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The initial growth of HfO2 was studied by means of synchrotron based in situ x-ray fluorescence
�XRF� and grazing incidence small angle x-ray scattering �GISAXS�. HfO2 was deposited by atomic
layer deposition �ALD� using tetrakis�ethylmethylamino�hafnium and H2O on both oxidized and
H-terminated Si and Ge surfaces. XRF quantifies the amount of deposited material during each ALD
cycle and shows an inhibition period on H-terminated substrates. No inhibition period is observed
on oxidized substrates. The evolution of film roughness was monitored using GISAXS. A
correlation is found between the inhibition period and the onset of surface roughness. © 2011
American Institute of Physics. �doi:10.1063/1.3598433�

Atomic layer deposition �ALD� is a thin film growth
technique which enables thickness control at the atomic level
and conformal deposition on high aspect ratio structures.1,2

These features make the technique ideally suited for micro-
electronics applications, mainly for the deposition of high-�
gate dielectrics.

ALD processes are characterized by a layer-by-layer
type growth, i.e., the thickness increases proportionally to
the amount of ALD cycles. This linear regime is, however,
only reached after a couple of ALD cycles. During the first
cycles, the film growth is determined by chemisorption of
precursor molecules on the substrate and, therefore, pretreat-
ment of the substrate surface is critical. It is important to
obtain an in depth understanding of the initial nucleation
phase as it has a large influence on the characteristics of the
deposited film. For high-� dielectrics one looks for a fast
nucleation with a subsequent linear growth, because this re-
sults in a closed layer after a few ALD cycles, enabling the
deposition of gate structures with a low equivalent oxide
thickness.3

In this letter, we propose the use of synchrotron radiation
to study the initial growth phase of ALD processes in real
time. Probing the sample with x-rays enables to perform
x-ray fluorescence �XRF� and grazing incidence small angle
x-ray scattering �GISAXS� measurements. XRF allows to
monitor the atomic composition of the film and thus the
amount of material deposited during each ALD cycle.4–6

GISAXS is sensitive to both the surface morphology and the
internal structure of thin films and is used to monitor the
developing surface roughness.7 The depositions and mea-
surements were performed in the UHV film growth facility,
adapted for thermal ALD, installed at beamline X21 of the
National Synchrotron Light Source at Brookhaven National
Laboratory.

The initial growth of HfO2 on two Si based substrates
�H-terminated Si and RCA cleaned Si� and two Ge based

substrates �H-terminated Ge and plasma-enhanced chemical-
vapor deposition �PECVD� grown GeO2� was investigated.
Tetrakis�ethylmethylamino�hafnium �TEMAH� and deion-
ized water were used as Hf and O source, respectively. For
Si-based devices, the main focus has been on HfCl4 as Hf
source, but promising results have been reported on the use
of TEMAH for the growth of HfO2 on Ge.8–12 Because of the
low vapor pressure of the TEMAH precursor, Ar was used as
carrier gas. All experiments were carried out at a substrate
temperature of 200 °C. An ALD cycle consisted of 8 s
TEMAH �and Ar� exposure at 1.5 10−3 mbar, 20 s pumping,
8 s water exposure at 10−3 mbar, and again 20 s pumping.
The lengths of the precursor steps were chosen so to ensure
saturation.

The use of synchrotron-based x-rays allows for tuning of
the x-ray energy. The incident x-ray energy was chosen to
minimize the fluorescence from the substrate and maximize
the fluorescence from Hf excitation. For all Si and Ge based
experiments 10.8 and 10 keV x-rays were used, respectively.
For the in situ XRF measurements, an incident angle of 5.25°
was used and a silicon drift detector was positioned perpen-
dicular to the sample, behind a Be window. XRF data were
collected during the last pumping step of each ALD cycle. A
XRF measurement took 20 s �Fig. 1�a��. For the in situ
GISAXS measurements, an incident angle near the angle of
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FIG. 1. �Color online� �a� Schematic top view representation of the UHV
setup, adapted for ALD. X-rays hit the sample at a variable incidence angle.
Scattered x-rays are observed with a PSD and fluorescent x-rays are ob-
served by a silicon drift detector. �b� Schematics of the GISAXS geometry.
Incident x-rays have a wave vector ki. Due to scattering the wave vector
changes to kf. The momentum transfer due to scattering is denoted as q.
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total external reflection of the substrate was used and a one-
dimensional position sensitive detector �PSD� was mounted
at an exit angle of 1°, perpendicular to the plane of inci-
dence. GISAXS measurements were performed every 10
cycles. The GISAXS data were collected by integrating the
detector signal during a 60 s interval �Figs. 1 and 2�b��.

The results of the XRF measurements are displayed in
Fig. 3. In this figure the integrated intensity of the Hf L�1
emission line is plotted, as measured every ALD cycle �Fig.
2�a��. Because the penetration depth of the incident x-rays is
of the order of 500 nm, i.e., much larger than the thicknesses
of the grown films, the XRF intensity can be used as a direct
measure of the amount of deposited Hf atoms. This in turn
enables the straightforward determination of the amount of
HfO2 deposited during every single ALD cycle.

Note that in situ spectroscopic ellipsometry �SE� is often
used for monitoring film growth during ALD.13 The main
advantage of the in situ XRF technique over the SE method
is, especially during the very first ALD cycles, that XRF is
not based on model fitting but allows for a direct character-
ization of the deposited �sub�monolayers, increasing the re-
liability of the results.

During the very first ALD cycles, hardly any growth
retardation and a near-perfect linear growth is observed in
the case of RCA cleaned Si and PECVD grown GeO2 �Figs.
3�b� and 3�d��. This can be explained by the fact that the
starting surfaces are at least partially OH-terminated. The
hydroxyl groups have no trouble reacting with the TEMAH
precursor, resulting in immediate growth without nucleation
effects. Through post-deposition x-ray reflectivity measure-
ments the final thickness could be determined, yielding a

growth per cycle �GPC� of 1.2 Å per cycle on the Si sub-
strate and 1.6 Å per cycle on the Ge substrate. It is expected
that the absence of a nucleation step results in relatively
smooth layers, due to nice layer-by-layer growth. This was
confirmed by ex situ atomic force microscopy �AFM� mea-
surements �see Table I�.

The growth of HfO2 on the H-terminated Si and Ge does
not follow these characteristics. The XRF measurements
clearly show that the amount of HfO2 deposited on the
H-terminated Si and H-terminated Ge only starts increasing
after 10 ALD cycles and 15 ALD cycles, respectively. This
behavior corresponds to substrate-inhibited island growth as
described by the model developed by Puurunen and
Vandervorst.14 In this model, one assumes that ALD growth
only starts at certain defects. These defects then form small
islands, which after sufficient amount of ALD cycles coa-
lesce and form a continuous layer. From the XRF measure-
ment, we also learn that the GPC on the H-terminated sur-
faces is much larger compared to the GPC on the oxidized
surfaces. This can be explained by an increased roughness
of the surface due to the island growth. A rough surface
has a large surface area, leading to a higher GPC. The rough-
ness of the HfO2 films after 100 ALD cycles and 70 ALD
cycles on H-Si and H-Ge, respectively, was measured with
ex situ AFM �see Table I�. The AFM results are in agreement
with previous ex situ studies of the nucleation of the
TEMAH /H2O process on Si based substrates under similar
conditions.15

The evolution of the surface roughness during growth
was studied by in situ GISAXS �see Fig. 2�b��. In the low qz
limit, the integral of the GISAXS intensity can be used as a

FIG. 2. �Color online� �a� Evolution of the Hf L�1 �9.0
keV� and Hf L�2 �9.3 keV� intensity as measured during
the first ALD cycles on RCA cleaned Si. The Hf XRF
intensity is proportional to the number of Hf atoms de-
posited. �b� Evolution of the GISAXS signal as mea-
sured every 10 ALD cycles on RCA cleaned Si.

FIG. 3. Integrated Hf L�1 fluorescence intensity mea-
sured during ALD on H-terminated Si and RCA cleaned
Si ��a� and �b�� and on H-terminated Ge and GeO2 ��c�
and �d��. �b� and �d� are a detail of �a� and �c�, respec-
tively, focusing on the first 20 cycles.
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measure for the square of the rms roughness.7

�rms
2 �� q//I�q//�dq//. �1�

This enables a qualitative view on the roughness evolution
during ALD deposition. The square root of this integral is
displayed in Fig. 4 for the four samples at a 10 cycle interval.
In order to focus on the increase in roughness, the initial
integral at 0 cycles is subtracted from every value.

From this data several conclusions can be made. One
immediately notices the higher roughness for the HfO2 films
grown on the H-terminated substrates compared to the oxi-
dized substrates, confirming the AFM data. Furthermore, one
observes that the film roughness only increases significantly
during the initial growth phase. This again stresses the im-
portance of the first ALD cycles. For the H-terminated sub-
strates, one may also note that the roughness only starts in-
creasing after about 10 to 20 cycles, confirming the idea that
during the nucleation period, as seen with XRF, no signifi-
cant amount of material is deposited. The similarities ob-
served in the growth on the RCA cleaned Si and PECVD
grown GeO2 surfaces translates to a similar roughness evo-
lution. Furthermore, for the Si substrates, the integral seems
to have a minimum around 50 ALD cycles. This effect is
caused by a variation in the peak height at q//=0. Because
this peak has a nonzero width, the variation effect isn’t to-
tally eliminated by the weighing by q// in the integral. For the
Ge substrates, this effect is less pronounced.

In conclusion, we have studied the initial ALD growth of
HfO2 on both oxidized and H-terminated Si and Ge surfaces
by in situ XRF and GISAXS. These techniques enabled de-
tailed characterization of the evolution of the amount of de-
posited material and surface roughness during growth. The
ALD of HfO2 on the oxidized surfaces showed no inhibition
period and a layer-by-layer type growth. The HfO2 growth

on H-terminated Si and Ge showed an inhibition period of 10
and 15 ALD-cycles, respectively. In situ GISAXS indicated a
larger surface roughness for the HfO2 films deposited on the
H-terminated surfaces compared to the oxidized surfaces.
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FIG. 4. �Color online� Roughness evolution based on
the integrated GISAXS pattern for ALD on �a�
H-terminated Si and RCA cleaned Si and on �b�
H-terminated Ge and GeO2.

TABLE I. Root-mean-square roughness resulting from post-deposition
AFM-measurements.

Substrate H-Si RCA Si H-Ge GeO2

�rms �nm� 0 .717 0.337 1 .020 0.398
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