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ABSTRACT
Rare-earth ions (REIs) have incomplete 4f shells and possess narrow optical intra-4f transitions due to shielding from electrons in the 5s and
5p orbitals, making them good candidates for solid-state optical quantum memory. The emission of Er3+ in the telecom C-band (1530 nm–
1565 nm) makes it especially attractive for this application. In order to build practical, scalable devices, the REI needs to be embedded in a
non-interacting host material, preferably one that can be integrated with silicon. In this paper, we show that Er3+ can be isovalently incor-
porated into epitaxial Y2O3 thin films on Si (111). We report on the synthesis of epitaxial, single-crystalline Er:Y2O3 on Si with a narrow
inhomogeneous linewidth in the photoluminescence (PL) spectra, 5.1 GHz (<100 mK), and an optical excited state lifetime of 8.1 ms. The
choice of Y2O3 was driven by its low nuclear spin and small lattice mismatch with Si. Using PL and electron paramagnetic resonance,
we show that Er3+ substitutes for Y in the crystal lattice. The role of interfacial SiOx, diffusion of silicon into the film, and the effect of
buffer layers on the inhomogeneous PL linewidth are examined. We also find that the linewidth decreased monotonically with film thickness
but surprisingly exhibits no correlation with the film crystalline quality, as measured by the x-ray rocking curve scans, suggesting other factors
at play that limit the inhomogeneous broadening in Y2O3 films.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5142611., s

I. INTRODUCTION

The need for quantum memory devices has been increasingly
apparent in networked coherent quantum systems that use an opti-
cal quantum communication link within a distributed network of
processors or a secure communication network that uses quan-
tum repeaters.1–3 The role of a quantum memory is to store quan-
tum information during entanglement events, and multiple mecha-
nisms and systems for storage have been identified by researchers.4,5

A promising and convenient approach among them is to use the
spin-optical interfaces of rare-earth ions (REIs).6–10 Rare-earth ions
have full 5s and 5p orbitals that shield the inner 4f levels from
the local environment, resulting in narrow 4f−4f electronic tran-
sitions. This shielding results in a low spectral diffusion not achiev-
able in other systems such as the nitrogen-vacancy center defects.9

Additionally, they are well suited for the development of coherent
microwave to optical transduction.11 These properties make REIs

ideal for solid-state optical quantummemory systems, provided they
can be embedded in a sufficiently inert (low nuclear spin and no
unpaired electrons) solid-state host material and are capable of being
modulated electrically or optically in an efficient manner. Among
REIs, Er3+ is particularly attractive since it has an optical transi-
tion (∼1535 nm for 4I13/2 → 4I15/2) that lies in the telecom C-band
(λ = 1530 nm–1565 nm), enabling the use of existing in-ground
fiber links and leveraging the extremely low transmission loss in this
wavelength range (0.2 dB/km).

Properties of active REIs in Y2O3 nanoparticles and ceramic
hosts have been extensively studied in the past.12–19 This includes
a reported optical homogeneous linewidth of 85.6 kHz14 and a
spin coherence time of 2.9 ms in Eu:Y2O3.19 These studies have
been covered in detail in recent reviews.20–22 For crystalline host
materials, the focus has been on bulk single crystals, such as
yttrium orthosilicate (Y2SiO5 or YSO), yttrium vanadate (YVO4 or
YVO), and yttrium aluminum garnet (Y3Al5O12 or YAG). These
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studies23–27 have demonstrated long coherence times for the hyper-
fine transitions in these host materials—coherence time is a key
metric for the duration that quantum information can be stored in a
system. Recent work, using a combination of methods, has demon-
strated a hyperfine coherence time of 1.3 s (T = 1.4 K, B = 7 T)
in an Er3+:YSO host26 and over 6 h (T = 2 K) for Eu3+.27 Recent
studies have also demonstrated that nanophotonic devices can be
used to isolate single atoms in these systems. For instance, Dibos
et al.6 explored the fabrication of an evanescently coupled struc-
ture out of silicon and stamping onto the bulk. A different approach
used focused ion beam milling to create nanobeam structures from
the bulk single crystal.28 These demonstrations show the promise of
REIs, but they are limited by bulk platforms and fabrication meth-
ods that are not scalable. From a device perspective, deployment of
REIs for quantum memory needs a convenient and scalable means
of interrogating the REI—i.e., storing quantum information and
retrieving it from memory.

One way of accomplishing scalability and compact operabil-
ity is via the use of Er3+ ions embedded in a thin film solid-state
host that can be grown and integrated directly onto a silicon plat-
form, enabling potential integration with silicon photonic compo-
nents and fabrication of low mode volume, high Q-factor compact
resonators, and electronics that will enable us to address the hyper-
fine states. Evaluation of the optical and microstructural properties
of Er doped epitaxial rare earth oxide thin films has not been done
before. This is the objective of the current research, and in this paper,
we explore and evaluate the microstructural, chemical, and optical
properties of Er3+ in epitaxial Y2O3 and (LaxY1−x)2O3 oxide het-
erostructures on Si wafers for their suitability in scalable quantum
memories. The host material is preferred to be single-crystalline to
minimize heterogeneous variations in the environment surrounding
the embedded REI ions that are expected to induce additional spin–
lattice and spin–spin relaxation pathways and reduce the optical and
spin coherence times. There are a few considerations that govern the
selection of a good host material for optically active REIs:

(i) A cubic host is preferable with low lattice mismatch between
the host material and silicon for high-quality epitaxial
growth and silicon integration.

(ii) Low or zero nuclear and electron spin is preferred in the host
material.

(iii) Isovalent incorporation of the REI ion at a substitutional site.
(iv) Low optical loss or absorption in the telecom band.

When considering Er3+, several rare-earth sesquioxides sat-
isfy criteria (i) and (iii) (small lattice mismatch and isovalence).
Among these, the lowest nuclear spin is offered by Y2O3, Gd2O3,
and Tb2O3 with nuclear spins of 1/2, (0, 3/2), and (0, 3/2) respec-
tively, along with lattice mismatches of −2.4%, −0.48%, and −1.22%.
Among these, Y possesses no unpaired electrons, which could be a
source of magnetic noise. Furthermore, the ionic radii of Y3+ and
Er3+ are similar (Shannon radius of 102 pm and 103 pm, respec-
tively), and therefore, local strain effects are expected to be minimal.
Additionally, as yttrium has only one stable isotope with 1/2 nuclear
spin, it provides a uniform distribution of nuclear spins around Er3+

ions. These properties make Y2O3 an attractive host material for
erbium.

While the growth of epitaxial Y2O3/Si structures has been
studied before using both Molecular Beam Epitaxy (MBE)29,30

and pulsed laser deposition (PLD) techniques,31,32 Er-doped Y2O3
(Er:Y2O3) and the evaluation of such heterostructures for quan-
tum memory and related devices remain unexplored. In this paper,
we demonstrate the successful epitaxial growth of Er:Y2O3 on Si
(111) substrates and carry out a detailed microstructural and opti-
cal characterization study of these films. Through careful optimiza-
tion of the growth conditions, we show that narrow photolumi-
nescence (PL) inhomogeneous linewidths (7.9 GHz at 4 K) for the
first optical transition of Er3+ can be obtained, indicating that Y2O3
epitaxial films can act as an inert, high quality host for Er3+. The
hyperfine levels from the 7/2 nuclear spin isotope 167Er can be seen
clearly in the Electron Paramagnetic Resonance (EPR) spectrum.We
show that the catalytic interfacial oxidation of the Si/Y2O3 inter-
face, the diffusion of silicon into the oxide layer, and possible dif-
fusion/contamination effects from surfaces are key material phe-
nomena that need to be controlled and demonstrate how a buffer
layer approach can mitigate these effects. No significant correlation
between the Er3+ PL linewidths and the crystal quality, as deter-
mined by x-ray rocking curves, was observed, indicating that struc-
tural distortions due to mosaicity and dislocations in the film may
not play a significant role for quantum device development in such
heterostructures. On the other hand, we observe a clear inverse cor-
relation between the PL linewidth and the film thickness, lending
further support to the potential role of the proximity of surfaces and
interfaces. Finally, we show that alloying this system (Y2O3) with a
high quantity of lanthanum, which leads to a closer lattice matching
condition,29 also results in broadening of the PL linewidth.

II. METHODS
A. Growth of epitaxial thin films

Epitaxial growths of Y2O3 thin films were performed on Si
(111) substrates in a Riber oxide MBE system with a background
pressure of ∼10−10 Torr. Substrates were prepared using a piranha
clean followed by a dilute hydrofluoric acid (HF) dip. The epitax-
ial growth was initiated on 7 × 7 reconstructed Si (111) surfaces.
A range of substrate temperatures between 600 ○C and 920 ○C was
explored for the growth. High purity (4 N in total metal basis and
5N in rare earthmetal basis)33 erbium, lanthanum, and yttriumwere
evaporated using high-temperature effusion cells, and an RF plasma
source was used for oxygen (325 W, 2.8 sccm) corresponding to a
pressure of ∼2× 10−5 Torr in the growth chamber. Er concentrations
between 10 ppm and 200 ppm were used for different samples by
varying the Er cell temperature between 700 ○C and 900 ○C, respec-
tively. A higher concentration was needed to get a good PL intensity
during measurements. We compared the inhomogeneous linewidth
for concentrations in this range (10 ppm, 50 ppm, and 200 ppm) and
did not find any significant differences. The Er concentration was
estimated using an Er2O3 film grown with an Er cell temperature
of 1200 ○C and extrapolating the vapor pressure34 to lower cell tem-
peratures. The epitaxial growth was monitored in situ by reflection
high-energy electron diffraction (RHEED).

B. Film characterization
Y2O3 (a = 10.60 Å, space group Ia 3̄, and Z = 16) has a

bixbyite structure with 32 cation (Y3+) sites out of which 24 are non-
centrosymmetric C2 sites and 8 are centrosymmetric C3i sites.35 Out
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of these, there are 6 magnetically inequivalent for C2 and 4 for C3i.
Given the similar ionic radii, Er3+ is expected to substitute for Y3+ at
both sites during growth.

Ex situ structural characterization was performed using a high-
resolution x-ray diffractometer (Bruker D8 Discover). Optical char-
acterization was realized in a confocal microscopy setup. Off-
resonant optical spectra were obtained following excitation with
a 976 nm laser, and the emission was detected using a nitrogen-
cooled InGaAs camera. Resonant optical spectra for the transition at
∼1535 nm were realized using a tunable C-band laser (ID photonics
CoBrite DX1) with the PL detected using a single nanowire single
photon detector (SNSPD, Quantum Opus). In this case, the exci-
tation and the PL signal were temporally isolated from each other
using a combination of optical switches and acousto-optic modula-
tors. The samples were mounted on a copper cold-finger in a closed-
cycle cryostat (Montana Instruments). All reported measurements
in this setup were performed at 4 K unless otherwise noted in the
text.

A dilution fridge setup was used for the mK measurement, and
a schematic is provided in the supplementary material. The sam-
ple was mounted on a three-axis nano-positioner via a copper plate.
The laser pulses (Toptica CTL1500) were generated by two tandem
acousto-optic modulators (AOMs) with ∼100 dB on/off ratio. The
pulse sequence with 15 ms pulse width and 10 Hz repetition rate was
focused with an aspheric lens pair. The reflected light was collected
and delivered to a superconducting nanowire detector (SNSPD) on
the cold plate in the same fridge. An optical switch inserted in front
of the SNSPD blocks the strong excitation pulse and transmits the
emitted light.

X-band EPRwas conducted using a Bruker Elexsys E500 system
equipped with a variable-temperature cryostat (Oxford). The mea-
surements were performed in a flow cryostat at 4.2 K. The g-factors
were calibrated for homogeneity and accuracy by comparing to the
Mn2+ standard in a SrO matrix (g = 2.0012 + 0.0002)36 and by using
coal samples with g = 2.002 85 ± 0.000 05,37 respectively.

High-resolution transmission electron microscopy (HRTEM)
was carried out using the Argonne Chromatic Aberration-corrected
TEM (ACAT, FEI Titan 80-300ST TEM/STEM) with a field-
emission gun and an image corrector to correct both spherical and
chromatic aberrations, enabling a resolution limit better than 0.8 Å
at an accelerating voltage of 200 kV. High-angle annular dark-field
imaging and energy-dispersive x-ray spectroscopy mapping were
carried out using a Talos F200X S/TEM (operating at an accelerat-
ing voltage of 200 kV) equipped with an X-FEG gun and a Super-X
energy dispersive spectroscopy (EDS) system.

III. RESULTS AND DISCUSSION
A. Film structure

Figure 1(c) shows the wide-angle (2θ-ω) x-ray diffraction pat-
tern for a 180 nm film [∼140 nm Er:Y2O3 with 10 ppm Er and with a
top cap and bottom buffer, each of ∼20 nm undoped Y2O3, as shown
in the schematic Fig. 1(a)] grown on the Si (111) substrate at 850 ○C,
showing Y2O3(222)//Si(111) and Y2O3[01̄1]//Si[110] epitaxial rela-
tionship. The presence of finite-size thickness (Pendellösung) fringes
and a streaky RHEED pattern [Fig. 1(b)] suggests a smooth and
crystalline film.

FIG. 1. (a) Schematic of the film for which the data are shown, (b) the streaky
RHEED pattern following the end of growth, indicating a smooth and crystalline
film, and (c) XRD pattern showing the Si (111) substrate and Y2O3 (222) film
peaks.

The crystalline and epitaxial nature of film growth was fur-
ther studied using transmission electron microscopy (TEM). Fig-
ure 2(a) shows a cross section transmission electron micrograph of
the 460 nmY2O3 film grown on Si (111) along with a high-resolution
TEM image and a selected area electron diffraction image (inset) of
the film consistent with the bixbyite structure of Y2O3.

B. Engineering the film-interfaces
The high-resolution TEM image of the film/substrate inter-

face and the energy dispersive spectroscopy (Fig. 3) indicates two
amorphous layers, one of which is caused by Si oxidation at the Si
interface. This SiOx layer transitions to a phase consisting of Y, Si,
and O that is proximal to the Y2O3 film. This transition is due to
the catalytic behavior of rare-earth oxide overlayers, which results
in silicon oxidation.38 The interfacial oxidation occurs after epitaxial
growth of Y2O3 via the diffusion of reactive oxygen through the film
either during growth or ex situ. This oxidation can be minimized by
reducing the post-growth exposure to oxygen.39

We investigated the effect of growth time and temperature on
the presence of interfacial oxides and found that the thickness of the
amorphous oxide interface increases with an increase in the growth
time and substrate temperature. Figures 3(a)–3(d) show the cross-
sectional TEM image, and Figs. 3(e) and 3(f) show the EDS line scans
across the interface for two samples grown at 920 ○C and 790 ○C for
80-min and 60-min long growths, respectively. As seen in the scan,
the interfacial oxidation leads to the formation of a silicon diffusion
tail into the Y2O3 layer. The width of the silicon contaminated zone
in Y2O3 reduces with a decrease in the growth temperature from
920 ○C to 790 ○C.

In order to further probe the effect of possible silicon diffusion
in the film and to examine the role of surface defects on the opti-
cal properties of Er3+, we studied the photoluminescence for three
samples with different structures—400 nm Er:Y2O3/Si [Figs. 4(a)
and 4(d)], 400 nm Er:Y2O3/100 nm Y2O3/Si [Figs. 4(b) and 4(e)],
and 200 nm Y2O3/400 nm Er:Y2O3/100 nm Y2O3/Si [Figs. 4(c) and
4(f)]. The Er concentration in these films was kept constant at ∼50
ppm level. The inhomogeneous linewidth (Γinh) measured from the
resonant PL for the first sample was 37.4 GHz [Fig. 4(d)]. Inser-
tion of a 100 nm undoped buffer layer decreased the linewidth to
24.0 GHz [Fig. 4(e)]. This decrease in the PL linewidth is attributed
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FIG. 2. (a) Cross-sectional TEM of a 460 nm film grown at
920 ○C (growth time = 80 min). The interfacial layer is visi-
ble. (b) A high-resolution TEM image showing the Y2O3 film
with a coincidence boundary. The inset shows the diffrac-
tion pattern (arrow points in the 400 direction) confirming
the bixbyite structure.

to an increased separation between the active Er3+ ions from the
film/substrate interface. A further decrease in the PL linewidth was
observed when the Er3+ ions are away from the top interface, the
condition shown in Fig. 4(f). The inhomogeneous linewidth for this
sample was found to be 19.6 GHz. This sandwiching of the optically
active Er3+:Y2O3 layer between undoped Y2O3 helped to reduce the
inhomogeneous linewidth by about 50%, suggesting that proxim-
ity of the interfaces contributes to the broadening seen here. Why
does this occur? We believe that the bottom interface and the top
surface act as gateways for impurity diffusion into the Y2O3 layer.
We speculate that these could be trace amounts of Si (from the Si
substrate) and/or OH groups and oxygen vacancies (from the top
surface exposed to the ambient). Si diffusion is suggested from our
EDS scans, and oxygen andOHgroups are known to be fast diffusing
species40,41 in ionic oxides. Such impurities could cause inhomoge-
neous linewidth broadening of the Er emission via localized charge
defect formation from aliovalent substitutional or interstitial accom-
modation of these impurities or defects in the vicinity of the Er
ions.

Due to a lattice mismatch with Si (2.4% tensile), relaxed
Y2O3 will contain dislocations that relieve the elastic strain. It

has been shown that alloying Y2O3 with La can reduce the lat-
tice mismatch with silicon.29 To explore the use of a lattice-
matched host material for Er3+, a 80 nm (LaxY1−x)2O3/400 nm
Er:(LaxY1−x)2O3/20 nm (LaxY1−x)2O3/Si (111) film was grown with
x = 0, 0.17, and 0.24. The Er concentration in these films was
kept constant at ∼200 ppm level. Figures 4(g)–4(i) show a wide-
angle x-ray diffraction pattern for the three samples with varying
x. Among these samples, the film with x = 0.17 had the smallest
lattice mismatch (0.37%) with silicon (see the supplementary mate-
rial for details of this estimate). Although this film has lower lattice
mismatch compared to the unalloyed film (0.37% vs 2.4%), the inho-
mogeneous linewidth was found to be 7× larger [Figs. 4(j)–4(l)]. This
broadening is attributed to the presence of random substitutional
disorder in the film due to La substituting at the Y site similar to the
results reported for Sc alloyed Er:Y2O3

42 and Eu:Y2O3.43 Increasing
the amount of La (x = 0.24) further increases the inhomogeneous
linewidth due to enhanced disorder as well as phase segregation of
hexagonal La2O3, as evidenced by an additional diffraction peak in
the corresponding 2θ–ω scan. The La fraction was estimated bymea-
suring the ratio of beam equivalent pressures of La and Y (using a
beam flux monitor).

FIG. 3. Cross-sectional TEM showing
the interface for four different conditions
of temperature (T) and time (t). The
thickness of the amorphous layer seen
between crystalline Y2O3 and SiO2 can
be directly estimated from the TEM (a)
24 nm for T = 920 ○C, t = 80 min, (b) 8
nm for T = 850 ○C, t = 80 min, (c) 5 nm
for T = 790 ○C, t = 60 min, and (d) 5 nm
for T = 790 ○C, t = 180 min. The EDS
of the interface for (a) and (d) is given in
figure (e) and (f), respectively. The direc-
tion of the EDS scan is represented by
the yellow arrow. Dotted lines in (e) and
(f) demarcate the amorphous region.
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FIG. 4. The schematic at the
top left represents the structure
(Y2O3)/(Er:Y2O3)/(Y2O3) used to probe
the effect of the interface. [(a)–(c)] The
XRD curve for the three films suggest
similar crystal quality. (d) The baseline
linewidth with no cap or buffer layer
gives a Γinh of 37.4 GHz. (e) The addition
of a bottom undoped layer improves
this to 24.0 GHz. Further adding a top
undoped layer improves the linewidth
to 19.6 GHz (f), giving an improvement
of almost 50% over the baseline. On
the top right, the schematic represents
the structure (20 nm Y2O3)/(400 nm
Er:(LaxY(1−x))2O3)/(80 nm Y2O3) used
to study the effect of the La alloying of
Y2O3. The improvement in the lattice
match is clearly indicated by the shift
in the film XRD peak to Si [(g)–(i)].
However, the inhomogeneous optical
linewidth also broadens as more La is
added [(j)–(l)].

C. Spectroscopic characterization

The presence of Er3+ and its incorporation into the crystal
structure were supported by EPR measurements and confirmed
through the PL data. Figure 5(b) shows the EPR spectra for a
650 nm Er:Y2O3 film at 4.2 K (Er concentration ∼10 ppm). Nat-
urally occurring Er has multiple isotopes—166Er, 167Er, 168Er, and
170Er—which constitute 33.50%, 22.87%, 26.98%, and 14.91% of
naturally occurring erbium, respectively. 167Er is the only isotope

with non-zero nuclear spin (spin = 7/2). The contribution from
167Er is seen as eight smaller peaks in Fig. 5(b) distributed around
the main peak at 548.24 ± 0.2 G that comes from the zero nuclear
spin isotopes. A schematic is shown in Fig. 5(a). The relative inten-
sities of these peaks are indicative of the abundance of different
isotopes. The g-factor calculated for the central peak from the
data shown in Fig. 5(b) is 12.2 and is attributed to be a com-
posite of the contributions coming from the Er3+ ion at the C2
sites.44

FIG. 5. (a) A schematic of the energy
levels of interest in the Er3+ Stark lev-
els from the crystal field effect (emis-
sion spectra) and the Zeeman splitting
of the hyperfine levels which is seen in
EPR. (b) EPR spectra show a large cen-
tral peak from the zero nuclear spin iso-
topes of Er. Eight smaller peaks from the
hyperfine transitions contributed by 167Er
are also seen. (c) Photoluminescence
spectra from Er:Y2O3 films. Contribution
from C2 and C3i sites is identified by the
energies reported in the literature. This
confirms the substitution of Er3+ for Y3+

in the bixbyite structure.
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FIG. 6. (a) A strong linear correlation is seen between the
PL linewidth and the film thickness (red); a comparison of
the two metrics of disorder in the crystal quality, optical inho-
mogeneous linewidth (x-axis), and rocking curve FWHM
(y-axis), however, shows no correlation (blue). (b) The nar-
rowest linewidth obtained in our samples is 7.9 GHz at 4 K
(red) and 5.1 GHz in the same sample in a dilution fridge
setup (blue). (c) Optical excitation decay rate at the C2 site
was measured as 8.1 ms.

The crystal field effect breaks the spherical symmetry of the free
ion, and this results in the splitting of the ground state (4I15/2) into
8 Stark levels and the first excited state (4I13/2) into 7 Stark levels—
where the number of levels is dictated by the total angular momen-
tum quantum number.13 Stark levels for the C2 sites are represented
as Zi (Z1 to Z8) for the split 4I15/2 levels and Yi (Y1 to Y7) for the
split 4I13/2 levels, as shown in Fig. 5(a), and similarly as Y′i and Z′i
for the C3i sites. Figure 5(c) shows the PL data collected at 10 K in
the wavelength range of 1500 nm–1600 nm. Emission peaks in this
range is due to transitions between the Stark level manifold of the
first excited state (4I13/2) and the ground state (4I15/2). Using the data
reported in the literature,45 the PL peaks at 1535.6 ± 0.01 nm, 1544.9
± 0.04 nm, 1554.2 ± 0.1, and 1575.1 ± 0.3 nm can be identified as
the Y1 → Z1, Y1 → Z2, Y1 → Z3, and Y1 → Z5 transition, respectively,
at the C2 cite. The peak at 1557.3 ± 0.3 nm is identified as coming
from the Y′1 → Z′2 transition at the C3i site. This indicates that Er3+ is
substituting for Y3+ in the crystal lattice.

Figure 6(a) shows the x-ray rocking curve full width at half
maxima (Δω) (indicative of crystalline quality) and the film thick-
ness as a function of the photoluminescence linewidth, Γinh. Films
shown here have a bottom buffer and top cap in the range of
0–200 nm. Some of the films reported in Fig. 6(a) were grown specif-
ically to check the thickness effect. The 1.8 μm film was unique
in having a bottom buffer of ∼1 μm. The erbium concentration
for all these films is ≤200 ppm. The data show no clear correla-
tion between the crystalline quality of the film and Γinh. This sug-
gests that the optical properties of Er3+ in the Y2O3 host might
not be limited by variations in lattice strain and the presence of
growth defects such as dislocations in the host. This trend is unlike
what is typically observed in band edge related emission in semi-
conductors, where poor crystal quality results in poor band edge
photoluminescence. On the other hand, the plot of film thickness
vs Γinh shows a strong inverse trend—thicker layers result in nar-
rower photoluminescence linewidths. We attribute this to isolation
of an increasing proportion of the active Er3+ from the top and
bottom interfaces, which may result in impurity diffusion, as dis-
cussed earlier in this paper. Our best PL linewidth for C2 site emis-
sion was found to be 7.9 GHz at 4 K and 5.1 GHz at 7 mK (base
plate temperature on which the sample is mounted), as shown in
Fig. 6(b). We estimate the actual sample temperature from laser
heating to be <100 mK (supplementary material). The two measure-
ments of the linewidths were carried out in two different measure-
ment setups in order to gain more confidence in the data. The small

difference in linewidths in our view is most likely due to laser fre-
quency calibration between the two setups and is not significant
enough to suggest a temperature dependence of linewidth. In com-
parison with our thin film results, an inhomogeneous linewidth of
0.42 GHz and 2 GHz have been reported15,20 in bulk Er:Y2O3 poly-
crystalline (ceramic) and bulk single crystal systems. The optical
excitation state decay measured for the PL in our samples was found
to be 8.1ms [shown in Fig. 6(c)], which is comparable to the reported
value of 8.5 ms in the bulk single crystal20 and ∼6× longer than
the lifetime of 1.5 ms reported for Er:Y2O3 atomic layer deposition
(ALD) grown thin films.10 Why are the thin film linewidths broader
than those reported in bulk films? In addition to the diffusion of
impurities such as hydroxyl ions and silicon from neighboring inter-
faces, an important factor may be the effect of oxygen vacancies in
subsurface regions—these are known as charge defects inmany ionic
oxides.

IV. CONCLUSION
The rare earth ion, Er+3, offers attractive properties suitable for

use as a quantummemory: a spin-optical interface, narrow photolu-
minescence linewidth, low spectral diffusion, and an emission wave-
length in the telecom band. This paired with Y2O3’s low absorption
in that wavelength range and epitaxial compatibility with Si makes
Er:Y2O3 thin films on Si a promising material platform for quan-
tum technologies. We have successfully demonstrated the growth
of Er:Y2O3 epitaxial thin films on Si(111) and using spectroscopic
techniques demonstrated the erbium substitutes for yttrium in the
bixbyite structure at both the C2 and C3i sites where the optical decay
lifetime obtained for the C2 sites is comparable to that of bulk single
crystals. We have further carried out a detailed microstructural and
optical study of these epitaxial films. We have shown how bottom
and top spacer (or buffer) layers can improve the Er photolumines-
cence linewidths in thin films. We show, importantly, that unlike
band-edge-related photoluminescence in semiconductors, the pho-
toluminescence of the Er3+ emission (Γinh) is unaffected by crystal
quality, as determined by x-ray rocking curve linewidths. However,
we show that the photoluminescence linewidths are directly cor-
related with film thickness, indicating surface and interface effects
and potential impurity effects related to surfaces/interfaces. Lattice
engineering using La leads to improvement in the mismatch with
silicon but degrades Γinh significantly. Finally, we show that by opti-
mizing the epitaxial growth conditions, we can obtain ultra-narrow
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linewidths of 5.1 GHz in a dilution fridge setup (<100 mK) indica-
tive of high quality Er3+ incorporation in a largely non-interacting
host. Our next step would be measurement of coherence times on
this thin-film system and comparison to values observed in the
bulk.

SUPPLEMENTARY MATERIAL

See the supplementarymaterial for details on the dilution fridge
setup, further characterization, and lattice match calculations for the
lanthanum alloyed films.
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