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We report the effects of heterogeneous Yb3þ and Er3þ codoping in Y2O3 thin films on the 1535 nm
luminescence. Yb3þ:Er3þ:Y2O3 thin films were deposited using sequential radical enhanced atomic
layer deposition. The Yb3þ energy transfer was investigated for indirect and direct excitation of the
Yb 2F7/2 state using 488 nm and 976 nm sources, respectively, and the trends were described in terms
of Forster and Dexter’s resonant energy transfer theory and a macroscopic rate equation formalism.
The addition of 11 at. % Yb resulted in an increase in the effective Er3þ photoluminescence (PL)
yield at 1535 nm by a factor of 14 and 42 under 488 nm and 976 nm excitations, respectively. As the
Er2O3 local thickness was increased to greater than 1.1 Å, PL quenching occurred due to strong local
Er3þ $ Er3þ excitation migration leading to impurity quenching centers. In contrast, an increase in
the local Yb2O3 thickness generally resulted in an increase in the effective Er3þ PL yield, except
when the Er2O3 and Yb2O3 layers were separated by more than 2.3 Å or were adjacent, where weak
Yb3þ $ Er3þ coupling or strong Yb3þ $ Yb3þ interlayer migration occurred, respectively. Finally,
it is suggested that enhanced luminescence at steady state was observed under 488 nm excitation as
a result of Er3þ ! Yb3þ energy back transfer coupled with strong Yb3þ $ Yb3þ energy migration.
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4752754]
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I. INTRODUCTION

Scaling down rare earth doped systems can open paths to
compact optical device design with applications from photovoltaics, sensors, light emitting diodes, and telecommunication systems.1–4 Of the rare earths, optically active Er ions are
of considerable interest, since its well defined energy levels
enable the potential to engineer upconversion, photoluminescence (PL), and downconversion processes.1,2,5 From these
processes, Er3þ photoluminescence at 1535 nm is of particular
interest in compact amplifier applications. Considerable work
has focused on optimizing the Er concentration for the
1535 nm emission corresponding to the Er4I13/2!4I15/2 transition.6–9 Er concentrations upward of 10 at. % have been
reported before luminescent quenching effects were observed
in films with heterogeneous Er distributions.10,11 These
quenching effects have been attributed to high Er concentrations,12,13 impurities,2,14 cooperative upconversion,15,16 and
excited state absorption.9,17 Regardless of the origin, it is evident that the active Er proximity to all interacting entities
(e.g., other active Er ions, impurity centers) plays a vital role
in luminescent quenching. The interaction of Er with other
rare earths can be described using resonant energy theory,
which describes dipole-dipole energy transfer with a 1/R6
dependence, where R is the separation between the rare earth
ions.18,19 Such a strong spatial dependence warrants interest in
studying Er proximity to other optically active centers (e.g.,
sensitizers).
Sensitizers are of great interest as they provide an opportunity to improve the Er luminescence yield by effectively
0021-8979/2012/112(6)/063117/11/$30.00

absorbing light more efficiently and transferring the absorbed
energy to Er ions. Luminescence enhancement for the Er3þ
1.54 lm emission has been reported for a range of sensitizers
including silicon nanocrystals, silver, Yb3þ, and Ce3þ.20,21 Of
the reported sensitizers, Yb3þ is of great interest due to two
distinct attributes. First, the absorption cross section of Yb3þ
can be up to 10 larger than Er3þ at 980 nm, and second
the absorption band is broad.22 These attributes enable the
potential to excite the Yb3þ sensitized Er3þ films using a
broadband source while enhancing the 1.54 lm emission. In
order to achieve this enhancement, efficient Yb3þ ! Er3þ
energy transfer must take place.
Yb3þ ! Er3þ energy transfer has been studied for homogeneously doped films with low rare earth ion concentrations,22–27
but little work has been reported on heterogeneously doped systems8,28,29 despite reports of PL enhancement at high Er3þ concentrations (11.8 at. %) in nanostructured Er3þ:Y2O3 films.
Suarez-Garcia et al.29 used pulsed laser deposition to grow
amorphous Yb3þ and Er3þ codoped Al2O3 thin films and found
evidence of Yb3þ to Er3þ energy transfer between Yb2O3 and
Er2O3 layers separated by 30 Å of Al2O3. The results showed the
importance of spatial distance in energy transfer. Unfortunately,
the spatial distances under investigation were relatively large,
such that energy transfer was weak.
In this work, we investigate nanostructured Yb3þ and
3þ
Er doped Y2O3 films with high Yb3þ and Er3þ concentrations and inherently small rare earth ion proximities. Nanostructured thin films were deposited using sequential radical
enhanced atomic layer deposition (RE-ALD). By changing
the combinations of alternating deposition sequences of Y2O3,
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Er2O3, and Yb2O3, nanolaminate films with varying local rare
earth oxide thicknesses were formed. Controlling the local
Er2O3 and Yb2O3 thicknesses enabled the study of interlayer
Er3þ $ Er3þ and Yb3þ $ Yb3þ migration, respectively,
while controlling the local Y2O3 between Er2O3 and Yb2O3
enabled a study of intralayer Yb3þ $ Er3þ energy migration.
We note our RE-ALD process showed some variability
in film thickness control. We suspect the variability to originate from changes in film nucleation when switching rare
earth oxides30 or changes in precursor vapor pressure or
decomposition with varying dwell times as the deposition
sequence changes. As a result, a systematic approach to
study the rare earth proximity was not taken. Instead, we
show the changes in the 1535 nm photoluminescence under
488 nm and 976 nm excitations as functions of rare earth
concentration, thickness, and proximity to study each deposition sequence as a whole. We do this by combining our
understanding of Er3þ $ Er3þ energy transfer in nanostructured Er3þ:Y2O3 from recent work11 with energy transfer
theory, namely, a rate equation formalism27 and resonant
energy transfer theory.18,19
II. EXPERIMENTAL SETUP

A detailed description of the ultra-high vacuum chamber, process conditions, and experimental technique have
been discussed previously, so only a brief description is summarized here.31,32 Thin films of Yb3þ and Er3þ codoped
Y2O3 were deposited on Si (100) substrates at 350  C using
RE-ALD. A 3 array doser enabled the injection of 3 precursors without cross contamination. The precursors of choice
were metal b-diketonates, M(TMHD)3 (M ¼ Y, Er, or Yb),
with atomic oxygen as the oxidant. All local cycle sequences
followed a 10 s precursor pulse, a 5 s pump down, a 30 s
atomic oxygen pulse, then a 5 s pump down. The following
temperatures were used to achieve sufficient precursor
fluxes: 110  C for Y(TMHD)3, 130  C for Er(TMHD)3, and
130  C for Yb(TMHD)3. Nanostructuring and spatial control
of Yb3þ and Er3þ in Y2O3 samples were achieved by alternating the deposition cycles of Y2O3, Er2O3, and Yb2O3. The
combined effects of Yb3þ concentration and nanostructuring
dependences were investigated using an Y2O3:Er2O3:Yb2O3
¼ 1:1:a local cycle sequence with a equal to 0, 1, and 5. A
comparison of the effects of nanostructuring in Y2O3, Er2O3,
and Yb2O3 were investigated by changing the Y2O3:Er2O3:
Yb2O3 ¼ 1:1:1 cycle sequence where one of the oxide cycles
was changed to 5 (e.g., 1:1:5). The separation of Er2O3 and
Yb2O3 layers was studied using an Y2O3:Er2O3:Y2O3:Yb2O3
¼ b:1:b:1 sequence where b was 0, 1, 3, 5, 7, 10, and 15,
while Er2O3 and Yb2O3 nanostructuring was investigated
using an Y2O3:Er2O3:Y2O3:Yb2O3 ¼ 5:j:5:k sequence with
j and k equal to 1, 3, 5, and 7. Yb3þ:Er3þ:Y2O3 films were
grown by repeating the global deposition sequence by at
least 75 times.
The film composition was determined with x-ray photoelectron spectroscopy (XPS), using a monochromated Al
source on a Kratos Axis Ultra XPS system with take-off
angles of 90 with respect to the sample surface. A survey
spectrum using a pass energy of 80 eV yielding a step size of
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0.5 eV was performed to determine the surface elements.
The spectrum was referenced to the C-C 1s binding energy
at 285 eV. The reported rare earth concentrations account for
Y, Er, Yb, and O as well as carbon impurities and excess O.
The thin films contained 10 at. % carbon and 15 at. %
excess oxygen. The film thickness of Yb3þ:Er3þ:Y2O3 was
determined to be between 74.3 and 195.7 nm by spectroscopic ellipsometry (J. A. Woollam M-88) using an optical
model of the highest constituent rare earth oxide. Assuming
–CH and -OH impurities were homogeneously distributed in
the film, the local rare earth oxide thickness was estimated
by dividing the film thickness as measured by spectroscopic
ellipsometry by the total number of deposition sequences
used, then scaling this number with the measured rare earth
concentrations.
PL measurements were performed at room temperature on
Er-doped Y2O3 films with two excitation sources. The excitation of the Er 4F7/2 was examined with an Ar laser (488 nm) at
800 mW, while the direct excitation of the Yb 2F5/2 level was
studied with a laser diode (976 nm) at 1500 mA. The estimated
spot size based on the focal length of the mirror and a beam diameter of 2 mm was 46 lm and 93 lm for the Ar source and
laser diode source, respectively. Using the beam diameters,
photon fluxes were estimated to be 8.9  1022 cm2 s1 and
3.6  1022 cm2 s1 for the Ar laser and laser diode sources,
respectively. A liquid nitrogen cooled Princeton OMA V
InGaAs detector was used to collect spectra from 900 to
1650 nm. To assess the effects of rare earth concentration, proximity, and nanostructuring, backgrounds were subtracted from
the PL spectra, and the spectra were integrated from 1400 to
1620 nm. The effects of the parameters under investigation
were described in terms of two factors: a normalized PL and an
effective Er PL yield. The normalized PL was defined as
PL ¼

integrated PL intensity
:
film thickness

(1)

This parameter was used for quantitative comparisons
between thin film materials with different structural properties and rare earth doping concentrations.
The effective Er PL yield was determined by
YPL ¼

PL
PL
¼
:
Er concentration ½Er

(2)

This factor represents an effective efficiency at steady state
for the conversion of the excitation photon wavelength (e.g.,
488 or 976 nm) to the desired wavelength of 1535 nm for
Er3þ. As these values were unique to the PL measurement
setup, they were assessed in terms of relative changes in
magnitudes.

III. RESULTS

The RE-ALD growth of nanostructured Y2O3 and Er2O3
using Y(TMHD)3 and Er(TMHD)3, respectively, was previously confirmed using a quartz crystal microbalance.31,32 In
this work, Yb2O3 growth using Yb(TMHD)3 precursor was
confirmed to behave similarly to the Y2O3 and Er2O3
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FIG. 1. (a) XPS survey scans showed
that RE-ALD of Yb(TMHD)3 yielded
Yb2O3 films with no signs of cross contamination. (b) The Yb2O3 film thickness
was linear with the number of cycles suggesting the growth was ALD-like.

analogs. Figure 1(a) shows the XPS spectrum for Yb2O3 thin
film deposited using Yb(TMHD)3 and atomic oxygen.
Although the Y(TMHD)3 and Er(TMHD)3 lines were heated,
the Yb2O3 thin film showed no signs of Y and Er, suggesting
that the incorporation of Yb2O3 was controlled. Figure 1(b)
shows the Yb2O3 film thickness plotted as a function of the
number of cycles. A linear dependence was observed suggesting that the deposition was ALD-like. Although the growth
saturation behavior was not studied, the Yb2O3 deposition
control was sufficient to study rare earth ion energy transfer.
The control of Er2O3 and Yb2O3 concentration and
nanostructure was confirmed using a set of experiments following an Y2O3:Er2O3:Y2O3:Yb2O3¼5:j:5:k deposition
sequence. Figure 2 shows the concentration and thickness of
each constituent metal oxide, Y2O3, Er2O3, and Yb2O3, as a
function of Er2O3 and Yb2O3 cycles, j and k, respectively.
Regardless of the Er2O3 cycles, an increase in the number of
Yb2O3 cycles k resulted in an increase in the Yb concentration ranging from 0.9 to 5.9 at. %. A similar but weaker trend
was observed for Er2O3 with increasing j. An increase in
Er2O3 cycles effectively increased the Er concentration from
4.7 to 8.3 at. %. The relatively high Er concentration for 1
cycle of Er2O3 was attributed to Er(TMHD)3 decomposition
at long dwell times. As the precursors were isolated in their
respective housings, longer time in between the injections
could lead to decomposition. The effect of increasing dwell
time was also evident from the observed increase in Er2O3
thickness with increasing Yb2O3 cycles as shown in Figure
2(e). Over the full matrix of experiments, increases in Yb2O3
thicknesses from 0.4 to 3.6 Å and Er2O3 thicknesses from 2.2
to 5.4 Å were observed with increasing Yb2O3 and Er2O3
cycles, respectively. Other deposition sequences (not shown)
showed similar trends for concentration and thicknesses. We
note that the number of cycles in the deposition sequence did
not correspond to the thickness as the dwell times and differences in nucleation during the ALD of nanolaminates could
affect film growth.30 As a consequence, it was difficult to
single out effects of individual parameters such as the rare
earth oxide thickness. As such, the PL data was presented for
each deposition sequence as a function of rare earth oxide
and concentration to provide a complete picture of the
trends. Since resonant energy transfer between rare earth
ions follow a 1/R6 dependence and is arguably stronger in

like ions (e.g., Er3þ $ Er3þ energy excitation migration),
the effects of local rare earth oxide thicknesses (<5 Å) was
expected to dominate. We also note that based on the deposition sequence, the reported Y2O3 represents the spacing
between Yb2O3 and Er2O3 layers. Short distances between
Yb2O3 and Er2O3 have a strong effect on the PL at 1535 nm
as Yb3þ $ Er3þ energy transfer heavily influences the Er3þ
PL yield at 1535 nm. As such, the PL yields were reported
for each rare earth oxide thickness, and based on the trends
and film stacks, the effects of the presumed dominant energy
transfer were discussed.
Photoluminescence dependence on the Yb3þ concentration and nanostructuring was studied using adjacent Yb2O3
and Er2O3 layers following a deposition sequence of
Y2O3:Er2O3:Yb2O3 ¼ 1:1:a (where a ¼ 0, 1, and 5). An
increase in Yb2O3 cycles corresponded to an increase in
both the Yb3þ concentration and local Yb2O3 thickness.
Figure 3(a) shows the PL spectra under 488 nm and 976 nm
excitations. Under 488 nm excitation, a noticeable increase
in the PL spectra was observed with increasing Yb2O3
cycles. The PL enhancement under indirect excitation of
Yb3þ was consistent with literature reports for Yb3þ and
Er3þ codoped silica thin films.33 When 1 cycle of Yb2O3 was
added to the deposition sequence, the shoulder at 1480 nm
showed a considerable increase in intensity relative to the
peak PL at 1535 nm. For the deposition sequence with
5 Yb2O3 cycles, the peak intensity increased, while the
shoulder decreased in intensity. The change in spectral shape
was indicative of a change in the steady state excitation populations of Yb3þ and Er3þ. Under 976 nm excitation, the PL
shape changed in a similar fashion but showed a larger relative increase in PL intensity with increasing Yb2O3 cycles.
The effects of Yb2O3 nanostructuring on PL were studied
for adjacent local Yb2O3 and Er2O3 layers. Specifically, the
effective Er3þ PL yield was investigated as a function of
Yb2O3 thicknesses. Figure 3(b) summarizes the results. Under
488 nm excitation, the effective Er3þ PL yield increased linearly with increasing Yb2O3. As shown in Figure 3(c), the
effective Er3þ PL yield increased non-linearly with increasing
Yb3þ concentrations. The effective PL yield was increased by
14 times relative to the non-sensitized films with the addition of 11 at. % Yb in Er3þ:Y2O3 films. Under 976 nm excitation, the effective Er3þ PL yield increased with increasing Yb
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FIG. 2. XPS determined compositions for rare
earth oxide grown with an Y2O3:Er2O3:Y2O3:Yb2O3
¼ 5:j:5:k deposition sequence. The left column
shows the concentrations of (a) Y, (b) Er, and (c)
Yb and the right column shows the corresponding
thicknesses of (d) Y2O3, (e) Er2O3, and (f) Yb2O3.

concentration. The effective PL yield was found to increase
by up to 42 with the addition of 10.5 at. % Yb. As expected,
the enhancement was greater under direct Yb3þ excitation at
976 nm.
A comparison of the nanostructuring effects in Y2O3,
Er2O3, and Yb2O3 thicknesses were investigated by comparing a baseline deposition sequence of Y2O3:Er2O3:Yb2O3
¼1:1:1 with sequences where each single local cycle
sequence is replaced by 5 cycles (e.g., Y2O3:Er2O3:Yb2O3
¼ 5:1:1). Figure 4(a) shows the resulting PL spectra. Under
488 nm excitation, the PL spectra showed a main peak at
1535 nm with two side shoulders. Under the 976 nm excitation, the film grown with an Y2O3:Er2O3:Yb2O3 ¼ 1:1:5
sequence showed the largest effective PL yield. Figure 4(b)
shows the effective Er3þ PL yield with the rare earth oxide
thicknesses. Under 488 nm excitation, an increase in Yb2O3
thickness resulted in an increase in the PL yield, while an
increase in the Er2O3 thickness led to quenching, consistent
with previous reports.11 Similar trends were observed under
976 nm excitation with the exception that the enhancement
was stronger. Figures 4(c) and 4(d) showed that, under the
488 nm excitation, the normalized PL and effective PL yield
generally increased with increasing Er3þ and Yb3þ concentrations, respectively. However, under 976 nm excitation, the

normalized PL showed a maximum that was followed by
luminescence quenching with increasing Er concentrations.
The effects of Er2O3 and Yb2O3 nanostructuring were
also investigated using a set of 16 experiments following an
Y2O3:Er2O3:Y2O3:Yb2O3 ¼ 5:j:5:k deposition sequence. The
deposition sequence was intended to ensure that the Er2O3
and Yb2O3 layers were separated. Figures 5(a) and 5(b) illustrate the effects of Yb2O3 and Er2O3 thicknesses. The Yb2O3
thickness data was grouped by Er2O3 cycles, and vice versa,
for clarity. An increase in either Yb2O3 or Er2O3 thickness
resulted in a decrease in the effective PL yield under both excitation sources. The corresponding Er3þ and Yb3þ concentrations shown in Figures 5(c) and 5(d) showed PL
quenching with increased rare earth concentrations.
The effects of proximity between Er2O3 and Yb2O3
layers were studied using an Y2O3:Er2O3:Y2O3:Yb2O3
¼ b:1:b:1 deposition sequence. An increase in the number of
Y2O3 cycles, b, presumably resulted in an increase in the
mean separation distance based on the ALD deposition
sequence. Figure 6(a) shows the effective Er3þ PL yield as a
function of rare earth oxide thickness. Under 488 nm excitation, the PL yield was quenched when the Er2O3 and Yb2O3
layers were adjacent (e.g., b ¼ 0). When the combined thickness of the two Y2O3 layers was 1.5 Å, the PL yield was
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FIG. 3. Optical properties of rare earth
oxides grown with Y:Er:Yb ¼ 1:1:a deposition sequence. The left and right
columns show the results under 488 nm
excitation at 800 mW and 976 nm excitation at 1500 mA, respectively: (a) PL,
and effective PL yields as a function of
(b) varying rare earth oxide thicknesses
and (c) Yb concentration.

enhanced by 8.0 and slowly decreased with increasing
Y2O3 thickness. We note that the Er2O3 and Yb2O3 thickness
changed only slightly with the deposition sequence with the
exception of the case in which there were no Y2O3 cycles in
the deposition sequence. In this case, the Er2O3 and Yb2O3
thicknesses were significantly thicker. Similarly, under the
976 nm excitation and in the absence of Y2O3, the PL yield
was quenched. When the combined Y2O3 thickness was
1.5 Å, a 6.2 PL enhancement was observed. Further
increasing the Y2O3 thickness to 4.5 Å resulted in an additional 1.5 in PL enhancement. For a combined Y2O3 thickness greater than 4.5 Å, the PL appeared to quench. Based on
the experiments, the Yb3þ ! Er3þ energy transfer efficiency
under steady state 976 nm excitation had an optimum at
2.3 Å (e.g., half the combined Y2O3 thickness of 4.5 Å).
Figure 6(b) shows the normalized PL yield increased with
increasing Er concentration as expected, under both excitation wavelengths. The effective PL yields are shown as a
function of Yb concentration in Figure 6(c). Under 488 nm
excitation, a general increase was observed with increasing

concentration with the exception of the decrease in PL for
the 9.7 at. % Yb3þ sample, corresponding to a sample with
no Y2O3. Under the 976 nm excitation, however, the effective Er3þ PL yield was found to decrease with increasing
Yb3þ concentration.
IV. DISCUSSION

Based on the observed trends, the effects of Er2O3 and
Yb2O3 nanostructuring were described in terms of resonant
energy transfer theory and a macroscopic picture observed
from a rate equation formalism. Figure 7 shows a schematic
of key concepts used to explain the trends. First, for energy
transfer to occur, the active ions must have overlapping
energy states. Figure 7(a) shows a simplified picture of the
excitation pathways that can occur under 488 nm and 976 nm
excitations. Based on the schematic, a 488 nm source can be
used to investigate energy transfer under direct Er3þ excitation, while a 976 nm source can be used to examine energy
transfer under direct Yb3þ excitation as Yb3þ has up to 10
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FIG. 4. Optical properties of rare earth
oxides grown with Y:Er:Yb ¼ 1:1:1 deposition sequence, where one single rare
earth oxide cycle was increased to 5 at
a time. The left and right columns
show the results under 488 nm excitation
at 800 mW and 976 nm excitation at
1500 mA, respectively: (a) PL, and
effective PL yields or normalized PL as
a function of (b) varying rare earth oxide
thicknesses, (c) Er concentration, and
(d) Yb concentration.

the absorption cross section compared to Er3þ at this specific
wavelength.20,22 Resonance through overlapping energy
states also implies that active ions with similar environments
have stronger interactions than ions that have different environments. In other words, migration between like ions is
stronger than migration between unlike ions for a given ion-

ion distance and excited state population. Second, energy
transfer between ions is limited by their proximity and follow a 1/R6 dependence (R is the distance between the ions),
where a shorter distance corresponds to stronger interactions.
Figure 7(b) shows a schematic of one repeating nanolaminate stack in a typical film. Within the stack, Er3þ in the
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FIG. 5. Optical properties of rare
earth oxides grown with an Y2O3:Er2O3:
Y2O3:Yb2O3 ¼ 5:j:5:k deposition sequence.
The left and right columns show the results
under 488 nm excitation at 800 mW and
976 nm excitation at 1500 mA, respectively:
the effective PL yields or normalized PL as
a function of (a) Yb2O3 thickness, (b)
Er2O3 thickness, (c) Er concentration, and
(d) Yb concentration.

Er2O3 layers and Yb3þ in the Yb2O3 are expected to have
strong interactions compared to Yb3þ $ Er3þ energy transfer
between the Yb2O3 and Er2O3 layers. The third important concept is illustrated in Figure 7(c) and is a representative of the
rate equation formalism that has been used to describe Yb3þ $
Er3þ.23,34 The formalism highlights population effects. Conceptually it means that for two resonant energy states, energy

migration is more favorable from a more populated state to a
less populated state (with all other factors equal). Using these
three concepts, energy transfer in heterogeneously Yb3þ and
Er3þ doped thin films is described for Er3þ $ Er3þ, Yb3þ $
Yb3þ, and Yb3þ $ Er3þ energy transfer. As the rare earth dopant concentration and nanostructuring were inherently coupled,
the general trends were discussed for each film set.
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FIG. 6. Optical properties of rare earth
oxides grown with an Y2O3:Er2O3:Y2O3:
Yb2O3 ¼ b:1:b:1 deposition sequence.
The left and right columns show the
results under 488 nm excitation at 800
mW and 976 nm excitation at 1500 mA,
respectively: the effective PL yields or
normalized PL as a function of (a) oxide
thicknesses, (b) Er concentration, and (c)
Yb concentration.

The effects of local Er2O3 thickness were consistent
with a previous report for Er3þ doped Y2O3.11 Under both
excitation wavelengths, an increase in the local Er2O3 thickness resulted in PL quenching in which we attribute to
increasing Er3þ $ Er3þ migration leading to quenching
impurities such as –CH and –OH.14 The main difference was
that quenching was apparent at local Er2O3 thicknesses of
1.0 Å for Yb3þ codoped films compared to 2.4 Å in the
unsensitized films. This suggested that the introduction of
Yb2O3 could introduce additional migration channels eventually leading to a quenching center. At the same time, it was
evident that introducing Yb3þ or increasing the Yb2O3 thickness resulted in PL enhancement. The spatial studies (Figure 6)
under both excitations showed that when the local Yb2O3
and Er2O3 layers were adjacent (or not separated by Y2O3),
the effective Er3þ PL yield was significantly reduced. This
suggested that strong Yb3þ $ Er3þ energy transfer in heterogeneously doped Yb3þ and Er3þ films could lead to quenching. Based on resonant energy transfer theory, local energy

migration within the Er2O3 and Yb2O3 layers was expected to
be stronger than Yb3þ $ Er3þ energy transfer. As a result,
Yb3þ $ Er3þ energy transfer could act as the limiting energy
transfer rate for energy migration in the film stack. Increased
energy migration in the film due to stronger coupling between
local Yb2O3 and Er2O3 could lead to the increased likelihood
of excitation migration to quenching centers. The end result
would be a net increase in quenching with increasing
Yb3þ $ Er3þ energy transfer rate. We note that strong intralayer Yb2O3 and Er2O3 migration could also explain the
observed quenching, but Yb2O3 and Er2O3 interlayer energy
migration and migration between adjacent Yb2O3 and Er2O3
layers was expected to be stronger based on the 1/R6 spatial
dependence.
Next, the effects of changing the Yb2O3 thickness are discussed. Figure 3(b) shows that when the Yb2O3 thickness
increases, the PL yield increases for both excitation wavelengths. We note that the Er2O3 thickness did not significantly
change in this set of experiments; therefore, PL quenching
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FIG. 7. Three concepts based on resonant energy theory and a rate equation formalism were used to describe the energy transfer in the Yb3þ and Er3þ (C2 site)
codoped system. Energy transfer is promoted when (a) energy levels overlap and/or (b) interacting active ions are in closer proximity. (c) In addition, relative
populations of interacting excited states drives resonant energy transfer from high to low populations.

due to Er3þ $ Er3þ energy migration was expected to be
minimal. The increase in PL with increasing Yb2O3 was
attributed to a higher concentration of absorbing Yb3þ ions
and/or strong Yb3þ $ Yb3þ energy migration leading to a relatively higher excited state population of the Yb3þ 2F5/2
energy level. The other experiments showed strong quenching
as the Er2O3 thickness varied making it difficult to correlate
changes in PL with the Yb2O3 thickness.
We compared the PL under direct (976 nm source) and
indirect (488 nm source) Yb3þ excitation to study energy
transfer in heterogeneous Yb3þ and Er3þ codoped systems.
PL enhancement was observed under both excitation sources
and showed rather similar trends with Yb2O3 and Er2O3
nanostructuring. The PL enhancement with increasing Yb3þ
incorporation under 976 nm excitation could be interpreted
as a result of improved Yb3þ ! Er3þ energy transfer originating from the relatively large Yb3þ absorption cross section and strong Yb3þ $ Yb3þ energy migration causing a

higher population of Yb3þ 2F5/2 state. Thus, the driving force
for the enhancement was the increase in the excited state
Yb3þ energy level. Under 488 nm excitation, the Yb3þ ions
were not directly excited, yet significant PL enhancement
was observed. Kozanecki et al.33 suggested that the PL
enhancement under 488 nm excitation occurred through
intracenter non-radiative relaxation of an excited Yb* (e.g.,
Yb2þ) complex resulting in an Yb 2F7/2 ! 2F5/2 transition.
This proposed mechanism suggested a change in the chemical bonding environment of Yb, which seems unlikely.
We propose that the observed PL enhancement at steady
state could originate from Er3þ ! Yb3þ energy back transfer. To better understand the differences in energy transfer,
we looked at the differences in PL under the two excitation
sources. Notable differences included weaker enhancement
under 488 nm excitation compared to 976 nm excitation and
subtle differences in PL enhancement. Relatively weaker
observed PL enhancement suggested a weaker driving force.
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In this case, the driving force was the increased population
of the Yb3þ 2F5/2 state. As Yb3þ was not directly excited, it
was expected that the excited state population was lower
compared to the case of direct excitation (976 nm). Based on
resonant energy theory, Yb3þ 2F5/2 state could be populated
from Er3þ ! Yb3þ energy back transfer. Er3þ ! Yb3þ
energy back transfer could also be more prominent in Y2O3
host as the reported lifetime of Er3þ 4I11/2 (few ms) was comparable to the Er3þ 4I13/2 lifetime.35 As these films were
nanostructured, the Yb3þ ions were in close vicinity to
neighboring Yb3þ ions, and likewise for the Er3þ ions. The
close proximity and “stronger” resonance for like ions (based
on absorption and emission overlap) results in larger interlayer Yb3þ $ Yb3þ and Er3þ $ Er3þ energy migration rates
relative to Yb3þ $ Er3þ energy transfer rate, giving energy
transfer in like ions a larger bearing on the steady state
excited state populations than energy transfer between Yb3þ
and Er3þ. From a rate equation perspective, Er3þ ! Yb3þ
energy back transfer could fill the Yb3þ 2F5/2 states to a point
where the Yb3þ 2F5/2 excited state population was larger
than the population of Er3þ 4I11/2 state. This could result in a
driving force favoring a net Yb3þ!Er3þ energy transfer,
ultimately leading to a higher relative Er3þ 4I11/2 at steady
state (Er3þ 4I11/2 with Yb3þ relative to without Yb3þ) and
consequently resulting in the observed enhanced PL.
Finally, differences in PL under the two excitation sources could be explained in terms of the excitation process.
Under 976 nm, Yb3þ was directly excited and higher order
energy processes such as upconversion and excited state
absorption (ESA)16,36 could contribute to PL quenching. This
was evident in the Figure 4(c), where the normalized PL under
976 nm excitation decreased when the Er concentration was
greater 5 at. %, while under 488 nm excitation the normalized PL increased with increasing Er concentration.
In summary, the observed trends were explained in terms
of resonant energy transfer theory and a macroscopic picture
based on the rate equations. The experimental data suggests
that under continuous indirect pumping energy back transfer
could lead to enhancement. The enhancement was promoted
by strong sensitizer-sensitizer migration inherent in heterogeneous nanolaminate structures. The conceptual agreement
with data has strong implications on modeling the PL of heterogeneous films. By accounting for energy resonance, proximity, and excited state populations, the PL could be modeled.
Such a model would be a powerful tool to compare the optical
properties of heterogeneous films to their homogeneous
counterparts.
V. CONCLUSION

Thin films of nanostructured and spatially controlled
Yb3þ and Er3þ doped Y2O3 were deposited using RE-ALD,
and the effects of nanostructuring, spatial distance, and Yb
and Er concentration was assessed. The thin films possessed
1.9 to 11.8 at. % Er and 0 to 10.5 at. % Yb as determined by
XPS. Enhancement was observed under both 976 nm and
488 nm excitations with up to 8.1 and 2.1 enhancements,
respectively. Enhancement under 976 nm excitation was due
to efficient Yb3þ to Er3þ energy transfer, while enhancement
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with 488 nm pumping was attributed to the Er3þ to Yb3þ
energy back transfer process. Under 488 nm pumping, an
increase in the Yb2O3 thickness was found to result in an
increase in luminescence except when the Yb2O3 and Er2O3
layers were well separated. In addition, it was determined
that Yb3þ $ Yb3þ and Er3þ $ Er3þ energy transfer was
stronger than that of Yb3þ $ Er3þ, which agrees with resonant energy transfer theory relating the overlap of donor
emission and acceptor absorption spectra to the probability
of energy transfer.
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