [11] In the Born approx-
imation, i.e. single atom scattering, the scattering ampli-
tude is proportional to the Fourier transform of the scat-
tering object. [12] Summation over all scattering objects
of interest, results in the scattering amplitude of electrons
with the surface

A(u) =
∑

v

f(E,ϕ) · e−i·u·v, (1)

with scattering factor f(E,ϕ) as function of electron en-
ergy E and scattering angle ϕ. This factor has been pub-
lished in tabulated form for most elements in neutral and
ionized state. [13] The real space vector v describes the
distance from an arbitrary origin to the scattering atoms
and consists of in-plane and layer-to-layer components.
The latter is |v⊥| = n · d, with interlayer spacing d and
n an integer. The momentum transfer can also be split in
parallel u‖ and perpendicular u⊥ components. Neglecting
the scattering due to lateral distribution of atoms [14] is al-
lowed because of the large sampled area. Equation 1 then
becomes

A(u‖ = 0,u⊥) =
∑

f(E,ϕ) · e−i·u⊥·n·d. (2)

Interference of waves is constructive when their phase
(shift) difference is less than half the wavelength. Max-
imum constructive interference occurs where waves are
exactly in phase. Combining Bragg’s law with the wave
vector amplitude, results in the momentum transfer for in-
phase and out-of-phase conditions of electrons scattered
from the top layer with electrons scattered from the un-
derlying layer. The two conditions are set in equation 2,
by substituting u⊥ with 2π/d or π/d respectively. The
RHEED intensity is finally calculated as the square modu-
lus of the scattering amplitude I(u) = |A(u)|2.

In the solid-on-solid model, blocks are deposited di-
rectly on top of filled positions (see figure 1). The cov-
erage of the nth layer S(n) therefore depends on the cover-
age of the underlying layer S(n−1). Layer-by-layer growth
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Fig. 1
SOLID-ON-SOLID SURFACE MODEL WITH ELECTRON

SCATTERING VECTORS k AND k0 , AND REFLECTION ANGLE

ϕ. THE DEPOSITED LAYERS ARE Θ(n) ON SUBSTRATE Θ(0) .

is modeled with rules which fill a layer completely before
starting a new layer. Nucleation of islands can be modeled
by a set of rules which prefer growth on top of deposited
material, instead of filling uncovered substrate positions.
The growth mode in an atomic layer deposition process de-
pends on the deposited material, the used precursors, tem-
perature and the type of substrate (termination). The ALD
process of Al2O3 from TMA and H2O on a H-passivated
substrate has been identified to start with island formation.

The formation of islands by random deposition has been
described using a discrete time model (ALD cycles), [15]
similar to the birth-death time-domain models for epitaxial
deposition. [14] In the latter model, the change in surface
structure has been related to the electron scattering inten-
sity of RHEED analysis, [16] although the scattering factor
was simplified to unity. The inhibited growth is caused by
the slow conversion of the initial surface passivation to the
preferred (and required) OH-terminated surface. Thus, the
growth per cycle ∆Θj changes from a low rate during in-
terface formation to a higher rate during deposition of the
bulk. The average growth per cycle is calculated as a linear
combination of both deposition rates,

∆Θj = ∆ΘSi · SSi +∆ΘAlOx · SAlOx , (3)

where ∆ΘSi and ∆ΘAlOx are the growth rate of Al2O3 on
Si and AlOx, respectively. [15] The sum of the uncovered
surface fraction SSi and deposited material (covered sur-
face) SAlOx , is unity for every ALD cycle j = 1 . . . J . The
surface fraction S

(n)
j is the part of layer n which is not

covered by layer n+ 1. The new surface fractions S(n)
j of

layers n = 0 . . . N can be calculated using the growth per
cycle in ALD cycle j.

The initial situation is an empty substrate S
(0)
0 = 1,

without deposited material S(n)
0 = 0 for n > 0 and the

subsurface layers are fully covered by the top layer of the
substrate S(n)

j = 0 for n < 0. Including only scattering
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Fig. 2
ELECTRON DIFFRACTION PATTERN OF A BARE SI(001)

SURFACE.

on blocks that form the top layer, equation 2 is changed to
sum over all deposited layers

Aj = fSi · S
(0)
j + fAlOx ·

J∑

n=1

S
(n)
j · e−i·u⊥·n·d, (4)

with their respective surface fractions S(n)
j . Different scat-

tering factors for the uncovered substrate fSi and for the
deposited material fAlOx allows the model to differentiate
between materials.

III. EXPERIMENTAL

A custom-designed reactor was realized to study the
ALD growth of high-κ dielectrics. The reactor is turbo
molecular pumped and contains a small process chamber
of about 80 cm3, which can be tilted with respect to the
RHEED system. The process chamber consists of a heated
pedestal which supports the sample (bottom), a gas dis-
tribution block (wall) and a heated cover. Small slits in
the process chamber allow in-situ RHEED analysis during
deposition. The RHEED system is based on the high pres-
sure RHEED setup used for PLD, [4] which can be used at
relatively high process pressures (up to about 0.5 mbar).

Before deposition, 100 mm p-type Si(001) substrates
have been cleaned of organic and metallic contamination
using 100% HNO3 and 69% boiling HNO3, respectively.
Native oxide was etched using a solution of 0.3% HF and
0.37% HCl in H2O, resulting in a smooth H-terminated
surface. After loading, the wafer was heated to the de-
position temperature (300°C) at 10 mbar N2 in 30 min-
utes. The two precursors, Al(CH3)3 and H2O, are cooled
to 18.0 and 15.0 ◦C, resulting in constant vapor pressures
of about 19 and 11 mbar respectively. Transport of pre-
cursor to the deposition reactor is regulated by the differ-
ence between vapor pressure and reactor pressure, and is
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Fig. 3
DECAY OF RHEED INTENSITY DURING THE ALD PROCESS

OF AL2O3 .

restricted by a needle valve. Next, a 4-step deposition cy-
cle, i.e. H2O pulse, N2 purge, TMA pulse, and N2 purge,
was repeated until the required thickness was deposited.
The recipe times are reactor specific and can be increased
for experimental purposes, within the limits of stability of
the chemisorbed precursor.

A double differentially pumped STAIB Instrumente
RH30DP electron source was used to generate a focused
beam of 30 keV electrons. Diffraction conditions were
achieved by tilting the sample with respect to the electron
beam and visualized using a fluorescent (phosphor) screen.
The diffraction pattern was recorded during deposition by
a 10-bit CCD camera and frame grabber, at a speed of
about 64 fps. The lateral and longitudinal intensity pro-
files of the specular reflected spot were stored, combined
with the actual control signal of the precursor valves. Post-
processing of the recorded information consisted of fitting
(linear offset) Gaussian functions to the captured profiles,
using a least squares optimization by Newton-Raphson it-
erations.

IV. RESULTS

Most of the diffraction pattern is shadowed by the nar-
row slits in the gas block. The number of visible diffrac-
tion spots depends on the alignment of electron beam and
process chamber (sample), with respect to the fluorescent
screen. Figure 3 shows the reduction in RHEED intensity
(of the specular spot) for the first 20 ALD cycles.

Figure 4 shows the results of thickness measurements
by XPS of the deposited layer, as determined from the Al
1p peak. The samples have been transferred to the XPS
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Fig. 4
THICKNESS MEASUREMENTS BY XPS (UNDER 0 AND 45°)

OF THE AL2O3 AND INTERFACE LAYER AFTER SEVERAL

ALD CYCLES. THE LINE REPRESENTS THE GROWTH CURVE

FOR ∆ΘSi = 0.024 AND ∆ΘAlOx = 0.393.

without a vacuum break. A linear (least squares) fit of the
measurement points of 15, 25, 45 and 55 cycles, results
in a growth rate of 8.45·10-2 nm/cycle. With the mono-
layer thickness as determined by Elliott [17], the growth
per cycle is 0.393 monolayers/cycle. The growth per cycle
on the substrate ∆ΘSi = 0.024 monolayers/cycle is found
by manually fitting the average thickness to the measured
XPS data.

The vapor pressure of the various precursors determines
the actual pressure in the reaction chamber. The mean free
path of the high energy electrons at the pressures used, is
smaller than the distance traveled in the reaction cham-
ber. Therefore, the intensity of the signal depends on the
changing gas composition in the ALD cycle. However, the
purge steps after the H2O and TMA pulses are identical
in pressure and atmosphere, and are used as measurement
windows.

Figure 5 shows the measured intensity during the N2
purge step after each ALD cycle. The line is the result of
manually fitting the measured data by changing the growth
per cycle values ∆ΘSi and ∆ΘAlOx, and scattering factors
fSi and fAlOx. The result of the best fits with their sum of
squared errors (SSE) can be found in table I.

The deposition of amorphous Al2O3 results in the
change of electron diffraction pattern to diffuse scattering.
An additional variation of intensity is visible during every
ALD cycle, before the signal is completely decayed. Fig-
ure 6 shows the intensity signal during 3 consecutive ALD
cycles.

The two binary signal lines in the top of figure 6 indicate
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Fig. 5
MODEL FIT (USING EQUATIONS 3 AND 4) OF THE

INTENSITY MEASURED DURING THE N2 PURGE STEP AFTER

EACH ALD CYCLE.

out-of-phase in-phase
fSi 1 0.97
∆ΘSi 0.025 0.038
fAlOx 0.22 0.22
∆ΘAlOx 0.24 0.29

SSE 3.1·10−4 2.4·10−4

TABLE I
MODEL FITTING TO THE MEASUREMENT DATA OF THE

FIRST 10 ALD CYCLES AND THE MINIMUM SUM OF

SQUARED ERRORS.

the actual valve position of the two precursors. At the start
of a purge step (at the closing of precursor valves) a rapid
reduction and recovery of the intensity signal is observed.
This is due to a high pressure burst of N2 purge gas, intrin-
sic to the hardware used, which reduces the mean free path
of the electrons.

Figure 7 shows the effect of the reactive pulse (TMA or
H2O) on the intensity, based on the measured values dur-
ing the purge steps. The change of intensity is calculated
relative to the intensity level before exposure to the reac-
tive pulse. Figure 7 also shows the ratio of the intensity
changes due to TMA and due to H2O exposure. This ratio
appears to be a constant value after the first ALD cycle.
The deviation of the first cycle is an indication of growth
inhibition and growth initiation by TMA. [18]

V. DISCUSSION

The intensity calculation in the growth model can be fit
to the measured intensity, at least for the first 10 cycles.
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Fig. 6
INTENSITY CHANGE OF THE RHEED SPOT DURING 3

CONSECUTIVE 30 S ALD CYCLES AND ITS RELATION TO

THE OPENED/CLOSED (HIGH/LOW) STATUS OF THE

PRECURSOR VALVES.

The intensity closely matches the measurement with∆ΘSi
= 0.025 and ∆ΘAlOx = 0.24. The only deviation with the
measurement is the decay at the end of the process: the
model decays beyond the background intensity level of the
measurement. The average thickness calculated from the
model, is only 1.7 monolayers after 20 cycles. The XPS
thickness measurements (and the extracted growth per cy-
cle values) indicate an average thickness of 4.7 monolay-
ers after 20 cycles. This difference can be contributed to
process conditions and model accuracy, but also to the for-
mation of the interfacial oxide layer before the start of the
RHEED measurement.

The scattering cross section of neutral atoms is related to
the electron scattering factor and the atom number. In the
deposition of Al2O3 from TMA and H2O, a model system
for ALD high-κ oxides, only low numbered (light) atoms
are used. Therefore, a change in electron scattering inten-
sity [19] is expected to be not only due to a contribution of
deposited aluminum atoms, but also to removal of precur-
sor ligands.

In general, the intensity signal reduces to its noise level
in about 20 ALD cycles. The change in signal due to ex-
posure to precursors is not always as strongly visible as
in figure 7, even under apparently the same process condi-
tions. This is probably caused by small differences in the
angle of incidence of the electron beam. A clear change
in intensity of the signal was observed due to exposure to
the reactive precursors. The decay in intensity due to (ran-
dom) deposition of aluminum atoms was expected and will
be faster when larger atoms are deposited. In general, the

cycle

0 5 10 15 20

ch
an

ge
 o

f i
nt

en
si

ty
 [%

]

20

0

-20

-40

ra
tio

 (T
M

A
 / 

H
2O

)

8

4

0

H2O

TMA

Fig. 7
CHANGE IN RHEED SPOT INTENSITY DUE TO THE

REACTIVE PRECURSOR, AS MEASURED DURING THE N2
PURGE BEFORE AND AFTER THE PRECURSOR PULSE. ALSO,

THE RATIO OF CHANGES IN RHEED INTENSITY DUE TO

TMA AND DUE TO H2O EXPOSURE (TMA/H2O).

reduction in reflected intensity is related to an increase in
surface roughness. The recovery of intensity due to ex-
posure to H2O is contributed to the removal of the methyl
ligands, which is actually a reduction of surface roughness.
The new hydroxylated bonding sites have a lower scatter-
ing power than the removed methyl groups.

Of all ALD cycles j, the odd and even cycles could
be used to model exposure to TMA with scattering factor
fTMA and exposure to H2O with scattering factor fH2O,
respectively. The change from modeling growth per cy-
cle to modeling the exposure to each precursor, requires a
modification to the growth model. Sequential exposure to
the same precursor, without intermediate exposure to the
second precursor, does not result in growth in the ALD
chemistry. The ratio between scattering factors for TMA
and H2O is expected to be related to the measured ratio of
change in intensity in figure 7. Although the model is time
discrete and calculated as numerical series, fitting to the
measurement data by iteration would result in more accu-
rate results.

VI. CONCLUSIONS

We have successfully obtained RHEED signals from a
surface during atomic layer deposition of Al2O3 on silicon
and have presented the feasibility of in-situ RHEED anal-
ysis during the ALD process. Combining the information
extracted from in-situ RHEED measurements with ALD
growth models, could result in model improvements and
contribute to the proof of its validity.
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