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The effect of Er precursor nature (Er(CpMe)s or Er(tmhd)s) and annealing treatment at 500-1100 °C on the
structural and optical properties of EryO3 films grown on Si substrates by thermal or O,-plasma-assisted atomic
layer deposition was studied by means of spectroscopic ellipsometry, Fourier-transform infrared spectroscopy, X-

;F(ERII\;I ray diffraction, transmission electron microscopy coupled with energy dispersive X-ray spectroscopy as well as
Luminescence photoluminescence method. An annealing at 500-800 °C resulted in the film crystallization mainly. Thermal

treatment at high temperatures caused the formation of Er silicate phase due to the diffusion of Si atoms from the
substrate in the films depth. This phase was found to be ErySiOs being crystallized at 1100 °C. Light emitting
properties of the films are determined by Er,Os native defects (like oxygen vacancies) and intra-4f shell tran-
sition in Er>* ions. The latter dominated in the films annealed at 1000-1100 °C. The most intense Er>* emission,
observed in the films grown with O,-plasma-assisted approach, was explained by a lower contribution of oxygen
vacancies as well as by pronounced crystallization of Er silicate phase. In this latter, the effect of concentration

Er silicate

quenching of Er®* luminescence was lower due to a larger distance between Er®* neighbor ions.

1. Introduction

Over the last decades, atomic layer deposition (ALD) is widely used
due to continuous downscaling of electronic devices as well as to the
development of 3D-integrating circuits [1,2]. This technique allows
forming thin films of different materials not only on flat substrates, but
also on complex 3D-surfaces and structures at relatively low tempera-
tures [3,4]. The films with specific chemical composition can be easily
deposited via alternating exposure of gaseous chemical precursors and
reactants. Due to self-limiting saturated reactions, the thickness of the
films and their composition can be controlled via repetition of different
ALD cycles. The slow growth of ALD films, that is usually caused by an
incomplete removing of large molecular groups or generated
by-products, is no longer an hindrance as traditional coating processes
because of fine tuning of film thickness at a sub-nanometer scale.

Nowadays, rare earth sesquioxides and materials on their basis

attract considerable attention because of their wide range of applica-
tions such as optical devices, microelectronics, magnetic devices, pho-
tonics and photovoltaics. These oxides are known to exist in three main
polymorphs, i.e. hexagonal, monoclinic and cubic bixbyite structures
(so-called, A-, B- and C-forms, respectively) [5]. Different research
groups reported on the growth of these materials on different semi-
conducting substrates including C-ScpO3/GaN [6,7], LayOs/Si [8],
Pry03/Si [9], Sm203/Si [10], C-Ery03/Si [11,12], C-Erp03/GaN [13],
Yb,03/Si [14], etc.

It is known that Er,Os has good heat endurance and chemical
durability under high temperatures that makes it attractive for the
protection and anticorrosion coating of steels [15]. Due to its high
dielectric constant, EryO3 is applicable also for gate insulators [16,17].
Owing to intense photoluminescence at room temperature, Er,O3 ma-
terials can be used for the fabrication of high-gain optical waveguide
amplifiers and optoelectronic integrated circuits [18,19].

Abbreviations: TEM, Transmission electron microscopy; XRD, X-ray diffraction; ALD, Atomic layer deposition.
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The methods of EryO3 thin film deposition include physical vapor
deposition [18,20,21], chemical vapor deposition [11,22], sol-gel
method [23], magnetron sputtering [11,24,25] and, more recently,
ALD technique [12,26].

In this work, EryO3 films were grown on Si substrates by either
thermal or plasma-assisted ALD approaches. Hereafter, the effect of
deposition conditions and post-deposition treatments on the optical,

structural and luminescent properties of these films will be compared
and discussed.

2. Experimental details

The EryOs thin films were grown using two Er precursors, i.e. Er
(CpMe)s (tris(methylcyclopentadienyl)erbium(III) (99.9%-Er), CAS No.
39470-10-5, chemical formula Er(CH3CsHy4)s3, formula weight 404.62 g/
mol) and Er(tmhd)s (tris(2,2,6,6-tetramethyl-3,5-heptanedionato)
erbium(III), 99% (99.9%-Er), CAS No. 35733-23-4, chemical formula Er
(C11H1909)3, formula weight 717.08 g/mol). Both precursors were
provided by STREM Chemicals Inc. [27].

2.1. Properties of Er precursors

Prior to install Er precursors in the ALD deposition tool, they were
submitted to thermogravimetric analysis (TGA) using a SETERAM TAG
92 setup. The measurements were done under air atmosphere at a
heating rate of 3°C/min from room temperature to 800°C. The TG curves
obtained for both Er precursors, Er(CpMe)s and Er(tmhd)s, at atmo-
spheric pressure show different profiles (Fig. 1,a). The Er(CpMe)s pre-
cursor exhibits a continuous weight loss in the 25-800 °C temperature
range with a final weight loss of 51.7 % which is in good agreement with
the theoretical value of 52.7% expected for the formation of EryOs.

Regarding the Er(tmhd); precursor, this material shows a three-step
degradation process with temperature. Between 25 and 170 °C the TG
curve presents a plateau showing that the precursor is stable in this
temperature range. Above 170 °C and up to 318 °C, a first weight loss of
87% is observed immediately followed by a second mass loss of 7.25%
up to 800 °C. Contrary to the Er(CpMe)3 compound, the final weight loss
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of 94.25 % for Er(tmhd)s at 800 °C is much more important than the
theoretical value of 73.3% expected for the formation of EryOs. This
mass difference (Am = 20.95%) can be explained by the concomitant
decomposition and sublimation-vaporization of Er(tmhd)s which both
contribute to the weight loss during TGA study due to the volatility of
(tmhd)-chelates of rare earths [28].

The XRD analysis performed for both precursors before and after TG
experiments showed that initial Er(tmhd)s precursor presents a crys-
talline structure whereas Er(CpMe)s is amorphous (Fig. 1,b). The final
material obtained after TGA for both precursors (Fig. 1,b) was identified
as EryO3 oxide in its cubic phase [29,30].

It should be emphasized that thermal behavior of both Er precursors
was extracted from the TG experiment performed in air atmosphere at
ambient pressure. This fact can explain some difference in mass loss in
comparison with the results reported for the similar precursors by other
groups [[12,31]. The multi-step mass loss upon the heating is the evi-
dence of precursors’ decomposition via step-like desorption of corre-
sponding organic ligands. Similar effect was previously described, for
instance, for Cp-based Zr precursors [32,33] and explained by the dif-
ference in interactions in the gas phase in TG experiment and on the
surface of condensed phase during the ALD process.

Successful deposition of the films using ALD technique depends on
many parameters such as substrate temperature, pulse/purge duration
of the precursor and the oxidant, flow of vector-gas, chamber pressure,
etc. Their effect on the film growth is considered below.

2.2. Samples

EryO3 thin films were grown using a Picosun® R-200 Advanced
deposition tool from Picosun Oy company (Finland) [34]. P-type
(B-doped) Si wafers grown by Czochralski pulling technique produced
by “Sil’tronix Silicon Technologies” company (France) were used [35].
The wafers, being of (100) orientation and double side polished, had the
following dimensions: 2 inches in diameter and 275 + 25 pm in thick-
ness. Their resistivity was p = 15 Q.cm. The virgin substrates were
covered with a 5-nm thermal SiO; layer.

Er(CpMe)s and Er(tmhd)s precursors were introduced in the ALD
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Fig. 1. (a) Weight loss as a function of temperature for Er(tmhd); and Er(CpMe); precursors; (b) XRD patterns recorded on Er(tmhd); (1,3) and Er(CpMe)s (2,4)

precursors before (1,2) and after (3,4) thermogravimetric experiments.
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reactor from outside containers with the flow of 150 sccm. Nitrogen
(99.999 %) was used as a carrier and purge gas. The main deposition
parameters are collected in Table 1S (see electronic supplement
information).

Thermal ALD deposition was performed with Er(CpMe)s precursor
and distilled water used as oxidant. The water container was kept at
25 °C. The temperature of the bottle with Er(CpMe)s was varied in the
range Ty, = 120-200 °C. The value of Ty, = 200 °C was the highest
reachable for bottle configuration in our deposition tool. The pulse/
purge durations for Er(CpMe)s were varied in the range of tyye = 1-3 s
and tyyrge = 2-6 s. The precursor flow was 150 sccm. To increase the
amount of the precursor in the reaction zone, the boost was used with
the flow varied from 250 to 800 sccm. The water flow was kept as 150
sccm and pulse/purge durations were fixed at tyyie = 0.1 s and tyyrge = 4
s.

Plasma-assisted ALD process was carried out with Er(tmhd)s and
oxygen plasma. A container with Er(tmhd); was heated at T, =
155-200 °C. Corresponding Er(tmhd)s pulse/purge time were tyyse =
2-4 s and ty,rg = 4-6 5. Oxygen plasma was introduced in the reactor
with a flow of 150 sccm and the pulse/purge times of ty,;.=13-56 and
tpurge = 2—4 s. The radio-frequency plasma power (RFP) and its duration
were varied in the 1500-3000 W and 10-52 s ranges, respectively.

The substrate temperature was tuned in the Ty = 275-325 °C range
for both approaches. The film thickness was controlled via the cycles’
number.

After the evacuation of the substrates with uniformly deposited films
from the ALD tool, they were cut into small pieces (called hereafter as
samples) and submitted to annealing treatment at different tempera-
tures (T4 = 500-1100 °C) and durations (t4 = 10-30 min) in nitrogen
atmosphere.

2.3. Experimental techniques used for the film characterization

To investigate optical, structural and luminescent properties of the
films versus annealing treatment, several techniques were used. The
spectroscopic ellipsometry study was performed using a Jobin-Yvon
ellipsometer (UVISEL, HORIBA Ltd., Kyoto, Japan). The incident light
was scanned in the 1.5-6.0 eV range and incident angles were 65°, 70°
and 75°. The beam spot was 1 mm in diameter. The spectra were
recorded from the central point of each sample.

The surface of the films was analysed by means of optical microscopy
using Olympus microscope and atomic-force microscopy (AFM) using
the NanoScope® III Scanning probe microscope (Digital Instruments)
operated in amplitude and phase tapping modes.

Vibrational properties of the films were investigated using Fourier
transform infrared spectroscopy (FTIR). The FTIR absorption spectra
were recorded with a Nicolet™ iS50 FTIR spectrometer with normal and
60° incidence of excitation light.

Structural properties of the films were studied using X-ray reflec-
tivity and X-ray diffraction methods. The XRD data were collected using
X-ray diffractometer Philips X’ Pert-MRD with the Cu Ko, radiation (4 =
0.15418 nm) or Co Ka; radiation (4 = 0.17889 nm). The patterns were
recorded in Bragg-Brentano (6-20) and grazing (w-20) geometries.

For Transmission Electron Microscopy (TEM) observations, the cross
sectional thin foils of the films were prepared by FIB (Focused lon Beam)
such that the TEM observations were done following a [110] direction of
the (100) Si substrate. In such a way, the electron beam was parallel to
the film/substrate interface. The FIB system used was a Dual beam FEI
Helios nanolab660 with an electron imaging resolution of 0.6 nm at 15
kV (Field Emission Gun - FEG) and a FIB resolution of 2.54 nm at 30 kV.
In order to protect the film surface from the gallium ion beam during the
thinning process, a carbon deposit was carried out beforehand as well as
two platinum layers deposited electronically (0.3 pm) and then ionically
(2 pm). The thinning was processed by a set of repetitive inclinations of
the gallium beam (+1° with decreasing gradually the beam currents in
the first phases and a final surface cleaning step with a higher inclination
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but for lower currents) on either side of the thin section until electron
transparency (a few tens of nanometers). The conventional bright and
dark fields (CTEM) and high resolution TEM (HRTEM) observations,
scanning transmission electron microscopy and high angle annular dark
field (STEM-HAADF) observations as well as STEM-EDX chemical im-
aging were performed using a JEOL ARM200F microscope with a “cold”
field emission gun (FEG - 200 kV) and having the double corrections of
aberrations in image and in STEM modes. The point to point resolutions
were 0.1 nm in TEM mode and 0.078 nm in STEM-HAADF mode. This
microscope was equipped with an EDX Centurio JEOL spectrometer. All
digital images were processed with the GMS2 GATAN Digital Micro-
graph software.

Raman scattering spectra were recorded in a quasi-backscattering
geometry using a Jobin Yvon LabRaman 300 spectrometer with a res-
olution of 1.57 cm ™}, equipped with a confocal microprobe and a CCD
camera. As an excitation source, the second harmonic of Nd:YAG laser
(532 nm) was used. The laser beam power was around 1.5 mW and the
spot diameter was 0.87 pm. Under such conditions, no heating of the
sample was observed during spectra recording. This setup was also used
to collect micro-photoluminescence spectra. Besides, standard PL and PL
Excitation (PLE) spectra were measured with Horiba Fluorolog-3 setup
(model FL3-22). It is equipped with a 450-W Xenon light source, double-
grating excitation and emission spectrometers of Czerny-Turner design
with kinematic classically-ruled gratings and all-reflective optics, with
automated slits, and room-temperature R928P detector. A 2-nm band-
pass is achieved using 1200-grooves/mm gratings with a dispersion of
2.1 nm/mm and a 1 mm slits. Calibrated photodiode is used for exci-
tation correction from 240-1000 nm. Emission detector is an R928P for
high sensitivity in photon-counting mode in the 240-850 nm spectral
range. To record Er®" photoluminescence in infrared spectral range, a
Jobin Yvon 1 m single grating monochromator equipped with
Hamamtsu detector was used. The excitation was performed using a
488-nm line of Ar" laser. The PL and PLE spectra were corrected auto-
matically with dedicated software during spectra recording. The mea-
surements were performed at room temperature.

3. Experimental results and discussion
3.1. Parameters of the films obtained from spectroscopic ellipsometry

Spectroscopic ellipsometry is known as a fast, sensitive and non-
destructive method for the investigation of optical properties of thin
films. Hereafter we used an approach described in details in our previous
works [36-38]. In brief, a spectrum consists in the measured ¥ and A
ellipsometric angles defined from the fundamental equation 7,/7s =
tan'¥-exp(iA), where 7, and 7; are the complex reflection coefficients for
parallel and perpendicular polarizations of light, respectively. The light
intensity in both polarizations is considered as I; = I - sin2¥ - sinA and I,
=1-sin2¥ - cosA. For ellipsometric modeling of a rough film, this latter
is divided it into two parts: one part containing the homogeneous film
and the other part representing a non-homogeneous form referred to as
“roughness layer”. The first part is simulated with the physically
meaningful dielectric function belonging to the material. To model the
film roughness, Maxwell-Garnett effective medium approximation was
applied. This approach allowed to obtain self-agreed results not only for
as-deposited, but also for the films annealed, especially, at high tem-
peratures. The roughness value of the films (Ry) estimated from one
ellipsometric spectrum is considered as a mean height calculated over
the entire measured surface illuminated by excitation light in one run
that corresponding to the beam spot size.

Fig. 2,a shows typical spectra and their modeling applying a “new-
amorphous” model described recently in Refs.[36-38]. The use of three
different angles of incident light improves the accuracy for the deter-
mination of the film thickness, d, and film roughness, as well as
refractive index, n, and the absorption coefficient, @ (if any). By the
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Fig. 2. (a) Typical ellipsometry spectra for as-deposited Er,O3 film (symbols) taken at 65°, 70° and 75° and their fitting (solid curves) using “new amorphous” model.
(b) Refractive index and absorption coefficient of as-deposited Er,Oj3 film extracted from the fitting of experimental data in a). (c, d) the effect of bottle temperature
on film growth rate per cycle (c) and refractive index (d) for the films deposited with thermal and plasma-assisted approaches using Er(CpMe)s; and Er(tmhd)s
precursors, respectively. RFP = 2000 W (c, d) for Er(tmhd); The different points for the same deposition temperature originate from the different precursor pulse/

purge times.

fitting of ellipsometry spectra, typical dispersion law was obtained along
with the variation of absorption coefficient (Fig. 2,b). The analysis of
spectral dependence of absorption coefficient permits to estimate the
bandgap energy (Eg) of Er203 films. For this purpose, the Tauc relation
between the absorption coefficient («) and the bandgap (Eg) ahv = A
#(hv — Eg)™, where hv is the photon energy, A is a constant, and m is a
constant that depends on the type of transitions involved, i.e. m = 1/2,
3/2, 2 and 3 corresponds to direct allowed, direct forbidden, indirect
allowed and indirect forbidden transitions, respectively. It was reported
that the the energy of direct bandgap may represent the onset of intrinsic
absorption of the oxide, while the the energy of indirect bandgap may
represent the onset of absorption involving some defect states [39].
Thus, the plotting of these dependencies permits to get information on
the bandgap value and defects in our materials. The direct energy gap
was obtained by plotting (ahv)? versus hv (Fig. 5S,a) whereas the indi-
rect energy gap was obtained by plotting (ahv)/? versus hv (Fig.5S,b). It
turned out that in the first case Eg ~ 5.76 eV and in the latter case — Eg~
5.2 eV that is in agreement with the data reported in [10,39-41].

The growth rate per cycle, rg, and corresponding n values were
analyzed versus different deposition conditions. For all the films, the
effects of the substrate temperature, temperature of bottle with Er pre-
cursor, and pulse/purge time for Er precursor and oxidant were
considered. Along with this, for thermal ALD, the effect of the boost flow
of Er precursor was studied, whereas for the plasma-enhanced ALD, the
influence of oxygen plasma power (RFP) and duration of its application
was investigated. The obtained results are collected in Figs. 15-4S.

It turned out that for the films grown with plasma-assisted ALD, the
start of film growth with the rg = 0.5 pm/cycle occurs when Ty, = 155 °C
(Fig. 2,¢). Further T rise up to 200 °C results in the rg rise. Depending on
the Er(tmhd)s and O, pulse/purge durations, the rg can reach the values

from 9 to 20 pm/cycle, being higher for shorter Er pulse time (Fig. 1S).
The decrease of O, pulse time brings the same result due to incomplete
oxidation of Er precursor. It is worth to point out that the T, = 200 °C
value for the Er(tmhd)s cylinder exceeds significantly the values re-
ported for similar Er compounds in [12] that could be caused by the
difference in the configuration of the cylinders used in [12] and in our
ALD unit.

The rg value has a non-monotonic behavior versus oxygen plasma
power (Fig. 2S). The highest value of about 20 pm/cycle is obtained for
RFP =2000 W. This RFP value was kept for further production of the
films with plasma-assisted approach.

The refractive index of the films deposited at T, = 200 °C is found to
be in the range of n =1.75-1.92 showing a trend to decrease with Er
pulse time rise (Figs. 2,d, 1S). The obtained values are in good agree-
ment with those reported in the literature for EroO3 [5,40].

For the films grown with thermal ALD approach, no deposition is
observed for T, < 120 °C. For T = 120 °C, the appearance of the film
with rg 0.5 pm/cycle is detected (Fig. 2,c). Further Tj increase up to
170 °C results in the rg increasing up to 80-100 pm/cycle whereas at
higher T, the rg decreases dramatically and for T, = 190-200 °C no film
is obtained (Figs. 2,c, 3S).

The highest r values of about 80-100 pm/cycle was achieved for the
films deposited with T = 170 °C and tyse/tyurge = (1.6-2.0)s/4s (Figs. 2,
¢, 3S). The refractive index for these films measured at 1.95 eV is found
to be n = 1.8-1.87 being similar to the value observed for films grown
with the plasma-assisted approach. It should be noted that further Tj
increase up to 175-180 °C caused the crystallization of Er(CpMe)s
precursor inside the cylinder and, as a consequence, no film deposition
on substrate. The increase of the Er(CpMe)s pulse time from 1.6 s up to 2
s results in the slight increase of growth rate, whereas further pulse time
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Fig. 3. (a) Evolution of the refractive index (at 1.95 eV) and (b) thickness of the
films grown with the thermal approach (square symbols) and the plasma-
assisted approach (circle symbols) with annealing temperature T,. The sym-
bols marked by "AD" and dashed lines at T = 300 °C correspond to the thickness
and refractive index of as-deposited films that have been grown at 300 °C.

rise up to 4 s did not change it (Fig. 3S)

Analysis of the effect of deposition conditions reveals a low refractive
index (n = 1.65) for the films grown from Er(CpMe)s with T, = 120 °C
and from Er(tmhd)s with T = 155 °C. The lowering of the n value can be
caused by the presence of a phase with lower refractive index in the film
due to incomplete Er precursor oxidation and/or presence of byprod-
ucts, as well as the formation of SiOx or ErSiOy layer on the substrate
surface instead of EryOs film in contrast to the results reported in [12]
where stoichiometric Er,O3 films were obtained.

The effect of substrate temperature on the growth rate and optical
properties of the films was also studied. The optimal deposition tem-
perature is determined as Tg=300°C which allowed achieving high
growth rate for both approaches. Taking into account the results
described above, the effect of annealing treatment on the properties of
the films grown with thermal ALD approach (with Tq = 300 °C, Tp =
170 °C, Er(CpMe)3/H20 pulse/purge time as 1.6s/2.0s/0.1s/2.0s) and
by plasma-assisted deposition (with Tq = 300 °C, T = 200 °C, Er
(tmhd)3/O5 plasma pulse/purge time as 2.0s/4.0s/26.0s/4.0s) will be
discussed in details.

3.2. Effect of annealing treatment on film thickness and refractive index

Fig. 3 represents the effect of annealing temperature on the refractive
index at 1.95 eV (Fig. 3,a) and thickness (Fig. 3,b) of the films produced
with the two different approaches. It is seen that, the refractive index of
as-deposited films grown with the plasma-assisted approach is about n =
1.860 (at 300 °C). As evidenced, the annealing treatment does not
modify greatly the values of the refractive index as well as the thickness
of the film. By contrast, annealing at T4 = 500 °C results in the slight
increase of the n up to 1.896 that remains almost constant with T, rise
up to 800 °C. For T4 = 900 °C, the refractive index reaches n =1.920,
while further Ty rise up to 1000 °C causes some decrease of n down to
1.90. At the same time, the thickness of the film decreases slightly when
T4 = 500 °C and does not change up to T4 = 900 °C. Such a behavior can
be ascribed to the densification of the film and its crystallization. For T4
= 1000 °C, the film thickness becomes larger, but does not exceed the
thickness of the as-deposited film. Taking into account some decrease of
the refractive index along with the film thickening for T4 = 1000 °C, one
can suppose that the formation of a phase with lower refractive index
(for instance, SiOx or ErSiOy as well as cavities) can occur upon
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annealing.

The films, prepared with the thermal approach, demonstrate pro-
nounced variation of the refractive index and thickness with annealing
treatment. With Ty rise up to 800 °C, the n value evolves from 1.84 (as-
deposited at 300°C) up to 1.95 (T4, = 800 °C). Simultaneously, the
thickness of the film increases from 108 up to 115 nm (T4 = 500 °C) and
does not change up to T4 = 800-900 °C. The increase of the refractive
index with a concomitant unchangeable thickness of the film can be
ascribed to the film crystallization. However, further T, increase up to
1000 °C results in the decrease of refractive index down to n = 1.83
accompanied by the decrease of film thickness. This behavior can be
caused by the formation of cavities along with an increasing SiO;
interfacial layer thickness as well as a possible appearance of Er silicate
phases.

To obtain more information about structural variation and possible
formation of pores and/or Si-rich phases, the samples were studied with
FTIR and XRD methods as well as different electron microscopy
techniques.

3.3. Effect of annealing on structural properties of the films

3.3.1. AFM data

All the films described above were observed using optical and atomic
force microscopy methods. Fig. 4,a—c show the surface morphology of
EryOs films grown with the thermal approach and annealed at different
temperatures. It is seen that as-deposited film has a smooth surface that is
free of any structural elements (Fig. 4,a).

Annealing results in the appearance of some contrasts on the film
surface as well as formation of holes and/or cracks (Fig. 4,b and c).
These latter are observed in small quantities for the films heated at Ty =
600 °C (Fig. 4,b), while annealing at Ty = 900 °C results in the formation
of a crack network (Fig. 4,c). Further T, increase (up to 1000 °C) causes
the development of the holes and cracks as well as the increase of their
depth. This structure evolution was found to be similar to the data re-
ported in Ref. [41].

The surface of the samples prepared with plasma assisted approach is
found to be smooth both for as-deposited samples and those annealed at
T4 < 800 °C (Fig. 4,d and f). No cracks were found in such films what-
ever the T4 value. For T4 = 900-1000 °C, a modification of the surface
morphology occurs (Fig. 4, f). However, these transformations are less
significant than for the films grown with the thermal approach. These
findings are confirmed by observations of the same samples with AFM
method and presented hereafter.

Fig. 5 represents AFM images of the surface of the films annealed at
high temperatures (T4 = 900 and 1000 °C). It is seen that the surface of
the films, grown with the plasma-assisted approach and annealed at
900°C, presents structural elements (or grains).

The analysis of AFM image over 2 x 2 ym? surface (Fig. 5,a) shows
that these grains have lateral and vertical sizes in the range 20-140 nm
and 3-10 nm, respectively. The root-mean square roughness (RMS) is
about 1.03 nm. Annealing at T4 = 1000 °C results in the RMS increase up
to 1.39 nm. The lateral sizes of the elements (grains) rise up to 50-170
nm, whereas their height is still in the 5-10 nm range (Fig. 5,b).

AFM study of the films grown with thermal ALD approach revealed
also that heat treatment caused not only the appearance of the grains on
film surface, but also the development of a crack network (Fig. 5,c).
Indeed, for the films annealed at Ty = 900 °C, for the observed regions,
grains with lateral sizes of 20-200 nm and height of 3-8 nm are detec-
ted, whereas the width of the cracks is 25-100 nm. As for the crack
depth, its value is found to be between 10 and 25 nm. However, one can
note that the cracks could be deeper, but AFM tip cannot penetrate in the
crack depth due to its physical size. The RMS value was 2.61 nm (over 2
x 2 um? surface), whereas the RMS value of the plateau between the
cracks was about 1.25 nm (Fig. 5,c).

The heating of the samples at T4 = 1000 °C induced also the
development of the cracks (Fig. 5,d). Along with this, the number of
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Fig. 4. Surface images obtained with an optical microscope for as-deposited and annealed Er,O3 films grown with thermal and plasma-assisted approaches using Er
(CpMe)s (a—c) and Er(tmhd)s (d-f) precursors, respectively. Annealing temperatures are mentioned in the figures.
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Fig. 5. AFM images of the surface of Er,O3 films grown with the plasma assisted approach (a, b) and the thermal approach (c, d) and annealed at 900 °C (a, c¢) and
1000 °C (b, d).

grains on the plateau between the cracks increases. Two types of the of 200-250 nm. It would be noted that the measured depth of the cracks’
grains can be seen on the top surface of the plateau, i.e. small gains with could be underestimated because of the curvature radius of the AFM tip.
average size of about 100-140 nm and large grains with the lateral sizes TEM results presented in the following sections, support this statement
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and show that in some regions the cracks penetrate down to the sub-
strate surface (Fig. 6S, see supplement materials).

The results presented above show that the films grown with the
plasma-assisted approach are structurally more stable upon anneal
treatment. However, in both cases, the formation of grains on the film
surface can be the result of its crystallization. Due to mismatching in
lattice parameters between Er,O3 film (for cubic EryOs, a =1.054 nm)
and underlying Si substrate (for cubic Si, a =0.543 nm), one can expect
that films are compressively stressed. Thus, an annealing can result in
their relaxation via the formation some cracks. However, in the films
grown with the plasma assisted approach, such stresses can be smaller
than in their counterparts prepared with the thermal approach. One of
the reasons could be the higher growth rate per cycle in the thermal
approach (about 80-100 pm/cycle against 15-20 pm/cycle for plasma
assisted approach). The presence of OH- or CH-groups as well as other
volatile complexes (that were not completely removed during the
deposition) can be an additional reason of this phenomenon. Thermal
treatment at high T4 values can also provoke the diffusion and desorp-
tion of such complexes and, as a consequence, the formation of cracks or
even film delamination from the substrate. Besides, the formation of
silicates allowing a decrease in the mismatching between the film and
underlying substrate is also possible. One can assume that the mecha-
nism of the film relaxation could be different for the films grown with
different approaches.

3.3.2. XRD data

In order to see the effect of annealing on the film crystallization, XRD
study was performed for the samples mentioned above and the corre-
sponding patterns are plotted in Fig. 6. The comparison of XRD data with
the standard cubic EryO3 patterns [29,30] shows that the films are
crystallized in cubic phase, even after deposition. Both grazing and
Bragg-Brentano geometries support this statement (Fig. 6,a and b,
respectively). As-deposited films grown at 300 °C show the most intense
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peaks in the 20 = 20-60° range at 20 = 23.48° (21 1), 33.73° (2 2 2),
39.10° (4 0 0) and 56.82° (4 4 0) (Fig. 6), that are shifted towards lower
angles in comparison with standard values reported for cubic Er,Os.
This shift is most probably due to the mismatch between the lattice
parameters of the film and the underlying substrate. Indeed, for standard
Ery03, the ago03 = 1.054 nm value is about twice larger than the unit
cell parameter of Si substrate (2as; = 1.086 nm). However, a small
negative mismatch for the EryOs film can generate stress. Thus, for
as-deposited films, it is found that ag203 = 1.0617 nm and the micro-
strains are about ~0.74%.

Thermal treatment of the films at high temperatures causes further
their crystallization as well as strain relaxation. Indeed, the T, increase
up to 1000°C stimulates some narrowing of XRD peaks and their gradual
shift towards higher angles, i.e. 20 = 24.06° (2 1 1), 34.12° (2 2 2),
39.64° (4 0 0) and 57.36° (4 4 0) (Fig. 6,b), approaching the values of
standard cubic EryOs. The highest intensity of the peak at 20 = 33.73° (2
2 2) is the evidence of the preferred orientation of the film following the
[111] direction. The analysis of XRD data revealed the gradual decrease
of the lattice parameters down to 1.057 nm and the increase of coherent
domain size from ~9 nm up to ~14 nm as well as stress relaxation down
to 0.17%. No any other Er,Os phases are identified in the films annealed
at T4 <1000 °C. For T4 = 1100 °C, additional XRD peaks appear at 20 =
35.36° and 38.15° that can be assigned to ErySiOs phase (PDF card No.
52-1809). An appearance of this phase is caused by the diffusion of
silicon atoms from underling substrate in the film volume due to the
high temperature applied. The appearance of silicate phase was also
reported for EryOs thin films by other groups [19,20],.

Thus, XRD data confirm the conclusions drawn from ellipsometry
data and AFM observations. However, to obtain more information about
the factors that can result in the evolution of the refractive index and of
the film thicknesses, FTIR experiments were carried out. Besides, this
method permits to detect the OH-groups (if any) and the formation of
SiO; or Er-silicate phases in the films described above.

*#Cubic Er,O, ©=0.5° b)

1 Er,SiO,

* 1100°C

1000°C

2Theta, degree

Fig. 6. Grazing-incidence XRD patterns of Er,O3 films grown with plasma-assisted (a) and thermal (b) approaches. The conditions of XRD experiment: (a) ® = 0.25,
0.5 and 1.05°; excitation source — Cu K, = 1.5406 10\, the patterns are recorded for films annealed at 500 °C; (b) o = 0.5°; excitation source — Co K, = 1.78897 A, XRD
patterns are recorded for as-deposited and annealed at T, = 800-1000 °C films. In both figures, the curves are shifted vertically for clarity.



L. Khomenkova et al.

3.3.3. Evolution of FTIR spectra

The FTIR spectra of the as-deposited Er,Os film grown different ALD
approaches were found to be similar that is an evidence of their
microstructural similarity. The detailed analysis of FTIR spectra recor-
ded for mid-IR spectral range for the samples grown with Er(CpMe)s
precursor was performed by us earlier in Ref. [42]. Hereafter, the spectra
of the films grown with plasma-assisted ALD approach are presented.

Fig. 7 shows FTIR spectra of ErpO3 films grown with Er(tmhd)s
precursor detected in mid-IR spectral range under normal and 60° in-
cidences of excited light. The signals of Er-O vibrations in the 400-650
cm ! range are seen (Fig. 7,a). Besides, the modes caused by C-H vi-
brations as well as H,O and OH-related ones are present (Fig. 7,b). These
vibration bands could originate from the byproducts remained in the
films after precursor decomposition and oxidation. An annealing resul-
ted in the decrease of these signals up to their vanishing for T4 >900 °C.

Apart from this, in the films annealed at T4 >700°C, Er-O related
peaks become to be well-defined, being sharper for higher T, values
(Fig. 7). Furthermore, additional Si-O-Si bands peaked at about 1250,
1080 and 820 cm ™! appear. Since the films were grown on Si substrate
covered with thermal 5-nm SiO; layer, the increase of the magnitude of
the Si-O-Si band peaked at 1250 cm ™ is the evidence of the increase of
SiOs layer thickness that can be caused by the oxygen diffusion from the
film towards film/Si substrate interface. Similar phenomenon was re-
ported in [[36,43]. It was also shown that oxygen diffusion is 5-6 orders
of magnitude faster along the grain boundaries than in the bulk [44] that
can explain the increase of SiOx layer thickness. Further T, increase
results in the decrease of the contribution of Si-O-Si related bands as well
as in the appearance and enhancement of Si-O-Er bands in the
800-1100 cm ! spectral range. The presence of the Si-O-Er bands could
originate from the formation Er silicate phase due to interaction of the
film with underlying substrate via Er diffusion towards film/substrate
interface and/or Si diffusion in film volume.

Similar morphology evolution for the films grown with two ap-
proaches is demonstrated by Fig. 8 where FTIR spectra are compared for

Er(tmhd)_ﬁ a)

60" incidence
_ Si-0, Si-O-Er, Er-O_

Si:0

1100°C

1000°C

c

3

L0

—

1]

E 700°C
=

Q 500°C
e

@] AD
7]

0

(1]

o

Normal incidence
1

100°C

900°C

700°C
= 500°C

\—JN—AD_#‘/\’

1200 :

1000 800 600

-1
Wavenumber, cm

Surfaces and Interfaces 34 (2022) 102377

mid-IR and far-IR spectral ranges. It is seen that as-deposited films of
both types show Er-O related vibration bands in the 100-700 cm™?
range. Their narrowing occurred upon film annealing at Ty > 900 °C
indicating crystallization of the films which is in agreement with the
XRD results. At the same time, the comparison of the shape of Si-O-Er
related peaks revealed that these peaks are sharper for the films
grown with plasma-assisted ALD. Thus one can assume that more pro-
nounced crystallization occurs in the films grown with Er(tmhd);
precursor.

The formation of Er silicate phase was reported in Refs. [39,43,45]. It
was shown that this process can require a short annealing time, for
instance, it can occur upon rapid thermal annealing (at 600-900 °C for
30 s). As for the EryO3 films studied in this work, they are grown as
crystalline. The presence of grain boundaries can be a reason not only for
fast oxygen diffusion from the film towards film/substrate interface
upon annealing, but also for the diffusion of other species, for instance,
Si atoms from the substrate (or interface layer) in the film volume.

Since in our case annealing time was longer (30 min) the diffusion
process can be very significant. Besides, high-temperature annealing
stimulates further film crystallization that can promote such diffusion
via the appearance of additional grain boundaries. Meanwhile, the
broad featureless Si-O-Er vibration band as well as nearly unchangeable
intensity of Si-O-Si vibration band peaked at 1250 cm™! detected in the
films grown with Er(CpMe)s and annealed at T4 < 1000 °C could be
caused by the difference in the diffusion processes and film crystalliza-
tion in comparison with similar processes occurring in the films grown
with Er(tmhd)s precursor and submitted to the same thermal treatment.
The higher ratio of the magnitudes of Er-O bands to that of Si-O-Si vi-
brations observed for the films grown with Er(CpMe)s demonstrates the
better crystallization of Er,O3 original layer and lower contribution of Er
silicate crystallization that can be caused by the competition of the ox-
ygen diffusion towards film/substrate interface and out-diffusion of
byproducts (for instance, OH-groups) whose presence was detected in
as-grown films [42]. The crystallization of Er silicate phase was revealed
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Fig. 7. FTIR spectra of Er,O3 films grown with plasma assisted ALD versus T recorded with normal and 60 incidence of excitation light and presented for different
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Fig. 8. Comparison of FTIR spectra of as-deposited (AD) and annealed at different temperatures Er,O5 films grown with Er(CpMe); by the thermal ALD and with Er
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clarity. Annealing temperatures are mentioned in the figures.

for the films annealed at To = 1100 °C only whereas such process
became to be significant already for the films grown with Er(tmhd)s
precursor at Ta = 900 °C (Figs.7 and 8).

An analysis of these samples using the TEM technique is necessary to
get insight on the spatial localization of SiOx and/or Er silicate phases in
the samples annealed at high Ty4. Earlier we have observed cross-sections
of the films grown with thermal ALD and corresponding results were
discussed in [42]. Following that, the TEM results for the films grown
with plasma-assisted ALD approach will be presented and compared
with those obtained for the films grown by thermal ALD and submitted
to the same annealing treatment.

3.3.4. Microstructure of the films

Fig. 9 represents, as an example, a cross-sectional view of the film
grown with Er(tmhd)s and annealed at T4 = 900 °C. The film thickness is
about 72 nm (Fig.9,a) that supports the thickness value obtained by the
ellipsometry spectra fitting (Fig. 3,b).

Dark field and bright field TEM images show that only the upper part
of the film (over a thickness of about 53 nm) is crystalline. The dark field
image was obtained from (200) spots of ErpO3. The bottom part has a
uniform contrast that is characteristic for an amorphous material. It is
seen that the grains are elongated following the growth direction with a
dimension of about 53 nm for the largest ones and their average width is
about 15 nm (Fig. 9,a and b).

Fig. 9,c and d are HRTEM images of enlarged regions indicated in
Fig. 9,b by rectangular dashed boxes. The bottom region (about 19 nm
thick) is clearly amorphous since no lattice fringes are visible in Fig. 9,c.
By contrast, the enlarged top surface of a typical grain is crystalline and
the FFT pattern, shown in inset, is consistent with the Er,O3 cubic phase.
One can also notice the significant film roughness corresponding to the
top of the elongated grains as observed by AFM method (Fig. 5). The
comparison of these data with FTIR spectra allows assuming that this
amorphous layer is an Er silicate layer caused by Si diffusion from the
substrate. This has been confirmed by EDX measurements (see below).

Fig. 10 shows HRTEM images of the EryOs film grown with the
plasma-assisted approach and annealed at 1100 °C. The upper part of
the film keeps its cubic EryO3 structure (Fig. 10,a). Indeed, the FFT in

inset is consistent with a [111] projection of a bixbyite structure
(centered cubic structure) with lattice parameter a =10.53 A corre-
sponding to the cubic EryOs structure.

Fig. 10,b clearly evidences the presence of a thicker silica layer
(about 7.5 nm) compared to that (about 4.5 nm) observed upon 900 °C
anneal treatment. On the top of this silica layer, a crystalline Er;SiOs
layer (about 20 nm thick) with elongated grains lying parallel to the
substrate is found. The FFT in inset attests of the monoclinic structure of
this phase with the following characteristics: a = 14.32 A, b=6.69 }o\, c
=10.35 A and = 122.33°. These results are in agreement with the XRD
data. The appearance of some pores (voids or cavities) located between
the EryO3 and ErySiOs layers is also detected which can be caused by
desorption of residual chemical species from the film upon annealing as
well as stresses relaxation in the films. However, this effect is less pro-
nounced for the films grown with the plasma-assisted approach than
with thermal ALD [42].

To confirm the silicate nature of the bottom part of the film, EDX
mapping were performed. Fig. 11 is a panel of chemical maps (Er, Si and
O elements) of the cross section of the film annealed at 1100 °C. The
STEM HAADF image in Fig. 11,a clearly shows the three different re-
gions of the film: the bottom 7.5 nm thick silica layer, the intermediate
erbium silicate layer (about 25 nm thick) and the upper erbium oxide
layer (about 40 nm thick). Note the small dark regions in the middle of
the film in Fig. 11,a. These latter are the voids evoked previously.

The various contrasts of the chemical maps and more particularly
those of Er and Si maps, confirm the previous statements: the Er map
shows a brighter region at the upper part of the film confirming the
higher content in Er in this region (erbium oxide film). The Si map
clearly depicts the presence of Si at the bottom part of the film which is
consistent with the silica and the erbium silicate layers in this region. A
quantitative approach reveals that one have approximately twice the
amount of Er compared to the Si content which is consistent with the
Er,SiOs phase. These findings support the conclusions made from FTIR
spectra analysis (Figs. 7 and 8) as well as from ellipsometry data (Fig. 3).
The evolution of film morphology and crystalline structure can also
affect light emitting properties of the films. In particular, photo-
luminescence will be discussed in the next section.
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19nm
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Fig. 9. Dark (a) and bright (b) fields TEM images of a cross sectional view of
the Er,03 film grown with the plasma-assisted approach and annealed at Tp =
900 °C. High-resolution TEM images of the bottom region of the film (c) and the
top of the film (d). The inserted FFT pattern in (d) is in agreement with the
cubic structure of EryOs.

3.3.5. Photoluminescence properties of the films

Light emission of bulk erbium oxide is caused by the native defects
(for instance, oxygen vacancies) [40,41,42]. Besides, Er>* ions can give
the contribution in luminescence spectrum. In this regard, light emitting
properties of the films investigated will be considered taking into ac-
count contribution of carrier recombination via defects and via Er>*
ions. The difference between them can be made using different excita-
tion light wavelengths. Indeed, the use of non-resonant excitation for
Er>* ions can allow separating PL bands related to the Er,O3 host defects
and Er®” ions. Besides, it the use of non-resonant excitation for Er’* ions
can help to determine the role of the defects as the sensitizers of Er®"
ions similar to the case described in Refs. [39,46]. The PL emission of
Er®" ions can be directly studied under resonant excitation. The com-
parison of these approaches will permit us to get insight into the PL
mechanism in the films investigated.

To observe Er®t PL emission, the spectra were recorded under
“resonant” excitation corresponding to the Er®* absorption at 488 nm
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Fig. 10. (a) HRTEM image taken from the upper part of the film grown with the
plasma-assisted approach and annealed at 1100 °C. It shows the presence of
crystalline grains having the cubic structure of Er,Os. (b) HRTEM image of the
bottom region of the film revealing the presence of a crystalline Er sili-
cate phase.

(4115/2—>4F7/2 transition) and 532 nm (4115/2—>4H11 s transition). Two
main bands in the visible range were detected due to 4F9/2—>4115/2
(650-700 nm) and *Ig/5—*I;5,2 (780-830 nm) optical transitions [48].

In the as-deposited films, the Er®* related peaks were broad testi-
fying some disorder in the film volume. This broadening was more
pronounced in the films grown with thermal ALD approach [42].
Annealing at T4 = 500-900 °C show sharp Er®* peaks (Fig. 12,a and b)
that confirms the presence of Er>* ions in the crystalline host. Further Ty
rise up to 1100 °C results in the appearance of broad PL bands peaked
near 620 and 700 nm, being overlapped with Er®* PL bands (Fig. 12).

The comparison of the evolution of structural and light emitting
properties of the films permitted to assume that these broad PL com-
ponents are due to some defects of Er silicate phase which formation was
more pronounced in the films grown with the plasma assisted ALD
approach. This finding is supported by the FTIR data and structural
evolution discussed above.

According to PL data,there are, at least, two different excitation and
radiative channels in the films studied. One of them is ascribed to EryO3
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Fig. 11. (a) STEM HAADF image of the cross section of the Er,O3 film grown with the plasma-assisted approach and annealed at 1100 °C; (b) Er, (c) Si and (d) O
chemical maps of the same region.
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Fig. 12. PL spectra of as-deposited and annealed films grown with plasma-assisted (a) and thermal (b) approaches. The luminescence was excited with a 532-nm
line of Nd:YAG laser source at room temperature.
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host (for instance, its native defects as oxygen vacancies) while the other
can be linked to intra-4f shell transitions of Er®" ions [42]. The contri-
bution of EryO3 host defects in PL spectrum is significant under ultra-
violet excitation. At the same time, the use of visible excitations (for
instance, 488 or 532 nm) permits the contribution of Er®t ions in PL
spectrum to be revealed (Fig. 12).

Fig. 13 shows PL spectra recorded for Er®* and more particularly its
*113/2—"*115/2 optical transition where the contribution of oxygen va-
cancies was prevented. It is seen that with T, rise up to 1000 °C, Er’t PL
intensity increases showing a saturation behavior. However, further Ty
increase (up to 1100 °C) results in Er®* PL enhancement. This effect can
be caused by the increase of Er>" neighbor distance in Er silicate phase
and, as a consequence, by the reduction of the concentration quenching
of Er®" PL emission. Another reason for PL enhancement could be the
rise in the number of emitting centers, i.e. the increase of the number of
“optically active” Er>" ijons in the silicate phase.

In order to obtain information about the contribution of host defects,
PL spectra were recorded under ultraviolet excitation (Fig.14a). It is seen
that under the excitation with 360 nm light (non-resonant for Erd* ions),
the PL spectrum is broad and featureless and it can be ascribed to the
Ery03 host defects as oxygen vacancies. At the same time, under reso-
nant excitation (378 nm), corresponding to the e 5 /2—>4G11 /2 absorption
for Er®" ions, permit to detect sharp peaks related to Er®" PL emission
due to 2G7/2, 2G9/2—>4115/2, 2K15 /2—>4115 /2 and 2H9 /2—>4115 /2 transitions.
Similar Er>" peaks are detected under excitation with 488 and 520 nm
(Figs. 12 and 13).

Additional arguments towards the potential energy transfers from
host defects to Er** ions can be obtained from PL excitation spectra
recorded for the same films (Fig. 14,b). It turns out that the PLE spectra
recorded for 550 and 564 nm detection wavelengths (Fig. 14,b, curves
1,2) are similar to the optical absorption of Er,O3 powder (Fig. 14,b,
curve 3) that is the evidence of the direct excitation via Er>' ions.
Furthermore, some broad background in the PLE spectra is also distin-
guished that may originate from some contribution of oxygen vacancies
in the excitation process . The comparison of absorption spectrum and
PLE ones recorded at 400 nm wavelength is shown for the films annealed
at 1000°C (Fig.14,b, inset). The spectra’s behaviors are similar, with the
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exception that the PLE spectrum has some additional bands (or shoul-
ders) near 270 and 320 nm. These bands could be caused by self-trapped
excitons and host defects, such as oxygen vacancies, complexes of de-
fects, etc. that can contribute in PL emission via charge-transfer band.
These PLE features are similar to those observed for other Er-doped
oxides and silicates [21,42]. However, no significant energy transfer is
observed between vacancies and Er>" ions meaning that native defects
of Er,05 host were not efficient sensitizers of Er>" emission in the films
investigated.Besides, in the films grown with thermal approach, the
presence of residual OH groups was observed in as-deposited films. It is
known that the Er®" PL emission can be quenched via Er’*~OH inter-
action [49]. At high hydroxyl concentrations, direct resonant energy
transfer from the excited Er ion towards OH served as an effective traps.
At low OH concentration, fast energy transfer from ion to ion via the
Forster mechanism could cause the migration of the excitation towards
OH" groups, where multi-phonon assisted decay to the oxide matrix.
Besides, rare-earth concentration is one of dominant factors for coop-
erative energy transfer. In our films grown with thermal approach both
possibilities could be realized because of high Er content. Since
annealing treatment results in the reduction of the number of hydroxyl
groups, one can expect increasing in PL intensity of Er** ions. However,
even small amount of OH groups at 900-1000°C (below 10 molar
fraction) can quench Er®* PL emission significantly [49]. This fact could
explain higher intensity of rare-earth PL in the films grown with plasma
assisted approach. Apart from this, high-temperature annealing stimu-
lated formation of Er silicate phase. An appearance of weak oxygen
bonds, neutral oxygen vacancies, and Si=0 states result in the increasing
of the PL emission in the 320-600 nm spectral range. Both PL and PLE
spectra of these defects are broad; as a consequence, these defects can be
efficient sensitizers of Er*" PL emission (Fig. 13). This assumption is in
agreement with the results reported for the Er®* emission in Er-doped
silicon rich oxide in Ref. [50].

4. Conclusions

This work demonstrates the influence of the nature of Er precursors
on the morphology and optical properties of Er,Os films by atomic layer
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Fig. 13. Effect of annealing temperature on the Er®>" PL intensity of the films grown with plasma-assisted ALD. PL evolution is shown for *I;3,,—*;5, transition. PL
spectra of the films annealed at 500, 1000 and 1100 °C are presented in the inset. The spectra were recorded at room temperature with a 488 nm excitation

light source.
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deposition and submitted to high-temperature annealing. This latter
stimulates pronounced film crystallization accompanied by the forma-
tion of Er silicate layer near film/substrate interface due to Si out-
diffusion from wunderlying Si substrate. Upon an annealing at
1000-1100 °C, the appearance of ErySiOs phase in film volume occurs.
Light emitting properties of the films are controlled by the competition
of carrier recombination via Er,O3 host defects (like oxygen vacancies)
as well as via intra-4f shell transitions in Er>" ions. Formation of ErsSiOs
phase leads to an enhancement of Er®" emission. Comparison of the
evolution of Er>* PL emission with annealing temperature for both types
of Er,05 films shows the presence of sharper Er®* PL peaks in the films
grown with plasma assisted approach. This is an additional arguments
towards more prominent crystallization process in the films grown with
Er(tmhd)s precursor.
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