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ABSTRACT: Control of rare-earth ions doping profiles is a key challenge for several photonics

applications and for quantum technologies that require spatially localized emitters. Atomic Layer

Deposition (ALD) is a conformal method that can provide in-depth nanometer-scale positioning

accuracy on a large scale. However, post thermal annealing is usually needed to achieve high

crystalline quality, which induces unwanted dopant diffusion and partial loss of their localization.

In this work, we study europium ion diffusion in an ALD-grown Eu,O3/Y,03/Si stack using

Rutherford Backscattering Spectroscopy (RBS) and Time of Flight Secondary lon Mass

Spectrometry (TOF SIMS). We then extend this approach to investigate diffusion from an Eu,O3

ALD film into a single crystalline substrate of Y,SiOs (YSO), a technologically relevant material

system for quantum applications. We determine Eu3* diffusion coefficients in both cases and show

that in the polycrystalline Y,03; ALD sub-micron film, diffusion starts at 950 °C whereas in single

crystal YSO it becomes significant, only above 1200 °C. Finally, spectral hole burning of such in-

diffused emitters revealed homogeneous lines as narrow as 2 MHz. This study indicates that an

appropriate annealing of ALD-grown rare-earth oxide films can be harnessed to create localized

dopants that preserve their outstanding optical properties, a pre-requisite for their integration into

photonic and quantum devices.
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1. Introduction

Lanthanide-doped oxide crystalline hosts are well known luminescent platforms for photonic

applications. Indeed their unique optical properties have advanced a broad range of applications

including lighting, sensors, bio-imaging or more recently Quantum Technologies (QT).! The

development of rare-earth (RE) doped films presents several benefits as compared to bulk single

crystals. For example, the use of waveguides or multilayer architectures can increase the light-

matter interaction and thus device operation and sensitivity. In addition, the spatial localization of

RE ions close to the surface is highly desirable for exploiting their coherent properties within a

quantum device, in particular for improved coupling to a cavity or to an hybrid structure.?345 For

example in several quantum sensing schemes, the sensitivity scales as the square root of the

number of interacting emitters while coupling to the external field to be sensed can be maximized

by placing the emitters close to the surface (10s of nanometer).6 High emitter concentration close

to the surface is required, whereas emitters inside the bulk will decrease the sensitivity since they

are not affected by the surface perturbations. This near-surface doping is not accessible with

classical bulk crystal growth where the dopant is inserted in the melt and is distributed according

to the segregation law. Finally, lanthanide dopant concentration profiles along the film might also

be of interest for optimized up-conversion or lighting.”
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Currently, the most common technique for ion localization is ion implantation. Indeed, ion

implantation is a powerful approach to precisely localize atoms within a crystalline matrix at

controlled depths.® However, implantation induces damage and defects especially when heavy

atoms (like lanthanides) are considered.® These defects contribute to increase the spectral

broadening of the emitters and reduces the overall performance (e.g. larger homogeneous and

inhomogeneous linewidth, lower quantum efficiency). '%'" Furthermore the implantation yield is

typically less than 50 %, indicating that at least half of the implanted ions do not emit photons.

This low yield can be very detrimental for QT since decoherence rates are in general related to

the coupling with other spins of the matrix (e.g. in particular other implanted yet inactive ions). For

instance, to our knowledge, no Spectral Hole Burning (SHB) has been demonstrated on

lanthanide-implanted single crystals. However, SHB is a key requirement in QT for the quantum

states initialization by allowing spectral tailoring of the inhomogeneous absorption profile by

efficient population transfer between ground-state hyperfine levels using optical pumping.’

Therefore, other strategies that preserve ion properties while allowing high localization efficiency

are desirable.

Atomic Layer Deposition (ALD) is highly suited for precisely controlling the composition and

nanoscale in-depth positioning of dopants in a thin film. Indeed, the sequential injection of
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precursors enables a slow layer-by-layer growth mode with a high flexibility. It offers large wafer-

scale process-ability as well as deposition on complex nanostructures. The use of appropriate

ligands with large steric hindrance can increase the distance between RE ions in the lateral

direction thus improving in-plane positioning as well. 71213 Recently, we demonstrated for ALD-

grown Eu3®*-doped Y,03 thin films using Y(tmhd); and ozone as precursors that a high deposition

temperature (350 °C) and post treatment annealing above 900°C are key parameters for

optimizing the luminescent properties.’ In fact, by improving the crystalline environment of the

ions, inhomogeneous lines of 200 GHz were obtained for the ’Fy = °D, transition of Eu®* even for

nanoscale films (thickness < 100 nm) which is a promising first step towards their integration in

QTs. One obvious drawback of this approach is related to the fact that at such a high annealing

temperature, RE dopants are mobile and can interact at the interface with silicon. Too high

annealing temperature induces a modification of the spatial distribution of RE ions, as well as

formation of a silicate phase at the interface.'* These are detrimental to the precise positioning of

emitters as well as the control of their environment. Phase mixing indeed affects the frequency

range of ions’ emission, leads to strong inhomogeneous broadening and increases the dephasing

processes rate by disorder mode. 516
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Diffusion of lanthanide ions in single crystals or ceramics like Al,O3, Y3Als04, or YVO4 has been

reported for a large range of applications including mineralogy, waveguide fabrication or ceramic

sintering. 17:18.19.20.21 For photonics, thermal diffusion of transition metals has been extensively

studied to form low-cost waveguides in LiNbO;.2? In that case, the transition metal ion acts as a

local refractive index modifier leading to passive waveguides. Further works have demonstrated

that thermal diffusion is also a useful approach for RE doping in oxide single crystals for laser

applications.’ However, only scarce data exists on diffusion in nanometer-scale films obtained

by ALD or more generally about ions’ redistribution during thermal annealing.?> Annealing

temperature and duration need to be carefully optimized in order to preserve dopant localization

or to harness their diffusion, as well as to avoid unwanted phases formation.

In this study, we focus on the diffusion of Eu3* cations during thermal annealing using Rutherford

Backscattering Spectroscopy (RBS) and Time of Flight Secondary lon Mass Spectrometry (TOF

SIMS). We first study Eu3* diffusion in an ALD-grown Eu,03/Y,0/Si (100) stack in the 600-

1000 °C range (Fig. 1a) from which we determine the diffusion coefficient as well as investigate

the reactivity at the interface. This multilayer presents the advantage of being directly grown by

ALD on a standard low cost and large area Si wafer but possesses limited crystallinity. We then

extend this study to Eu3* diffusion from an ALD-grown Eu,O; layer above a bulk Y,SiOs (YSO)
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single crystalline substrate grown by crystal pulling (Fig. 1b) which is the most common host

crystal used for RE based QTs." In this latter case, we demonstrate that diffusion at higher

oNOYTULT D WN =

10 temperatures (1000-1500 °C) can be explored as an alternative to ion implantation in order to
13 create localized RE ions close to the YSO surface, within the first 200 nm. We observe SHB from
such in-diffused ions and measure a promising hole linewidth of 4 MHz. This indicates that this

20 strategy is suitable to engineer materials that could provide a suitable platform for QTs.

24 [Eu3+]

26 ALD-Eu,0, Annealing

600°C-1000°C

30 Cz-Si

3+
Annealing 6]

36 ALD-Eu,0, 1000°C-1500°C Eu3*: Y,Si0;

—

44 Figure 1. Schematic representation of the two sets of samples investigated. a) Diffusion of EL°*
from a Eu,Oj layer (typically 15 to 20 nm thick) on Y.Os (120 nm thick). The two layers were

51 deposited by ALD on silicon (100). b) Diffusion of EL?* from a Eu,Os layer (20 nm thick) deposited
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on a thick b-oriented single crystalline YSO substrate (010) grown by a crystal pulling technique

and optically polished.

2. Experimental section

Eu,0O; and Y,0; film depositions were carried out by ALD with a Picosun Sunale R200 using

conventional B-diketonate precursors: Eu(tmhd); and Y(tmhd); (99.9 % purity from Strem

Chemicals). The precursors were held at 160°C and delivered using 300 sccm N, as a carrier

gas. Ozone (O3) was used as a strong oxidizing agent. The precursors were flown sequentially

with 3s injection time into the thermalized deposition chamber at 350 °C. The number of cycles

was adjusted in order to obtain the desired thickness. More details about the impact of the different

deposition parameters and their optimization are discussed in Scarafagio et al.™* For the

Eu,0,/Y,03/Si stack, a first 120 nm-thick Y,O3 layer was grown on a Si (100) wafer covered by a

native oxide (SiO,). It was annealed for 2 h at 900 °C in air before a 15 nm thick Eu,O; layer was

grown (see Fig. 1a). In this second deposition, a slight thickness variation of the Eu,O; layer is

observed from sample to sample. This thickness variation is possibly due to slightly varying

growth conditions and positioning inside the reactor chamber but it does not notably change the

diffusion profile.
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For the Eu,03/Y,SiOs stack, a 20 nm-thick layer was directly deposited by ALD on a specially

prepared single crystalline substrate (see Fig. 1b). YSO was grown by Czochralski method (Cz)

along the b direction following the procedure described by Ferrier et al. 24 After crystal orientation

by the Laue method, it was cut and optically polished perpendicularly to the b direction.

Film thickness was estimated by white light interferometry in the range 250-1000 nm with an

Ocean Optics NanoCalcand an /ISE Woollam spectroscopic ellipsometer system. Eu,O3 and Y,03

optical constants have been fitted using a Cauchy model. Thermal annealing was performed in

air in the range 600-1500 °C for 2 h in order to activate europium diffusion from the top layer into

the layer beneath.

RBS and TOF-SIMS bring complementary information and are both explored here to assess Eu3*

diffusion mechanisms. Indeed, RBS is non-destructive and provides quantitative atomic

composition with a 10 nm in-depth resolution whereas TOF SIMS is used to determine with high

accuracy (less than 1 nm) the depth profiling of different elements.

lon beam analyses were carried out using the Van de Graaf accelerator of the SAFIR Platform of

Sorbonne Université. RBS was performed with 1800 keV “He* beam in a non-channeling

geometry. In RBS, the energy of the backscattered ions depends on both the element with which
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the ion experienced an elastic collision as well as its depth positioning within the target material.
In addition, the area of the peak related to an element is proportional to the atomic density of this
element in the material. To determine the concentration profile, a simulation was carried out using
the SIMNRA software. 25 First, the experimental parameters (ion energy, geometry of the
experiments and channel to energy conversion) are introduced in the model and carefully checked
using a reference target (in our case Bi ions implanted in silicon). Then the substrate is modelled
as a N sublayers of adjusted composition in order to obtain the best fit of the experimental RBS
spectrum. In the case of uniform distribution, only one sublayer is used whereas a non-uniform
distribution of elements is refined with N sublayers with gradual variation of the composition. The

thicknesses of each sublayers are determined afterwards using the following formula:

MA
d=_y. (eq. 1)

Where d is the thickness of the sublayer, A is the areal density, M the molecular mass calculated
with the determined composition (YxEuyO,), Na the Avogadro constant and p the density. The
density of Eu®* doped Y,0; has been estimated by linear interpolation from the two values of the
pure compounds (5.3 g cm= and 7.02 g cm for Y,05; and Eu,O; respectively). Furthermore, as

we used a silicon substrate, the precise determination of elements lighter than silicon by RBS is
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more complicated. That’s why for Eu,O/Y,03/Si, the oxygen areal densities were also determined

by nuclear reaction analysis (NRA) using the ®0(d,p)'2C reaction induced by a deuteron beam of

850 keV and a detection angle of 150°. Indeed, this nuclear reaction is specific to oxygen allowing

quantification by a simple integration of the proton peaks on the NRA spectrum (see Figure S1).

Then, comparison of those integrated values with two standards of Ta,Os allowed precise

determination of the oxygen composition of the thin film. Good agreement was obtained between

the O content extracted from RBS and NRA studies with typical variation of about 2 %.

The in-depth concentration profiles were also studied using the dual-beam TOF-SIMS V

spectrometer (/ON-TOF GmbH, Muenster, Germany) of the Physical Chemistry of Surfaces

Group at IRCP Chimie Paristech. Indeed, we measured the concentration depth profile of the

yttrium and erbium ions at a sufficiently low primary ion dose density to keep static conditions.

Charge compensation was performed by using an electron flood gun. The spectrometer was

operated at a pressure of 10-° mbar. A pulsed 25 kV Bi* primary ion beam delivering 1 pA over a

100x100 ym? area is used to extract the chemical species from the surface. The masses of the

removed chemical species are determined by time-of-flight mass spectroscopy. The sputtering of

the surface was done using a 2 keV Cs* sputter gun giving a 100 nA target current over a

300x300 um? area. The interlacing between Bi* and Cs* guns allows to record TOF-SIMS depth
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profiles. Analysis was centered inside the sputtered crater to avoid edge effects. Data acquisition

and post-processing were carried out using Surface Lab 6.7 software. The sputter profiles were

converted into depth by measuring the crater’s depth with a surface profiler (Dektak 150, Veeco),

assuming a constant sputtering rate. The main uncertainty of this data results from the limited

accuracy of the depth scaling. TOF-SIMS is destructive but is well adapted to determine dopant

concentration profiles being done with accuracy better than 1 nm. TOF-SIMS requires precisely

calibrated standards and is function of the analyzed matrix for quantitative assessment since the

ionization yield of each element is generally different. Eu and Y contributions were assessed by

following EuO,- and YO- sputtered ions signals. Contribution from other elements (SiO-, C and Si)

were also analyzed but will not be discussed in detail in this paper. In particular, the precise

determination of the top layer’s thickness was difficult due to the roughness induced by the

annealing post treatment.

Finally, SHB experiments were performed with a home-made low temperature microscope using

a high numerical aperture lens on a nano-positionner (See Supporting information for more details

and Figure S5). Briefly, samples were introduced into a He bath cryostat (Janis SV7-200). The

temperature was monitored directly on the sample-holder by a Si diode (Lakeshore DT-670). A

continuous wave (CW) dye laser (Sirah Matisse DS) with 300 kHz linewidth provided the optical
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excitation around 580 nm. Pulsed sequences required for SHB measurements were created by

modulating the CW laser with one acousto-optic modulator driven by an arbitrary waveform

generator (Agilent N8242A). The red luminescence was filtered using band-pass and interferential

filters and sent to a high sensitivity photomultiplier (PMT R10699 Thorlabs).

3. Results and discussion

3.1.  Eu®tdiffusion in an ALD-grown Eu,03/Y,03/Si (100) stack

We first focus on reactions occurring at the substrate/layer interface of the ALD-grown

polycrystalline Eu,03/Y,03/Si (100) stack during thermal annealing. Typical RBS spectra for 2

different annealing temperatures are presented in Fig. 2. The contribution from silicon, oxygen,

yttrium and europium are clearly visible. No additional elements appear on the RBS spectrum

indicating no obvious contamination with elements heavier than silicon. NRA was used to quantify

oxygen and check the carbon content (Figure S1). The evolution of composition assessed from

integration of the RBS and NRA signals is illustrated in Table 1. For the as-grown film, the RE to

oxygen ratio is close to the expected stoichiometric value (0.4) but with a slight excess of oxygen.

This excess is likely due to the diffusion of oxygen inside the sesquioxide structure during the

annealing under air. Another source of oxygen over-stoichiometry is the formation of silicate

ACS Paragon Plus Environment

13



oNOYTULT D WN =

The Journal of Physical Chemistry

parasitic phases at the silicon interface during the pre-annealing of the Y,05/Si template prior to

Eu,0; deposition. Using SIMNRA software fitting, we evaluate a SiO, layer of 30 nm for a 900°C

annealing post treatment, in reasonably good agreement with the 22 nm determined by

spectroscopic ellispometry (Figure S2). When the annealing temperature of the multilayer is

increased above 900 °C, interfacial reactions take place again leading to a further increase of the

oxygen content (see Table 1). An increase of the SiO, interlayer’s thickness was evidenced by

spectroscopic ellipsometry measurements (Figure S2) and is reported in the last column of Table

1. The silicon oxidation is also clearly evidenced on the RBS spectra of Fig. 2c where a shoulder

at the silicon edge appears, indicating the formation of an oxide interlayer. Annealing at

temperatures higher than 1000 °C could not be carried out since the reaction between the layer

and the substrate leads to a depletion of the 120 nm-thick yttria layer into orthosilicate and/or

pyrosilicate phases, which are not desirable.'#2¢ This indeed sets the upper temperature limit for

annealing such multilayers if one wants to keep a constant crystalline environment for the ions.
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Figure 2 (a) RBS spectra of a Eu,O3'Y,Os/Si stack either as-grown or annealed at 600 or

1000 °C for 2 h. (b) Zoom into the region highlighted in blue. Experimental data are dofs points

whereas SIMNRA simulation is presented with solid lines. (c) Zoom into the region highlighted in

green. Data are vertically transiated for better clarity.

Table 1. RBS and NRA quantification data. The SiO. thickness estimated from ellipsomelry is

also presented. The oxygen content used for the determination of the infegrated stoichiometry

was determined by sublracting the oxygen content in the parasitic interfacial layers determined
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by the RBS simulation fo the fofal content of oxygen. A good agreement between the thickness

of the Si0O, layer defermined by the RBS simulation and elljpsometry is observed. The expected

stoichiometry is 0.4. * Note that for the as-grown layer, pre-annealing of the Y.O3 layer at 900 °C

The Journal of Physical Chemistry

for 2 h was carried out prior fo Eu,O; deposition.

Samples Y Eu @) Stoichiometry SiO,
[(Y+Eu)/[ thickness
RBS RBS NRA (Y+Eu+0
ellipsometry
(10"at/cm? | (10'%at/cm?) | (10'Sat/cm?
) ) (nm)
As grown* 301 20 670 0.35 22
600°C/2h 301 24 690 0.35 24
800°C/2h 301 15 702 0.35 28
900°C/2h 296 14 836 0.35 52
950°C/2h 298 24 1071 0.34 107
1000 °C / 2 307 21 1081 0.34 118
h

We then evaluate europium diffusion into the yttrium oxide layer beneath. Yttrium and europium

have the same valence state (3+) and similar ionic radii (4 % difference) that lead to possible

inter-diffusion when heated.?” RBS spectra of Figure 2a were fitted using the SIMNRA software.
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The staircase-shape Eu®* depth profile that was used to get a good fit is presented in Figure 3 for

different annealing temperatures. We observe that the Eu3* distribution starts to change only for

oNOYTULT D WN =

10 temperatures above 900°C with significant Eu3* and Y3* inter-diffusion at 950°C. This large
13 temperature of inter-diffusion is due to the refractory character of Y,O3; and Eu,O; with melting
temperatures of about 2400°C. We note though that the considered films are polycrystalline and
that higher diffusion is expected than in single crystal materials due to the presence of grain
23 boundaries. For the 1000°C case, the RBS composition indicates that europium concentration
26 starts to be depleted at the surface. The concentration distribution after a diffusion anneal is
29 described by the thin film diffusion solution.?® Therefore, we fit the curve with the diffusion

Gaussian function such as :28

xz
v C,
37 C(x,t) =Axexp (40) with A = \/% (eq. 2)

where 7 is the initial film thickness of Eu,03, C, is the maximum solid solubility of Eu3* in Y,0;.
45 Using this equation, we were able to simulate the staircase profile considered in our RBS fit (see
48 blue and red square curves of Fig. 3) and to extract a diffusion coefficient of 4.5%x10-2' and 2x10-

51 20 m2.s' at 950 and 1000 °C respectively. However, a relatively large uncertainty is expected due

60 ACS Paragon Plus Environment
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mainly to the low accuracy in depth resolution of RBS and the surface roughness. In order to

obtain more precisely the diffusion coefficient, TOF-SIMS analyses were performed.

* L] ] I
Eu, ¥5a0, ]
~—
o
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i |z
(qu] L
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Figure 3. Comparison of diffusion depth profiles of Eu in the Eu.OyY,0O«Si stack for different
annealing temperatures. The solid lines correspond fto the staircase Eu distribution used in the
SIMNRA simulation of the RBS spectra. For the two highest femperatures, we simulate the
diffusion with the Gaussian function distribution using Eq. 2 (dots and square points). The depth
(z) has been determined assuming a density of 5.3 g cnr® and 7.02 g cnr? for Y,03; and Eu,0;

respectively. The cationic composition has been indicated for each sublayer using the ratio x
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where x = Ne/(Ne,#Ny). The data have been vertically shifted and normalized fo the Eu content

value at the surface (Z=0) for clarity.

oNOYTULT D WN =

11 The main advantage of TOF-SIMS is the sub-nm depth resolution in comparison to the few nm

14 resolution of RBS. The depth profiles of Eu, Y, Si, C and O in the as-grown thin layers are

presented in Fig. 4. Carbon contamination is clearly detected which is expected to originate mainly

from the surface and possibly from the long carbon chains of the ALD precursors. The TOF SIMS

24 spectra demonstrated a chemically stable and well-defined interface between Eu,0;, Y,03 and Si

27 for the as-grown layers from the abrupt changes and little overlapping of the signals. Eu ions

30 appear to be located within the top 15 nm. When the sample is annealed at high temperature, the

Eu signal spread out over up to 60 nm (Fig. 4b and 4c) confirming diffusion. Using the same

equation as before (Eq. 2), we were able to estimate the diffusion coefficients to 4 x10?' and

40 1.8x1029 m2.s! at 950°C and 1000 °C respectively. The results plotted in Fig. 5 together with

43 those estimated by RBS indeed agree fairly well.
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Figure. 4. TOF-SIMS analysis of a thin Eu,Oy/'Y.04/Si stack. (a) Before annealing from which the

different layers can be clearly identified. (b) and (c) Profiles of the Eu element for annealing at

1000 °C and 950°C for 2h. Dots are experimental results while solid lines are modelling using

diffusion equations (eq. 2).
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Figure 5: Europium’s diffusion coefficient as a function of the reciprocal of the absolufe

annealing temperature (Arrhenius plot) from TOF SIMS and RBS. Symbols are experimental

oNOYTULT D WN =

10 points and solid line is the fit using an Arrhenius law. For 950°C annealing post-treatment

13 measurements have been performed for different durafions.

From those measurements, we deduced the activation energy according to the well-known

Arrhenius equation:

D(T) = Dye (%) (eq. 3)

30 where Dy is a prefactor, E, is the activation energy and T the temperature. The activation energy
33 is about 249 kJ mol' for both RBS and SIMS data. As only two temperatures have been
36 considered, this calculation has limited validity. Nevertheless, those E, values are close to those
39 of self-diffusion reported for yttrium in the literature that are comprised between 246 and 320 kJ

mol-! for higher temperature treatments in a Y,O3; single crystal.?®

47 In summary, Eud*-diffusion into a polycrystalline ALD film of Y,O5 occurs significantly only
50 for temperatures above 900 °C, while the formation of an interfacial oxide phase on silicon

53 remains limited in the 900°C-1000°C annealing temperature range. This indicates that post-
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deposition thermal treatment at moderate temperatures can be harnessed to improve the

luminescent properties of ALD-grown films without affecting the in-depth spatial localization of RE

ions. This approach opens the way to the fabrication of complex planar multilayer structures in

order to increase the photoluminescence or to manage energy transfer using the same strategies

than that used with multi core-shell doping in up-conversion nanocrystals.3%-32 We then extended

this approach to the context of QTs where localized emitters closed to the surface are especially

desirable. For that purpose, we probed Eu?* ion diffusion into quantum-grade quality Y,SiOssingle

crystals since YSO has already been used in some of the most advanced demonstrations in

QTs.38-%5

3.2.  Eu?* diffusion in Y,SiOs single crystals

A 20 nm-thick Eu,O5 ALD film was deposited on undoped Y,SiOs single crystal substrates that

were cut perpendicular to the 6 axis and optically polished (Fig. 1b). Different annealing

temperatures and duration times, as shown in Table 2, were used to activate diffusion from the

Eu®* containing layer into the crystal. Analysis was carried out by a combination of TOF-SIMS

and RBS. In the RBS spectra of Figure 6, the calculated Eu?* atomic density from the integration

of the peak appears constant and independent of the thermal post-treatment (see Table S1)
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indicating that Eu®* loss does not occur. However, with annealing at temperatures above 1200 °C,

the RBS Eud*-related peak became asymmetric on the low energy side (i.e. at greater depths)

oNOYTULT D WN =

10 confirming Eu?* diffusion into the YSO substrate. Moreover, a Y out-diffusion into the film is also

13 observed since the Y-related contribution of the substrate becomes modified on the high-energy

side (i.e. indicating Y atoms are located closer to the surface). Apart from this, no modification of

the substrate was observed even for the highest annealing temperatures. This is a clear

23 advantage of this approach as compared to the previously considered thin ALD multilayer stack

26 where the formation of an interlayer oxide with the substrate limits the maximum annealing

29 temperature. To evaluate diffusion from the film, we performed simulation of the RBS spectra with

SIMNRA multilayer. However due to the low depth resolution and the overlapping of the 2 main

peaks (Y and Eu) a precise value of the diffusion coefficient could not be extracted. We thus

39 turned to TOF-SIMS that can provide more accurate depth analysis.
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Figure 6: RBS spectra showing europium diffusion from a Eu,O3; ALD layer info a Y.SiOs single
crystal substrate as a function of the annealing freatment. Square poinfs are experimental data
whereas solid lines represent simulation with the SIMNRA sofiware. For all curves, a similar
content of europium has been deduced from the simulation (see Table S1) . The curves have

been franslated vertically for befter clarity.

Typical experimental curves relative to Eu and Y contributions in TOF-SIMS are presented in Fig.
7. For the as-grown ALD film, an abrupt decrease of the EuO, signal indicates a well-defined
interface between the 20 nm-thick Eu,O; film and the YSO substrate. When the annealing

temperature is increased up to 1400 °C, diffusion of Eu ions into YSO occurs as shown from the
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spreading of the EuO," signal (Fig. 7a). Similarly, diffusion of yttrium ions from the substrate into

the ALD layer is also visible from the shape of the YO- signal in Fig. 7b. When looking in more

details at the Eu-related contribution, one can note that for short annealing, the semi-logarithmic

plot indicates a two-component concentration profile of Eu inside YSO, which is far less observed

for the long 1400°C annealing (see Fig. 8a and 8b). In the latter case, Eu®* distribution can be

well fitted by a Gaussian distribution (Eq. 2). Two-component diffusion profiles have already been

observed in polycrystalline materials such as ceramics and have been classified by Harrison in

three different kinetics regimes called A, B and C.2836 These different regimes exist due to the

presence of several diffusion paths with different coefficients. Indeed, the diffusion coefficient

inside the bulk material is significantly smaller than at the grain boundary for polycrystalline

materials or for diffusion at dislocations in single crystals. For the A regime the bulk diffusion and

the faster diffusion process are averaged and only an effective diffusion D¢ coefficient is

observed. This A kinetics is observed for high temperature or longer annealing times and a

Gaussian diffusion profile is expected for depleted source. For the B regime, the diffusion profile

presents two different slopes. The first slope of the profile corresponds to the effective diffusion

D.# across the bulk materials whereas the second part of the profile, i.e. the curved tail, is

characteristic of the diffusion along the fast path (grain boundaries, dislocation etc...).?% Indeed,
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thermal diffusion of ions in single crystals has revealed that large tails in the concentration profile

can be created as a consequence of the existence of dislocations that act as “short circuits” for

the thermally diffused ions, leading to unusually large penetration.3” The C kinetics corresponds

to condition where bulk diffusion is extremely low and is not in agreement with our experimental

conditions. According to Harrison model only one diffusion is expected in single crystal but the B

regime has already been observed in several materials.3”3 Possible explanations are the

existence of dislocations or of large anisotropy cationic diffusion with the direction as already

observed for other oxide.?>3 The latter effect should be important in our crystal since YSO is

monoclinic. Indeed, for YSO the diffusion parameter is described with a second rank symmetric

tensor with 4 independent parameters. More studies are required in order to fully characterize this

process.

The diffusion coefficients extracted from the Gaussian distribution for different temperatures or

annealing durations are presented in Table 2. As expected, an increase of the diffusion

coefficients is observed with the annealing temperature. For example for two hours annealing,

the effective diffusion coefficient is estimated to 2x10-2' and 10x102° m2.s-'at 1200 and 1400 °C

respectively. The obtained diffusion coefficients of Eu®* in YSO are of the same order of

magnitude than in other oxide materials (such as YVO, and YAG) that were shown for comparison
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in Table 2. Finally, the calculated diffusion coefficients were plotted in Fig. 9 as a function of

temperature. The activation energy of Eu®* in YSO was estimated to 260 kJ.mol'. This value is

in the characteristic range for lanthanides in oxide single crystals. 2°
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Figure 7: TOF-SIMS analysis of a thin ALD-grown Eu,Oj3 thin film on Y.S5iOs showing the Eu and

Y related signals at different annealing temperatures. Annealing duration was 2 h. The curves

have been normalized to their maximum and vertically transiated for better clarity.
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Figure 8: Higher resolution Eu-related TOF-SIMS signals of a thin ALD-grown Eu,QO; thin film on

Y.SiOs for annealing at 1200 °C for 2h and 1400 °C for 24 h. Dofs are experimental data while

solid lines are modelling using the diffusion equation (Eq. 2). One can nofe that a two-component

contribution is visible for the 1200 °C annealing sample.
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Figure 9: Arrhenius plot for Eu®* diffusion in single crystal Y.SiOs from TOF-SIMS measurements.

The line is a least-squares fit of the data. Arrhenius parameters extracted from the fit are

oNOYTULT D WN =

10 presented in the figure.

14 Table 2: Diffusion parameters and measured diffusion coefficients. Example from the literature

have been added for comparison.

2 Crystal | Doping Annealing | Annealing | D (x 102°m? s™) REF

23 element | Temperature Time

26 (°C) (Hours)

28 Y,SiOs Eus* 1200 2 0.2 This work

31 Y,SiOs Eud 1400 2 10 This work

34 Y,SiOs Eus* 1400 10 5.0 This work

37 Y,SiOs Eu* 1400 24 2.2 This work

40 Y,SiOs Eud* 1500 2 13.4 This work

43 YVO4 Nd3* 1400 24 78 19

Y3AlsO04; Nd3* 1200 25 0.26 7

Y3Als01, Yb3* 1450 241 4.3 3940

53 Al,O3 Trd* 1200 48 3 “
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3.3.  Optical properties of in-diffused europium ions

Eventually, we evaluated the optical properties of Eu®* ions diffused from the ALD layer into the

YSO substrate. To this end, spectral hole burning (SHB) experiments were performed in

fluorescence detection mode on a sample annealed for 90 h at 1400°C (more information is

available in the supporting information file). SHB is a highly sensitive technique used to probe the

material’s crystalline quality.*?43 In this process, population is transferred from the ground state

through the excited state of interest to

metastable states : the hyperfine levels ( see Figure S6). Indeed, dopant properties, such as

optical linewidth or nuclear spin lifetime, are strongly affected by crystal disorder (e.g. stacking

fault, vacancies, mechanical strain, electric and magnetic noise). Moreover, the width of the

spectral hole can provide information on the optical coherence lifetime since in the absence of

power or laser broadening; it is expected to be twice the effective homogeneous linewidth. This

linewidth is extremely sensitive to dynamical perturbation (moving charges, spin flip flop, two level

systems) and acts as an extremely sensitive strain and disorder probe and so SHB appears as a

useful method to probe the surface.*? We used several high intensity burning pulses at a given

frequency to resonantly excite the Eu®* ions into their D, state and create a corresponding

transparency window in the inhomogeneously broadened absorption line (for more detail see
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Figure S5 and S6). Then after a delay of a few ms in order for the Eu3* fluorescence to vanish, a

subsequent weaker laser pulse (probe laser) was sent to the sample. This probe pulse was

frequency swept across the burned hole frequency (-20 MHz, +20 MHz), with an acousto-optic

modulator (AOM) to measure the excitation spectrum. Indeed in order to probe the pulse we

worked in excitation mode by probing the change in the area of the red emission (i.e. the °Dy —

F, transition) as a function of the probe pulse wavelength. This change is due to the increased

transparency at the hole position. First, we calibrated the experimental setup by burning a hole in

a low Eu?*-doped bulk Y,SiOs single crystal (Figure S7). This measurement is useful in order to

estimate the additional broadening induced by the experimental conditions such as temperature,

power broadening, laser linewidth and also laser stability. SHB signals recorded with this

sequence present a hole FWHM of about 1.7 MHz (Figure S7). This value is broader than the

best values reported for Eu*:YSO typically in the kHz range.**8 In our experiment an additional

experimental broadening arises from the linewidth of our laser (300 kHz), the laser instability and

the power broadening from this strongly focused configuration. SHB data was then recorded on

the in-diffused sample (Fig. 10) for which the europium diffusion length (Zx/m) is estimated to

200 nm. To select the emission contribution originating from the in-diffused ions at the surface,

we first aligned the setup in order to maximize the laser reflection at the surface. Then, a spectral
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hole was burned at the central frequency of 580.041 nm, from which, a promising hole linewidth

as narrow as 4 MHz was obtained. This is about twice that of the low Eu®* doped bulk reference

sample. This difference is likely related to the higher Eu concentration at the surface (Figure 8).

To discard any contribution from trace Eu?* ions in the YSO substrate also absorbing at the same

central frequency, a second SHB experiment was performed at a slightly different wavelength of

580.057 nm, which is 15 GHz away from the central position of the inhomogeneous line.

According to a study on an Eu3®*:YSO single crystal grown by crystal pulling, the inhomogeneous

linewidth is expected to linearly increase with Eu3* concentration of about 21 GHz/%.4" This

concentration dependency suggest that the second SHB experiment is performed on Eu3* ions

closer to the surface. At this wavelength a hole can still be burned but with a larger FWHM (6

MHz) and shallower depth than the previous one. One possibility to explain the larger broadening

in the diffused area compared to the reference, could be that an increase in concentration leads

to some disorder in the structure that generates additional dynamical dephasing processes like

Two Level System (TLS)."® This disorder arises from possible variations of the local stoichiometry

or interstitial defects since cation exchange occurs between two different material, Eu,O3; and

Y,SiOs respectively. More high-resolution spectroscopy measurements are required to determine

the predominant dephasing mechanism. Anyway, this work demonstrates that RE ions can be
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spatially localized near the surface by a two-step process based on ALD deposition and annealing

post-treatment under appropriate conditions, while retaining their excellent optical properties.

oNOYTULT D WN =

11 T v T r T i T v T
12 9t O 580041 nm ——Fit FWHM =4.2 MHz -
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36 Figure 10. Fluorescence-detection of spectral holes burned on an ALD-Eu,O; thin film on Y,5i05

39 annealed 90 h at 1400°C. Measurements at two different wavelengths of the inhomogeneous line

42 are presented and the linewidth is given. Curves are vertically fransiated for better clarity.

46 Conclusion

In this work, we studied the ability of the ALD technique to spatially localize rare-earth ion emitters

54 with good optical properties. In particular, we evaluated Eu?* ion diffusion from few nanometers-
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thin Eu,O; film grown by ALD into a polycrystalline Y,0; film or into a single crystal Y,SiOs

substrate after thermal annealing in the 900-1400 °C range. While such high temperature post-

treatments are essential to improve the crystallinity of thin ALD films, they lead to a partial loss of

RE ion localization. On the other hand, this behavior can be harnessed to locally diffuse emitters

in the close proximity of the crystal surface.

Based on RBS and TOF-SIMS analyses, we observed that Eu®* diffusion into polycrystalline

Y,0; becomes effective at lower temperatures (900 °C) in comparison to single crystal YSO

(1200 °C). This is attributed to the presence of grain boundaries that increase diffusion kinetics.

Diffusion coefficients of about 4x10-2" and 2x10-2° m2.s-! at 950 and 1000 °C respectively in poly-

Y,03 and 2x102" and 10x102° m2.s' at 1200 and 1400 °C respectively were measured in a YSO

single crystal.

This investigation indicates that, based on the nanometer-scale deposition ability of ALD

associated with an appropriate thermal annealing, rare-earth oxide materials can be engineered

with specific nanostructures in which dopant localization is well controlled. We eventually

demonstrate that excellent optical properties are retained for such in-diffused near-surface RE

ions in YSO. Spectral hole burning showed values as low as 4 MHz which could be improved by
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changing the composition of the top Eu,O; layer that may lead to too high Eu3* concentration in

the vicinity of the surface. This approach could provide an attractive alternative to rare-earth ion

oNOYTULT D WN =

10 implantation and will be further explored in QTs applications such as quantum memories and
13 quantum sensors. Finally, this cation exchange method is versatile and can be applied to a large

range of materials and doping elements (e.g. transition metal).
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