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Abstract

Hafnium oxide was deposited from tetrakis(dimethylamino)hafnium (TDMAHf) and water by atomic layer deposition
(ALD) on heated 4′′ Si wafers covered with native oxide in the temperature range from 100 ◦C to 350 ◦C. Optimized self-
limiting ALD reaction and smallest hydrogen impurity level have been realized for a substrate temperature of 300 ◦C.
The stoichiometry of deposited films and hydrogen impurity level were measured by elastic recoil detection analysis.
The hafnium to oxygen ratio showed the expected 1:2 value. Besides hydrogen, no other impurities could be detected.
Furthermore, a strong correlation between the growth rate per cycle (GPC), film uniformity and level of hydrogen
impurities was observed.
In addition, the characterization of the crystal structure showed the appearance of some crystallites in an amorphous
matrix already for a growth temperature of 250 ◦C and a pure crystalline layer at a growth temperature of 350 ◦C. The
increased crystallinity with increasing growth temperature was attributed to a higher seed concentration and a nearly
constant crystal size.

Keywords: atomic layer deposition, tetrakis(dimethylamido)hafnium, hafnium dioxide, elastic recoil detection analysis,
hydrogen impurity level, grazing incidence X-ray diffraction

1. Introduction

Hafnium dioxide (HfO2) is an intensively studied ma-
terial which can be widely used as corrosion protection of
copper [1], as antibacterial coating for medicine and bi-
ology [2], as a high-k material in electrostatic capacitors5

for energy storage [3], in non-volatile memories due to its
ferroelectric properties [4] or the build-up and rupture of
conducting filaments [5]. Furthermore, HfO2 is frequently
used as a gate oxide in MOSFETs to reduce the gate leak-
age currents in down scaled devices [6]. Due to the broad10

range of applications, a lot of research was done on the
ALD growth of HfO2 films. However, there exists much
less literature about the incorporation of impurities dur-
ing the ALD growth, although it is a well known problem
[7, 8]. An overview about detected organic impurities in15

ALD grown HfO2 films from alkylamide precursors is pre-
sented in Tab. 1. Especially, quantitative measurements
of the hydrogen content are very rare. The main reason for
this lies in the lack of sensitive measurement methods. Hy-
drogen is the most difficult chemical element to be detected20

in solids due to its irradiation sensitivity and its low atomic
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number [9]. Methods such as nuclear magnetic resonance
(NMR) [10], electron paramagnetic resonance (EPR) [11],
and infrared absorption spectroscopy (IR) [12] can be used
to determine the content of hydrogen in solids. However,25

the depth-profiling in a near surface region are most com-
monly done by elastic recoil detection analysis (ERDA)
[9, 13, 14], nuclear reaction analysis (NRA) [15–17], neu-
tron elastic recoil detection (NERD) [18], secondary ion
mass spectrometry (SIMS) [16], or by sputter-induced pho-30

ton spectrometry (SIPS) [19, 20]. SIPS and SIMS suffer
from the difficulty of obtaining quantitative concentrations
and an induced surface roughness caused by the primary
ion beam [9]. ERDA benefits from the possibility to mea-
sure several elements simultaneously in contrast to NRA.35

In this study, ERDA was used for a systematic investiga-
tion of the hydrogen impurity level in ALD grown HfO2

films from the tetrakis(dimethylamido)hafnium (TDMAHf)
precursor with water as O2 source for growth tempera-
tures between 100 ◦C and 350 ◦C. It will close the gap in40

literature for temperatures below 200 ◦C i.e. for sensitive
substrates.
A literature overview of reported impurity levels and growth
rates per cycle (GPC) for ALD grown HfO2 films from sev-
eral alkylamide precursors and different oxidants is given45

in Tab. 1. As already mentioned above, only few quantita-
tive measurements of the H impurity level exist. Further-
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more, no clear tendency of the achievable impurity concen-
tration on the applied precursor, as well as the used oxidiz-
ing agent is visible. This is a result of the complex chemical50

processes during growth, which depend on many process
parameters, like temperature, pumping speed, chamber ge-
ometry, pulse and purge times etc. A minimum GPC value
of about 0.9 Å can be obtained with all three precursors
in the absence of thermal precursor decomposition or par-55

asitic CVD like processes during growth. However, the
very strong correlation of the GPC and the impurity con-
centration causes a pronounced minimum of the impurity
concentration at the smallest growth rate.
This hypothesis from Tab. 1 is confirmed by our studies60

and extended to include the layer thickness uniformity.
Hence, the explicitly given correlations between GPC, im-
purity level and layer thickness uniformity provide a qual-
ity criterion, which reduces the need for direct impurity
measurements to optimize the growth conditions. In addi-65

tion, the crystallinity of the HfO2 layers was investigated
by grazing incidence X-ray diffraction (GIXRD) and the
surface morphology was characterized by atomic force mi-
croscopy (AFM).

2. Experiment70

A commercial Savannah S100 ALD system (Ultratech
/ Cambridge NanoTech) was used to deposit HfO2 layers
on 〈100〉-oriented 4′′ boron doped Si wafers covered with
native SiO2 without further treatment prior to growth.
Tetrakis(dimethylamido)hafnium (TDMAHf from STREM75

Chemicals) was used as the metal precursor, deionized
H2O as the oxygen source and N2 as the carrier and purge
gas. The ALD system was connected to a scroll vacuum
pump nXDS10i (EDWARDS) and operated in continuous
mode, i.e. the valve to the pumping system was always80

open and the carrier gas was continuously flowing while
pulsing the precursor and the water. During deposition
of different samples, the temperature in the ALD reac-
tion chamber was varied from 100 ◦C to 350 ◦C in steps
of 50 K. Note that for deposition temperatures of 300 ◦C85

and 350 ◦C only the temperature of the inner heater was
set to the specified temperature, whereas the tempera-
ture of the outer heater was kept at 270 ◦C to protect
the Kalrez O-ring sealing of the reactor against melting
(Fig. 1). All other process parameters were fixed: number90

of cycles: n = 500, TDMAHf pulse time: 0.4 s, TDMAHf
purge time: 10 s, H2O pulse time: 0.015 s, H2O purge
time: 20 s, N2 carrier and purge gas flow: 20 sccm, H2O
temperature in stainless steel cylinder: ambient tempera-
ture, and TDMAHf temperature in stainless steel cylinder:95

75 ◦C. Furthermore, there was no sample rotation during
the growth. We aim at a process with minimal thermal
budget, so subsequent annealing was excluded from con-
sideration.
Under these conditions, the reaction of TDMAHf with wa-100

ter is shown by Hausmann et al. [7] and is classified as
ALD reaction with hydrogen transfer [43].

The layer thickness has been studied by spectroscopic ellip-
sometry (SE) at an angle of incidence of 75◦ using a Wool-
lam M-2000 ellipsometer (J.A. Woollam Co., Inc.) within105

a spectral range from 210 to 1700 nm. Data acquisition
and analysis was performed with the CompleteEASE soft-
ware (J.A. Woollam Co., Inc.) by using the Tauc-Lorentz
dispersion model [44] for the HfO2 film. Surface roughness
was considered by a layer based on the Bruggeman effec-110

tive medium approximation [45] with 50 % voids and 50 %
HfO2. The layer thickness was determined on a grid of 13
points on every 4′′ wafer, see Fig 1. The layer uniformity
is defined as the standard deviation of the film thickness
divided by the averaged film thickness.115

In addition, X-ray reflectivity (XRR) measurements were
performed to confirm the SE layer thickness. The XRR
analysis was executed with a Siemens D5005 diffractome-
ter using Cu Kα radiation with parallel beam geometry
at an angle of incidence of 0◦ to 5◦. The XRR data anal-120

ysis was done with the software GenX [46]. The sample
model consisted of a HfO2/SiO2/Si stack with surface and
interface roughness, density, and layer thickness as fitting
parameters for the HfO2 and SiO2 layers.
Grazing incidence X-ray diffraction (GIXRD) data were125

measured at an Empyrean system from PANalytical un-
der an angle of incidence of 1.0◦ using Cu Kα radiation.
This data was used to estimate the crystallite size by a
Williamson-Hall plot and the crystallinity (fraction of the
crystalline to the amorphous phase) of the HfO2 films by130

the following procedure. First of all, the background was
subtracted from the GIXRD data. Afterwards, the re-
maining data were normalized to the film thickness. Fur-
thermore, we assumed a pure amorphous phase for a growth
temperature of 100 ◦C and a pure crystalline phase for135

a growth temperature of 350 ◦C. The data for growth
temperatures between 150 ◦C and 300 ◦C were then fitted
by a linear combination of the pure amorphous and pure
crystalline diffractograms using the integral intensities, in
which the coefficients give the fraction of both phases, see140

Supplementary Information.
The stoichiometry of the HfO2 layers and its dependence
on temperature during growth were measured by ERDA
using a 43 MeV Cl7+ ion beam under an angle of incidence
of 15◦. The analyzed area was about 1.5x1.5 mm2. The145

recoil ions were detected with a Bragg Ionization Chamber
at a scattering angle of 31◦, using a full energy detection
circuit for the ion energies and a fast timing circuit to ob-
tain a Z dependent signal to separate ion species. H was
detected with a separate solid state detector at a scatter-150

ing angle of 41◦ preceded by a 18 µm thick Al foil to stop
other scattered and recoiled ions. In order to test the sta-
bility of the samples under ion bombardment during the
measurement, intermediate files were saved after fixed val-
ues of the dose. The intermediate data were extrapolated155

to zero dose to get correction factors for the elemental
losses, which allow the correct concentrations to be cal-
culated. The fitting of measured ERDA and Rutherford
backscattering spectra (RBS, Cl ions) was done simulta-
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Table 1: Literature overview of reported impurity levels and GPC for ALD grown HfO2 films from alkylamide precursors for different growth
temperature ranges in comparison to this study (TS). Me = CH3, Et = C2H5, DL = Detection limit, - = not measured, qualitative = measured
but only relative units, XPS = X-ray photoelectron spectroscopy, FTIR = Fourier transform infrared spectroscopy, RBS = Rutherford backscat-
tering spectrometry, AES = Auger electron spectroscopy.

Impurities (at.%)

Precursor Oxidant Temp. (◦C) GPC (Å) C N H Method Ref.

Hf(NMe2)4 H2O 100 – 350 1.41 – 0.88 < 0.3 < 0.1 6.2 – 1.1 ERDA TS

Hf(NMe2)4 H2O 205 – 400 0.89 – 2.0 2 – 3 0.6 – 1.8 5 – 7 ERDA [21]

Hf(NMe2)4 H2O 275 1.0 3.0 < DL qualitative XPS, FTIR [22]

Hf(NMe2)4
O2

280, 400
∼ 5, ∼ 14

qualitative qualitative qualitative SIMS [23]
H2O ∼ 3.5, ∼ 14

Hf(NMe2)4 O3 100, 250 1.42, 0.95 qualitative qualitative - XPS [24]

Hf(NMe2)4 O3 250 - ∼ 3 – 5 qualitative - XPS, SIMS [25]

Hf(NMe2)4
O3

300 -
qualitative qualitative

- SIMS [26]
H2O > O3 > O3

Hf(NMe2)4 H2O ≤ 350 0.931 ≤ 1 ≤ 0.25 - RBS [7]

Hf(NMe2)4

O2

200

0.12 – 0.172

< DL < DL - XPS [27]O2-plasma 1.00 – 1.102

H2O 1.10

Hf(NMeEt)4 O3 275 - 1.2 < 0.4 1.5 ERDA [28]

Hf(NMeEt)4 H2O 150 – 325 0.9 – 1.5 0.3 – 1.5 0.1 – 0.8 2 – 5 ERDA [8]

Hf(NMeEt)4
O3

200 – 320
1.0 – 0.8 10.00 – 0.74 - 5.38 – 0.23

SIMS3 [29]
H2O 0.85 – 0.70 0.76 – 0.22 - 1.09 – 0.44

Hf(NMeEt)4 O3 180 1.7 ∼ 2.24 ∼ 1.14 ∼ 2.24 XPS, SIMS [30]

Hf(NMeEt)4
O3

100
0.49 qualitative qualitative qualitative

FTIR, RBS [31]
H2O 1.24 < O3

5 < O3 > O3

Hf(NMeEt)4 H2O 250 1.2 2.9 < DL qualitative XPS, FTIR [22]

Hf(NMeEt)4 O3 200 – 275 - 1.3 – 0.084 0.9 – 0.044 ∼ 5.4 – 0.124 SIMS [32]

Hf(NMeEt)4 O3 275 - 0.05 – 0.144 0.04 – 0.084 - SIMS [33]

Hf(NMeEt)4 H2O 200 0.95 ∼ 1 ∼ 1 - XPS [34]

Hf(NMeEt)4 - 150, 300 - ∼ 8.9, ∼ 5.9 - - SIMS6 [35]

Hf(NMeEt)4 H2O ≤ 400 0.931 ≤ 1 ≤ 0.25 - RBS [7]

Hf(NMeEt)4 O3 30 – 250 2.1 – 1.0 ∼ 10 – DL ∼ 5 – DL - AES [36]

Hf(NMeEt)4
H2O2

175 – 325
0.9 – 1.2 2 – 3

< DL - AES [37]
H2O > H2O2 < H2O2

Hf(NMeEt)4
O3

200, 280
1.05, 0.95 ∼ 10, < 5

< DL - AES [38]
H2O 0.75 ∼ 5

Hf(NMeEt)4
O3

150 – 300
0.94 – 0.84 5.15 – 0.69 8.23 – 7.50

- XPS [39]
H2O 1.03 – 1.12 7.52 – 6.22 0.95 – 0

Hf(NMeEt)4 - 320 – 450 - ∼ 6 – 2 - - SIMS6 [5]

Hf(NMeEt)4
O3

285 – 365
0.9 – 1.0

qualitative - - SIMS [40]
H2O 0.8 – 0.9

Hf(NEt2)4
O2

280, 400
∼ 6.5, ∼ 3.5

qualitative qualitative qualitative SIMS [23]
H2O ∼ 5, ∼ 5.5

Hf(NEt2)4 H2O ≤ 450 0.931 ≤ 1 ≤ 0.25 - RBS [7]

Hf(NEt2)4
O2-plasma

250
1.3 < 2.5

- - AES [41]
O2 1.0 ∼ 5

Hf(NEt2)4 H2O 125 – 225 ≥ 1.2 6 – 0 - - XPS [42]

1purge times have been adjusted
2in dependence on O2 duration
3RBS calibrated
4calculated from atoms/cm3 using a mass density of 10.0 g/cm3

5compares the impurity level with O3 as oxidant
6XPS calibrated
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neously using the program NDF [47].160

AFM images were taken at an Agilent 5400 AFM/SPM
system in tapping mode under open loop conditions. .

3. Results and Discussion

This work investigates the ALD growth of HfO2 films
from tetrakis(dimethylamido)hafnium (TDMAHf) and wa-165

ter in terms of growth rate per cycle (GPC), layer thick-
ness uniformity, layer stoichiometry, and crystal structure
in dependence on the growth temperature.

Fig. 1 shows the thickness variation of deposited HfO2170

films on a 4′′ SiO2/Si wafer in dependence on the growth
temperature and an image of the ALD reaction chamber
with the O-ring sealing, the gas inlet and outlet, and the
cavity for the 4′′ wafer. The thickness variation in the
maps is defined as the difference between the thickness of175

the given measurement point and the averaged film thick-
ness divided by the averaged film thickness. At deposition
temperatures of 100 ◦C, 150 ◦C, and 200 ◦C the thickness
variation reflects the ALD chamber symmetry with the
smallest thickness between the gas inlet and outlet and an180

increased thickness to the sides, where the purging pro-
cess is less effective due to a lower speed/rate of the N2

purging gas. An insufficient purging results in an incom-
plete removal of physisorbed precursor and reaction prod-
ucts. Additionally, at substrate temperatures of 100 ◦C185

and 150 ◦C a larger thickness near the gas inlet and outlet
compared to the middle of the wafer is observed. This is
probably due to turbulences, which decrease the purging
efficiency. An increase in deposition temperature to 250 ◦C
leads to the most uniform HfO2 layers of this study with190

a small thickness gradient perpendicular to the chamber
geometry, see Fig. 2(c). The reason for this finding is
not yet clear, but probably driven by some unexpected,
symmetry broken gas flow during deposition due to tur-
bulences at the gas inlet/outlet or due to a temperature195

gradient of the Si wafer caused by the thermal contact
between wafer and ALD deposition chamber. Note that
the best symmetry between gas inlet and outlet was ob-
served for a deposition temperature of 150 ◦C, which is
the temperature of the gas carrying pipeline. A further200

increase of the deposition temperature to 300 ◦C results in
a similar thickness gradient perpendicular to the chamber
geometry with a larger magnitude. The larger thickness
variation than at low temperatures might be caused by
a temperature gradient in the deposition chamber due to205

restrictions of the chamber sealing system, which allows a
maximum outer heater temperature of 270 ◦C. Therefore,
during deposition, only the temperature of the inner heater
was set to 300 ◦C. The further increase of the thickness
variation obtained at a deposition temperature of 350 ◦C210

is again driven by the increased temperature gradient be-
tween the inner and outer heater. Furthermore, the HfO2

layer shows the largest thickness near the center of the re-
action chamber, which represents the hottest area. The

100 °C / 100 °C 150 °C / 150 °C
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Figure 1: Maps of thickness variation between -10 % and +10 % of
ALD grown HfO2 thin films on 4′′ Si wafers. The substrate temper-
ature of the inner/outer heater has been varied between 100 ◦C and
350 ◦C in steps of 50 K. The 13 black dots in every map represent the
positions of the SE measurements for the thickness determination.
The film thickness variation was visualized with a Polar Contour
diagram using the software OriginPro 2017 [49]. The image in the
middle sketches the ALD reaction chamber with Kalrez O-ring, gas
inlet, and gas outlet. The dashed white line indicates the 0.5 mm
deep cavity, where the 4′′ Si wafer is placed. The primary flat was
parallel oriented to the virtual connection line between gas inlet and
outlet during the deposition.

increased thickness is attributed to the unwanted thermal215

decomposition of the TDMAHf precursor [8, 29, 48].
Note that the discussion of the thickness profile depends
on the reactor geometry and the dependence on the pro-
cess parameters, except temperature, are not universal for
other reactor types.220

Fig. 2(a) shows the GPC in dependence on the depo-
sition temperature. The values are taken from the center
of the 4′′ wafer. By using 500 ALD cycles, the total thick-
ness of the HfO2 films measured by SE is 70.7 nm, 62.0 nm,225

53.8 nm, 46.7 nm, 44.2 nm, and 46.1 nm for growth tem-
peratures between 100 ◦C and 350 ◦C, respectively. At
low temperatures, the ”overlapping pulses” phenomenon,
which describes the simultaneous presence of the precur-
sor and the oxidant in the gas phase near the substrate230

causes a non-self-limiting CVD-like growth with an in-
creased GPC [50]. This is a result of ineffective purging,
because at lower temperature a low desorption rate of ph-
ysisorbed excess precursor, water and reaction by-products
from the substrate or the reactor walls is obtained. With235

increasing growth temperatures, also the purging efficiency
increases along with larger desorption rates, leading to a
smaller contribution of CVD processes in the self-limiting
ALD reaction and a decreased GPC. However, in addi-
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Figure 2: (a) GPC for HfO2 thin films in dependence on deposition
temperature, measured with SE (black squares) or XRR (red stars)
in the middle of the wafer. (b) The H concentration in HfO2 layers
shows a similar dependence on the temperature of the inner heater
as the GPC. (c) Layer thickness uniformity of the HfO2 films on the
4′′ wafer. The thickness uncertainty from the SE measurements is of
the order of 0.05 nm. Therefore the error bars are of the same order
as the symbol size. (d) Crystallinity of the HfO2 films, definition see
Sec. 2.

tion to the purging efficiency in ALD oxide processes, the240

GPC in dependence on the growth temperature can be also
explained by the fact that the number of OH- groups de-
crease with increasing temperature and therefore also the
CPC decreases [8]. The smallest GPC was observed for a
growth temperature of 300 ◦C with a value of 0.88 Å/cycle245

and 0.85 Å/cycle, measured by SE and XRR, respectively.
The increased GPC for a deposition temperature of 350 ◦C
is attributed to the unwanted thermal decomposition of
the hafnium precursor already in the gas phase or on the
film surface, see above. Furthermore, the calculated GPC250

from XRR measurements was typically a bit smaller than
that determined by SE. This behavior was also observed
by Hausmann et al. [7]. Since the refractive index (n) and

the film thickness are strongly correlated in models applied
for SE analysis, uncertainties remain when one of the val-255

ues is not well known [51]. XRR offers the advantage in
contrast to SE that the simulation of experimental data
does almost not depend on the index of refraction and the
extinction coefficient (k). Hence the layer thickness deter-
mined by XRR can be used to improve further the values260

for n and k obtained by SE [52].
Since HfO2 layers were deposited using a metalorganic pre-
cursor (TDMAHf), it is of interest to study the incorpora-
tion of organic species (H, C, N) into the films at different
deposition temperatures. The amount of impurities and265

the Hf to O ratio were investigated by ERDA measure-
ments, see Supplementary Information. The precision of
the measurement is of the order of 1 at.% for Hf and O.
Within the scope of this accuracy, the Hf to O ratio was
determined to 1:2, independent on the growth tempera-270

ture. It was not possible to detect C or N in the HfO2

films with a concentration above the detection limit. This
limit was estimated to about 0.3 at.% for C and 0.1 at.%
for N and is based on a fit of the 2D background spectrum
of the ERDA data (not shown). Fig. 2(b) represents the275

H concentration in the HfO2 films, which follows the same
trend as the GPC, shown in Fig. 2(a). This correlation be-
tween the GPC and the level of H impurities is a result of
the growth mechanism. That means that a large GPC due
to a non-self-limiting CVD component or thermal decom-280

position of the precursor during the ALD growth results
in the incorporation of a high impurity level of H. The
optimal ALD window which we find here, correlates with
the minimum values of the GPC. Hence we propose mea-
suring the GPC as a non-destructive fingerprint for the H285

impurity content of the film.
In contrast to the work of Kukli et al. [21], we observed
a much smaller hydrogen content in the HfO2 films. In
the temperature range from 200 ◦C to 350 ◦C, where both
works investigate the HfO2 growth, our value of 1.1 - 2.2 at.%290

is in contrast to 5 - 7 at.% of Ref. [21]. Also the content of
N and C was smaller in our work. This is probably due to
the longer purge time after the precursor and water pulse
(10/20 s vs. 0.5 s), which results in an enhanced separation
of the precursor and water in the gas phase and a better295

removal of the excess reactants and the gaseous reaction
by-products.
The layer uniformity defined in Sec. 2 is shown in Fig. 2(c).
Overall, the uniformity follows a similar trend as the GPC
shown in Fig. 2(a). However, for deposition temperatures300

of 100 ◦C and 300 ◦C there exists a discrepancy between
both parameters. At 100 ◦C this difference probably fol-
lows from the fixed TDMAHf precursor dose, which re-
sults in an upper limit for the growth rate. Therefore, the
layer thickness difference between spots on the wafer with305

a more efficient purging due to a higher gas flow speed/rate
(between gas inlet and outlet) and spots at the wafer sides
with less efficient purging conditions is limited, resulting
in a better film uniformity compared to the film grown at
150 ◦C. At a growth temperature of 300 ◦C, the GPC is310
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still decreasing due to a more efficient purging compared
to a deposition temperature of 250 ◦C. In contrast, the
layer uniformity starts to degrade. This reflects that for
growth temperatures of larger than 270 ◦C, the tempera-
ture of the outer heater was set to only 270 ◦C. Hence the315

temperature gradient in the ALD reaction chamber leads
to a decreased film uniformity at growth temperatures of
300 ◦C and above. At 350 ◦C the decrease in layer unifor-
mity is driven further by the thermal decomposition of the
TDMAHf precursor.320

Fig. 2(d) shows the crystallinity of the HfO2 layers, which
was defined above in Sec. 2. For growth temperatures up
to 200 ◦C the layers show a pure amorphous phase. By
increasing the growth temperature to 250 ◦C a small crys-
talline content of about 6 % was observed. The layer crys-325

tallinity increases to about 54 % for a growth temperature
of 300 ◦C and shows a pure crystalline phase for a growth
temperature of 350 ◦C.

Fig. 3 shows GIXRD patterns of the HfO2 films in de-330

pendence on the growth temperature. For growth temper-
atures of 100 ◦C, 150 ◦C, and 200 ◦C the GIXRD data rep-
resent a pure amorphous phase. The observed sharp reflex
at a 2 theta angle of about 53◦ corresponds to the silicon
substrate. Also the reflex at about 54◦, which is much335

weaker and appears only in some diffractograms belongs
to the silicon substrate (marked with a grey background
in Fig. 3). For a growth temperature of 250 ◦C some
weak crystalline reflexes of a HfO2 phase appear within
the amorphous HfO2 phase. These crystalline reflexes get340

much stronger for a growth temperature of 300 ◦C and
even increase in intensity for a growth temperature of
350 ◦C, so that the amorphous phase disappears. Beside
the reflex at a 2 theta angle of 30.3◦ (marked with an ar-
row), all crystalline reflexes correspond to the monoclinic345

HfO2 phase. The reflex at 30.3◦ can be related to the cubic
or orthorhombic II phase. It was estimated that this phase
has a weight fraction of less than two percent. Further-
more, the crystal size was estimated by Williamson-Hall
plots (Supplementary Information) to be (12.5± 7.1) nm350

and (13.1± 4.0) nm for a growth temperature of 300 ◦C
and 350 ◦C, respectively. Due to the lack of visible crys-
talline reflexes for the sample grown at 250 ◦C, it was not
possible to estimate the crystal size by this method. How-
ever, the reflex at a 2 theta angle of 28.6◦ has a similar355

FWHM as the corresponding reflex for the samples grown
at higher temperatures. Hence almost no dependence of
the crystal size from the growth temperature is observed.

Fig. 4 represents the surface morphology of the HfO2360

films in dependence on the growth temperature. For a
growth temperature of 100 ◦C the surface is quite smooth
with a small rms roughness of 0.38 nm. By increasing the
growth temperature to 150 ◦C and 200 ◦C, most parts of
the surface look like the film grown at 100 ◦C. However,365

there appear some additional spots, which are up to 12 nm
higher than the rest of the film. Therefore, also the rms
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Figure 3: GIXRD patterns of HfO2 films on Si with native oxide.
The grazing incidence angle is fixed at 1.0◦. The reference diffrac-
tograms are taken from Ref. [53–55] for the monoclinic, cubic and
orthorhombic II phase, respectively. Si peaks from the substrate are
marked with a grey background. The arrow in the GIXRD data of
the HfO2 layer grown at 350 ◦C shows the reflex, which is not related
to the monoclinic phase.

roughness gets larger. At 250 ◦C the surface becomes more
rough with a larger contribution from spot regions. This
is deduced from the AFM height histograms provided in370

the Supplementary Information. The contribution of these
spots increases for a temperature of 300 ◦C until the whole
surface is covered at a temperature of 350 ◦C. The coales-
cence of the spots at 350 ◦C causes a decrease of the rms
roughness in comparison with films grown at 250 ◦C and375

300 ◦C.
The dependence of the surface roughness on the growth
temperature observed during AFM measurements was con-
firmed by XRR and SE measurements, revealing a thresh-
old temperature between 200 ◦C and 250 ◦C for a strong380

roughness increase of the HfO2 surface. At this threshold
temperature also the onset of crystallisation was observed
by GIXRD measurements. Therefore, the spots in the
AFM scans might be crystallites.
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Figure 4: AFM images of the surface morphology of HfO2 films
in dependence on the growth temperature. The values in the insets
represent the growth temperature and the rms roughness.

385

4. Conclusions

In conclusion, HfO2 layers were successfully grown by
ALD from TDMAHf and water at temperatures ranging
from 100 ◦C to 350 ◦C. The hafnium to oxygen ratio was
determined by ERDA as 1:2, and does not change with the390

growth temperature. Besides H, no other impurities such
as C or N from the TDMAHf precursor could be detected.
The H impurity level in the HfO2 films shows a strong
correlation with the GPC, indicating a CVD-like parasitic
process or the thermal precursor decomposition during the395

ALD growth at larger growth rates. In addition, a corre-
lation between the GPC and the film uniformity was ob-
served. Based on these results we can conclude that the
GPC or the film uniformity can be used as a good indi-
cator for a chemically self-limited ALD reaction with the400

smallest possible amount of impurities. Within the chosen
parameter set, best results can be expected at deposition
temperatures between 250 ◦C and 300 ◦C.
Furthermore, GIXRD studies revealed the onset of crys-
tallization already at a growth temperature of 250 ◦C and405

a complete crystalline layer with a dominating monoclinic
phase at a growth temperature of 350 ◦C. The increased

crystallinity with increasing growth temperature was at-
tributed to a higher seed concentration and a nearly con-
stant crystal size.410
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Atomic layer deposition of hafnium dioxide thin films from
hafnium tetrakis(dimethylamide) and water, Thin Solid Films
491 (1) (2005) 328–338. doi:10.1016/j.tsf.2005.05.050.

[22] J. C. Hackley, T. Gougousi, Properties of atomic layer deposited510

HfO2 thin films, Thin Solid Films 517 (24) (2009) 6576–6583.
doi:10.1016/j.tsf.2009.04.033.

[23] S. Hino, M. Nakayama, K. Takahashi, H. Funakubo, E. Toku-
mitsu, Characterization of Hafnium Oxide Thin Films by Source
Gas Pulse Introduced Metalorganic Chemical Vapor Deposition515

Using Amino-Family Hf Precursors, Jpn. J. Appl. Phys. 42 (9B)
(2003) 6015–6018. doi:10.1143/JJAP.42.6015.

[24] T. J. Park, Y. Byun, R. M. Wallace, J. Kim, Reduced impuri-
ties and improved electrical properties of atomic-layer-deposited
HfO2 film grown at a low temperature (100 ◦C) by Al2O3 in-520

corporation, Appl. Surf. Sci. 371 (2016) 360–364. doi:10.1016/
j.apsusc.2016.02.243.

[25] T. J. Park, K. J. Chung, H.-C. Kim, J. Ahn, R. M. Wal-
lace, J. Kim, Reduced Metal Contamination in Atomic-Layer-
Deposited HfO2 Films Grown on Si Using O3 Oxidant Gen-525

erated Without N2 Assistance, Electrochem. Solid-State Lett.
13 (8) (2010) G65–G67. doi:10.1149/1.3430657.

[26] M. Cho, D. S. Jeong, J. Park, H. B. Park, S. W. Lee, T. J.
Park, C. S. Hwang, G. H. Jang, J. Jeong, Comparison between
atomic-layer-deposited HfO2 films using O3 or H2O oxidant and530

Hf[N(CH3)2]4 precursor, Appl. Phys. Lett. 85 (24) (2004) 5953–
5955. doi:10.1063/1.1829773.

[27] J. Provine, P. Schindler, J. Torgersen, H. J. Kim, H.-P. Karn-
thaler, F. B. Prinz, Atomic layer deposition by reaction of
molecular oxygen with tetrakisdimethylamido-metal precursors,535

J. Vac. Sci. Technol., A 34 (1) (2016) 01A138. doi:10.1116/1.

4937991.
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