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ABSTRACT

The characterization of a wide range of luminescent thin films can be a long and tedious endeavor. With reactive
combinatorial sputtering of multiple metal targets, it possible to fabricate thin films with a gradient in
composition simply by not rotating the substrate. In this work, combinatorically sputtered thin films of Cr>* and
Nd*+ doped in the Al;03-Y203 system (YAIO) are studied for thin film based luminescent solar concentrators
(TFLSCs) application. Contrary to mm’s thick plate type LSC’s, TFLSCs of just several 100 nm thick require much
higher Cr®* concentration to achieve 40% absorption which can enable several 10’s of W/m? LSC power effi-
ciencies. Our transmission measurements on a CryOs3 film with a thickness gradient result in an absorption cross
section at 460 nm of 1.3 + 0.7 x 107'° cm? showing that the TFLSC absorption requirement can be fulfilled
provided that the Cr®* concentration is in the order of 1022 ions/cm®. The Y:Al ratio of the YAIO host in our films
ranged between 0.5 and 3.5, thereby including the monoclinic (Y4Al509), perovskite (YAlO3) and garnet
(Y3Al5012) stoichiometry’s on a single film. Position dependent XRD, EDX, excitation, emission and lifetime
measurements of Cr>* and Nd®* show that the unique gradient film sputtering method is able to characterize thin
films as a function of host composition and doping concentration. Energy transfer between Cr®* and Nd** in co-
doped YAIO films is concluded from Cr®* excitation bands observed while monitoring Nd** emission and from
the matching of the rise-time of Nd** 1340 nm emission (4F3/2 - 1, ,2) and the decay time of cr®t 840 nm
emission (“Ty -> *A,). Nd3* lifetime systematically decreases from 0.24 to 0.05 ms with increasing Cr>* con-
centration in Y3Als4CryO12:Nd (0.05 < x < 2). The constraints of heavily doped Cr®t thin films for enabling
adequate absorption and energy transfer to Nd** in TFLSC applications are the subjects of the discussion.

1. Introduction

i. Broadband UV to VIS absorption of around 40% at all
wavelengths

Conventional luminescent solar concentrators (LSC’s) are in the form
of a single glass or polymer plate of several millimetres thick in which
the luminescent species are introduced directly [1,2]. The plate acts as a
sunlight absorbing waveguide in which generated luminescence light is
guided to mounted solar cells at the edge. Thin film based luminescent
solar concentrators (TFLSC’s) fabricated via (reactive) magnetron
sputtering are an attractive alternative design due to the compatibility
with current glass industry large-scale coating capabilities. In general to
achieve an LSC power conversion efficiency of 5-10% (i.e. several 10’s
of W/m2) with Si-solar cells there are three main criteria that must be
met [3]:
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ii. Minimum reabsorption losses due to overlap of absorption and
emission.

iii. Near-unity photoluminescent quantum yield (PLQY) of the
emission that is efficiently convertible to power by silicon solar
cells.

Nd®* satisfies the last two criteria, but not the first. The narrow,
weak, forbidden 4f-4f transitions of the rare-earths do not provide
adequate absorption. To accommodate for this, a strong and broad
absorbing sensitizer can be used such as Cr>*. The combination of Cr>*
and Nd* in glass has been considered for LSC applications in the con-
ventional bulk plate configuration in the 1980s [4,5].

The Cr3* concentration in these works was <1 mol.%, which would
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be too low in a thin film of several hundred nanometers considering
condition (i). The absorption of a material can be calculated using
equation (1), known as the Lambert-Beer law:

A=1—e¢ (@]

Where « is the absorption coefficient (cm™!) and d the film thickness
(cm). It can be shown using the Lambert-Beer law, that the absorption
coefficient of the thin film must be roughly 5000 cm™! in order to
achieve 40% internal absorption (excluding reflection or scattering
losses) in a thin film with an industrial compatible thickness of 1 pm. a is
simply the product of the concentration C of absorbing ions (cm™>) and
the absorption cross section ¢ (cm?). Using Cr doped inside Al,Os,
commonly known as ruby, as an example, we can find the necessary Cr>*
content to absorb approximately 40% within a 1 pm thin film. Because ¢
of Cr** at 430 nm in Al,O3is 1.1 x 10719 cm? [6], C must be around 4.5
x 10%2 cm’s, which is close to C of Al in Al;,03 (4.7 x 1022 cm’3). This
indicates that nearly all Al atoms must be replaced with Cr. This simple
calculation shows that in order for TFLSC’s to be efficient they must
work with high concentrations of relatively strong absorbing species.
Part of this work demonstrates a simple method to find the absorption
cross section of Cr>* using a single Cr,Os thin film with varying thick-
ness together with the Lambert-Beer law.

Although Al;03 can accommodate a high concentration cr®t at the
AIPY sites, there is no available site for the much larger Nd** ion.
Yttrium aluminate (Y203-Al303) provides a suitable site for both crit
and Nd3* and has been studied for numerous applications such as solid-
state lasers, solar pumped lasers, luminescent thermometers and more
[7-9]. Yttrium aluminate exists in three phases: monoclinic (Y4Al;0g or
YAM), perovskite (YAIO3 or YAP) and garnet (Y3Als012 or YAG). The
energy transfer between Cr®* and Nd3" has extensively been studied for
YAG and YAP crystals with reported energy transfer efficiencies of 48
and 67% respectively [10-12]. The probability of energy transfer from
Cr®* was reported to be higher than that of non-radiative transitions of
cr*t, indicating that the fluorescent quantum efficiency of Cr>* is not a
limiting factor in the maximum energy transfer efficiency [4,13].
Studies of Cr®" luminescence as function of concentration in single
doped Al,03 has shown that Cr>* emission quenches at concentrations
<1 at.% due to the formation of Cr pairs that act as energy sinks [14,15].
Single Cr®* ions can efficiently transfer energy amongst one another
until it arrives at a Cr pair of which the decay rate is much faster,
resulting in a quick dissipation of the energy. However it has been shown
that incorporating another dopant such as Nd>* allows to delay the Cr*
concentration quenching effect [16]. Taken all together it is worth
revisiting the Cr>* and Nd>* pair, in order to study their behavior in thin
films with high concentration of cr®* which can provide adequate ab-
sorption and perhaps facilitate energy transfer to Nd>*.

Studying luminescent properties of Y503, YAM, YAP, YAG and Al,03
thin films doped with a range of Cr and Nd concentrations is a daunting
task. However, using a unique approach that involves sputtering
composition and doping concentration gradient thin films allows to
analyze the behavior of the luminescence as a function of composition in
arapid fashion with a limited number of thin films. Our strategy is to use
the gradient method to identify the optimum composition and subse-
quently when it is worthwhile to sputter homogeneous films with the
same composition with other specialized sputtering systems. In this
work we demonstrate the usefulness and validity of this gradient
deposition technique as we explore the AlpO3-Y203 system doped with
cr*t and Nd®'. Rather than to investigate various properties of each
phase of the Al;03-Y203 system in detail, this work concerns itself with
trends on single gradient films to underscore the power of the gradient
method. We report on which phases of the Al;03-Y503 system are most
likely to form in thin films. The energy transfer between Cr>* and Nd>*
as a function of host and Cr®* concentration is qualitatively studied. We
consider extreme cases where we replace 100% of Al with Cr in CrpO3
and YCrOs thin films. Position dependent transmission, emission and
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lifetime measurements are provided and related to local composition.
Finally a discussion is made on this gradient film method and the limi-
tations of highly doped Cr>* thin films to accommodate the necessary
absorption and to facilitate energy transfer to Nd>* for LSC applications.

2. Experimental details
2.1. Fabrication of thin films

A total of 9 samples were deposited on a non-rotating 44 x 44 x 1
mm? quartz substrate (except for one sample, CRO8, which was depos-
ited on a 50 x 50 x 1 mm® quartz substrate) using an AJA ATC Orion 5
magnetron sputtering system. Sputtering was done in a mixed atmo-
sphere of oxygen and argon from four 2" diameter and 1/4” thick targets:
Y (99.9%), Al (99.999%), Cr (99.95%) and Nd (99.9%) (Demaco). Two
pulsed direct current (DC) and two radio-frequency (RF) power supplies
were used. Prior to deposition the sputter chamber is evacuated to a base
pressure in the order of 0.1 mPa. The working pressure during sputtering
is 0.4 Pa with a total gas flow of 15.0 sccm. The oxygen gas flow was
chosen to be at the ‘first critical point’ identified through a typical
hysteresis experiment [17]. The power on each target along with the O,
flow was varied slightly between samples to acquire the desired com-
positions. Sputtering parameters used per sample can be seen in Table 1.
The deposition time for CRO1 to CRO7 is 1500s and 2000s for CRO8 and
CRO9, this deposition time was chosen to ensure a thickness below 1 pm.
The working distance between target and substrate is 10 cm. The four
targets are at right angles from one another, where each target is aligned
so that the highest deposition rate is approximately at the edge of the
substrate, in a sputter up configuration. In order to achieve doping
concentrations between 1 and 10% of Cr a mask with holes is installed
above the targets to reduce deposition rates by roughly 75 or 90%. For
Nd, the magnetic strength of the magnetron is reduced to achieve doping
concentration between 0.5 and 4%. For CR09 (Cr303), it has been shown
that a substrate temperature of at least 500 °C is required to promote
crystallinity which results in clear Cr®* absorption [18]. The substrate is
heated at 600 °C during deposition for all films and is not rotated in
order to obtain a compositional gradient. A schematic can be seen in
Fig. 1. The gradient AlpO3-Y203 films doped with Nd and Cr are given
the name YAIO:Cr (x%) where x is the desired doping percentage of Cr in
the center of the film, whereas the Nd concentration gradient was such
that values never exceed 1 at.% anywhere in the film. After deposition,
each sample was post annealed using a tube furnace at 1100 °C in an air
atmosphere for 3 h. Annealing at these temperatures proved to be crucial
in obtaining Cr>" luminescence in the thin films.

Table 1

Sample specific sputter parameters used for the fabrication of the 9 thin films
reported in this work. Common parameters are mentioned in the text. Sample
names indicate their estimated doping Cr concentration at each film’s center. All
samples are estimated to have 1% Nd doping in the center except for CRO2 and
CRO3 which have no Nd. *Mask placed on target to reduce deposition rate of Cr
by roughly *70% or **90%. “No Nd in film. *substrate of 50 x 50 x 1 mm® used
instead of 44 x 44 x 1 mm>,

D Layout Composition 02 (sccm) Y/Al/Cr/Nd (W)
CRO1 1 YAIO 1.9 120/120/0/25
CR0O2 1 YAIO:Cr (1%) * 1.6 110/130/90%*/0
CRO3 1 YAIO:Cr (10%) » 2 100/150/75%/0
CRO4 1 YAIO:Cr (1%) 1.65 110/130/90%*/25
CRO5 1 YAIO:Cr (10%) 1.85 110/130/90%/25
CRO6 1 YAIO:Cr (20%) 2.1 100/150/65/28
CRO7 1 YAIO:Cr (40%) 3.3 100/150/110/40
CRO8" 2 YCrO3 2.2 135/0/110/20
CRO9 2 Cr203 3 0/0/200/30
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Layout 1/ Layout 2

a) b) Y/Y g
Y | Nd/Nd cr/~
Al /Cr
X

Fig. 1. a) schematic drawing of the sputter coater with the orientation of each
source with respect to film orientation. Two layouts were used to acquire the
desired concentration gradients. A mask was used on Cr for films with a low Cr
concentration. b) The orientation of the films for each measurement with colour
gradients to indicate the expected concentration gradient for each element.

2.2. Characterization of thin films

Energy-dispersive X-ray spectroscopy (EDS/EDX) measurements
were done for 60 s using the JEAOL IT-100 EDX/SEM electron micro-
scope at x1000 magnification with an acceleration voltage of 12 kV,
probe current of 60% and in a low vacuum pressure of 35 Pa.

X-ray diffraction (XRD) measurements were performed with a fixed
slit width of 0.5 cm for half an hour using the PANalytical X’pert Pro
MPD diffractometer. The equipment consists of a Cu Ka (1.54056 ;\)
anode which is operating at 45 kV and 40 mA.

Photoluminescence emission, excitation and lifetime measurements
used a focused optical parametric oscillator OPO EKSPLA/NT230 laser
as excitation source with a pulse duration of 3-6 ns FWHM. Excitation
wavelength is tunable between 193 and 2600 nm. A beam splitter is used
to re-direct part of the laser to the sample, whilst the transmitted part is
read out by Thorlabs thermal power meter to correct for the power of the

20
X (mm)

X (mm)
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laser in excitation measurements modes. The laser is focused with a
converging lens, however the sample is placed slightly further from the
focal point to avoid laser damage due to high power density, the laser
spot size is approximately 2 mm in diameter. Appropriate cut-off filters
were used to remove the laser observed in second order from emission
measurements. The collection of the emission is optimized via two lenses
where the sample is located in the focal point of the first lens, the first
lens is located two focal lengths away of the second lens and finally an
optical fiber is one focal length away of the second lens. The optical fiber
is connected to either an Ocean Optics QE Pro (400-1100 nm) or the
NIRQuest 512 (900-1600 nm) spectrometer for emission/excitation
measurements. For lifetime measurements the optical fiber is connected
to either a Hamamatsu R7600U-20 (300-920 nm sensitivity) or Hama-
matsu H10330A-75 (950-1700 sensitivity) photomultiplier tube both
operating at 800V which is subsequently read out by a CAEN DT5724
digitizer after a trigger pulse from the EKSPLA laser.

All measurements, except for XRD measurements, were performed
by placing the sample on two translation stages at right angles with
precise position read-out. EDS measurements are made on a 5 x 5 grid
whilst photoluminescence measurements are done on a 21 x 21 grid.
This allowed us to directly link the local compositions of the film to the
local photo-luminescent properties. Further details on this method can
be found in previous work [19].

3. Results & discussion
3.1. Thin film composition

The concentration (at. %) of Nd in film CRO1 is presented in Fig. 2a.
Per film, a total of 25 points in a 5 x 5 grid were measured using EDS.
Two dimensional linear interpolation and extrapolation were used to
retrieve the concentration across the entire film. The corresponding
color bar is shared with Fig. 2b at the top. A clear gradient is observed

2 2

_

20

5 3
I
x=0.5

YAP  x=0.25 .
0

.\
x=0.025 x=0.05

20 40

X (mm) X (mm)

Fig. 2. a) Heat map of the concentration (at.%) of Nd in CRO1, the color bar is shared with b. b) Concentration of Cr (at.%) of CR02. c¢) and d) concentration of Y and
Al (at.%) in CRO1 respectively. e), f), g) and h) ratio between Y and Al + Cr of CR04, CR05, CR06 and CRO7 respectively. YAM, YAP and YAG stoichiometry’s, where
Y:(Al + Cr) are 2, 1 and 0.6, are respectively indicated by the white contour lines. Vertical markers on the YAG contour line indicate number of Al atoms replaced by
Cr out of 5 (i.e. Y3Al54CryO15). Colored ‘X’ markers - in black and red in c) and green in f) - indicate where XRD measurements were performed. XRD diffractograms

are shown in Fig. 3.
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with increasing Nd content from right to left; however the gradient is not
particularly smooth. This is due to the relatively poor accuracy of EDS
for low concentrations. Yet the accuracy is more than enough to verify
the expected Nd composition trends increasing from right to left. It can
be concluded that the Nd concentration is always below 1 at.%
throughout the film and increases approximately linearly from right to
left between 0.1 and 0.8 at. %. This linear relationship in concentration
with a stationary substrate has also been shown in previous work [20].
The concentration range of Nd was chosen below 1% to prevent any
cross relaxation between Nd>* atoms which typically occurs at con-
centrations above 1% [21]. Similarly, in film CR02, the Cr concentration
is between 0.1 and 0.7 at. % as shown in Fig. 2b. Fig. 2c and d shows the
Y and Al concentration of CRO1 respectively and share a different color
bar. For the YAIO:Cr, Nd samples (CRO1 — CR07), the Nd, Y and Al
concentration distribution are fairly constant. Fig. 2a-d demonstrate
nicely that the alignment of the sputter coater is in such a way that each
element is edge-focused to the corresponding side of the substrate, i.e.
Nd on the left, Cr on the right, Y at the top and Al at the bottom. The Cr
concentration was then systematically increased in the co-doped films
series, from CR04 to CRO7. Within a single film the Cr concentration
increases from left to right. In Fig. 2e-h, the Y:(Al + Cr) ratio is shown
for CRO4 — CRO7. It is possible to get the Y:(Al + Cr) stoichiometry ratio,
y, of the three well-known crystal structure phases with y =2, 1 and 0.6,
for YAM, YAP and YAG respectively, on a single film indicated by the
white contour lines in Fig. 2e-h. Note that the white contour lines are
purely based on measured stoichiometry and are not on the crystal
structure patterns. XRD results are presented in the following section.
The Y:(Al + Cr) ratio for CR05, CR0O6 and CR0O7 are shown in Fig. 2f, g
and h respectively. Markers are placed on the contour lines of the YAG
(Y3Al5.4<CrsO12) stoichiometry to indicate certain doping concentrations
of Cr®" where x = 0.025, 0.05, 0.25, 0.5, 1, 1.5 and 2 which correspond
to doping percentages of 0.5%, 1%, 5%, 10%, 20%, 30% and 40%
respectively. From a compositional point of view, these four films
(CR0O4, CR0O5, CR06 and CR07) can be used to study the Al;03-Y503
system with low atomic concentrations of Nd (<1%) and large range of
doping concentrations of Cr (0.025-40%) within only 4 films. Similarly
to the Y:(Al + Cr) ratio, for CRO8 the Y:Cr ratio varied linearly from
bottom to top in the range of 0.5-3 but these results are not shown. CR09
simply contained CrpO3 and thus only varied in thickness. Both CR08
and CR09 showed similar Nd content ranging between 0.1 and 0.8 at.%
from right to left.

3.2. Phase identification of thin films

Fig. 3 shows XRD measurements done on specific spots on the CR04,
CR0O7, CRO8 and CR09 samples. CRO8 and CR09 show as expected
characteristic peaks corresponding to the intended YCrOs and CryO3
phases. CRO8 required annealing to promote crystallinity as the as
deposited sample was amorphous. CR09 showed crystallinity as depos-
ited and improved on XRD peak intensity after a post anneal treatment.

As shown by the EDS results, we get the stoichiometry of the three
main phases of the Al,03-Y03 system on a single film. However, the
correct stoichiometry does not necessarily translate to the appropriate
corresponding phase. One part Y3Al50;5 and one part Y503 yields a Y:Al
ratio of 1 without the YAP phase present. The YAP phase was not
identified through XRD measurements anywhere in the samples. The
YCrOs phase, unlike YAIO3, was clearly measured, as shown in Fig. 3.
The reason for this can be that Y503-Al,03 is more likely to form the
YAG or YAM phases, whereas Y503-Cry03 only has the YCrO3 phase and
their respective individual phases (Y203 and Cry03). Growing YAP on
silica glass has been successful in other work but it was found that using
a perovskite substrate promoted a higher chance of success [22]. Prior to
annealing, the CR01-CRO7 films were amorphous. Upon annealing, the
peaks in the XRD diffractogram were present primarily belonging to the
YAM and YAG phases. Of all the phases, YAG was most prominent
throughout the CRO1-CRO7 films. Two measurements were done on
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CRO4 CRO8
CR0O4 CRO9
F ——CRO7 .

Intensity

———

25 30 35 40 45 50 55 60
26 (deg)

Fig. 3. XRD measurements of samples CR04, CRO7, CRO8 and CRO09. The black,
red, and green plots are measured at their corresponding-colored markers in
Fig. 2e and h. An inset provides a closer look at the peak shift occurring due to
Cr doping. Markers of the YAG and YAM peaks are taken from ICDD reference
04-008-3458 and 04-011-4887 respectively. In blue and purple samples CRO8
and CRO9 are measured and a close match to the CR203 and YCrO3 phase is
found when compared to references 01-078-5443 and 01-081-8632
respectively.

CRO4 at the bottom and top of the sample (indicated by a black and red
marker in Fig. 2e. Towards the bottom of the film where the stoichi-
ometry resembles that of YAG, the phase is almost exclusively YAG with
some YAM. Contrary to the top of the film we see YAG peaks lose in-
tensity whilst YAM peaks increase in intensity, which is as expected
when looking at the Y:(Al + Cr) ratio.

Towards the bottom of the CR04 film (indicated by a black ‘x’ in
Fig. 2¢ the amount of Cr is roughly 0.05, whereas in CR07, at the green
‘x” marker in Fig. 2h, it is roughly 2. The peak around 33° is shifted by
0.12° to the left. Replacing Al with Cr leads to a larger lattice due to the
Cr ion being bigger than Al. This results in a shift in the XRD peaks to the
left, which is shown in the inset in Fig. 3. This observed shift indicates
that Cr successfully takes the place of Al in the YAG phase.

3.3. Chromium absorption

In Fig. 4a-a series of transmission spectra are plotted from the top to
the bottom of the CrpO3:Nd sample (CR09). Nd3* absorption is not
observed due to the weak, parity-forbidden, 4f-4f transitions of trivalent
lanthanides. Two clear absorption bands from Cr®* can be seen centred
around 460 and 600 nm which are attributed to the spin-allowed “A to
4T1g and 4T2g transitions which have been reported for Cr in various
compounds [23]. At lower energies there are the spin forbidden tran-
sitions A to 2T; and 2E, also known as the ruby lines or R-lines, which
are not observed but have been reported elsewhere [23]. The absorption
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Fig. 4. a) transmission measurements of CR09 taken along the arrow in b). The dotted line represents an estimation of the average scattering and reflection losses.
The green arrow represents absorption due to Cr®". b) a heat map of the film thickness. c) thickness plotted against absorption for 21 points from top to bottom in the

center of the film. These points are fitted with the Lambert Beer law in blue.

below 400 nm is attributed to the optical band-gap which is a result of a

charge transfer transition between the 2p oxygen valence band atoms
and the Cr®* 3d conduction band [23,24]. This charge-transfer ab-
sorption prevents the higher energy spin allowed transition *A to *T; to 80 1
be observed. In Fig. 1b the thin film interference fringes in the region of
800-1600 nm are fitted at 21 x 21 points using a combination of the 70
software package OPTIFIT [24,25] and in-house built software that
automates the fitting procedure for each point as described in Refs. [19, :\5 60 |
27]. Optical constants, n and k, and the thickness are retrieved across the ‘;
entire film. The thickness ranges in between 350 (at the far side from the .8 50 ¢ Y AL CrO
Cr target) and 840 nm (at the near side from the Cr target). A thickness é 3 S5x x 12
map is plotted in Fig. 4b. The refractive index was found to be around Z 40 x=0.05]| 1
2.4 + 0.1 at 586 nm over the whole film. The refractive index is a close § x=0.5
match to other fabricated Cr,O3 thin-films [18,28]. An estimation of the = 30 x=1 1
transmission of a bulk-like CryOs film, generated by the n and k x=2
dispersion relation, given by Refs. [26,27], is shown by the red dotted 20 YCrO 1
line. This line indicates the (Mie) scattering and (Fresnel) surface 3
reflection losses. By taking the scattering and reflection loss into account 10 Cr2 o 3 1
it is possible to estimate the absorption caused by the Cr®* transition

0 1 1 1 1

bands, indicated by the black arrow. Here we look at the absorption at
460 nm. The thickness plotted against this estimated absorption is
plotted in Fig. 2c. At thicknesses below 700 nm there appear oscillations
in a similar fashion to the transmission data which is due to thin film
interference. At thicknesses above 700 nm, this behaviour ceases due to
the increased absorption, leaving insufficient light to affect the trans-
mission data with thin film interference. This data has been fitted shown
in blue using the Lambert-Beer law (equation (1)) to find an absorption
coefficient of 5.4 x 10° cm ™! at 460 nm. Using the molar mass of Cr to be
152 g/mol and the bulk density of 5.22 g/cm® the concentration of Cr
ionsis 4.1 x 10%2 cm 3. Assuming this concentration is constant over the
film we find an absorption cross section of 1.3 # 0.7 x 1071° cm?. This
uncertainty comes from the estimation in the scattering losses. Note that
the density of the thin film has not been measured and can deviate (often
lower) from the bulk density. Despite these uncertainties, this result
corresponds well with what has been reported for Cr>* absorption cross
sections found in ruby, which is 1.1 x 107 em? ! [6,29]].

In Fig. 5, the transmission spectra as function of Cr content are
shown. Measurements for the YAIO films (CR04 — CR07) where taken at
the white vertical markers shown in Fig. 2e-h. The transmission of

90

400 800 1000 1200 1400 1600

Wavelength (nm)

600

Fig. 5. Transmission spectra taken from samples CR04-CR09. The specific
positions on the films of the measurements for CR04-CR07 are shown via the
vertical markers in Fig. 2e-h. At wavelengths 655 and 933 there are disconti-
nuity due artefacts caused by an intense sharp peak from the deuterium light
source and combining the spectra from two separate spectrometer respectively.

YCrO3 was measured where the Y:Cr ratio was 1:1. The charge transfer
absorption of Cr below 400 nm becomes stronger with higher content,
ultimately leading to match the optical bandgap in CrO3. The lower
energy bands of Cr®* at 430 and 600 nm are clearly visible in Cr,03 and
YCrO3, however at lower concentrations it is difficult to observe due to
the thin film interference effects. Optical properties are again fitted
using the OPTIFIT method and are shown in Table 2. Increasing Cr
content also leads to a higher refractive index. These results are shown in
Table 2. The theoretical absorption is calculated using the Lambert-Beer
law with the absorption cross section found earlier along with thickness
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Table 2

Refractive index (n) and thickness (d) retrieved through fitting of the thin film
interference fringes. Concentrations of Cr>" are used to estimate film absorption
taking the Cr>" absorption cross-section of Fig. 4c.

Y3Al54CryO12 n ¢ (em™3) d (nm) A (460 nm)
x = 0.05 1.76 2.3 x 10%° 412 0.002

x =05 1.78 2.3 x 10% 480 0.02

x=1 1.85 4.6 x 102 519 0.045
x=2 1.91 9.2 x 10% 521 0.09
YCrOs 2.16 1.8 x 10%2 782 0.25

Cry05 2.17 4.1 x 10% 780 0.47

found through fitting and the concentrations calculated through the
theoretical molecular weight and density of YAG (593 g/mol and 4.6 g/
cm3), YCrOs (189 g/mol, 5.7 g/cms) and Cry03 (152 g/mol, 5.2 g/cm?’).
In this section we have shown through XRD, EDS and optical mea-
surements that these gradient thin films are of consistent quality and can
be used to investigate the required concentration of Cr®* in order to
obtain adequate absorption for thin film based LSC applications. Results
show that 100% Cr>*concentration is required in order to achieve 40%
absorption at 460 nm for films with thickness below 1 pm. In the next
section we investigate the luminescence behaviour of low concentra-
tions of Nd>* inside the Al;03-Y503 system, with no Cr3*present.

3.4. Single doped gradient neodymium film (YAIO:Nd>")

In Fig. 6 an excitation- and emission spectrum, taken at the centre of
the film CRO1 is presented. Sample CRO1 has a similar composition to
CRO4 that was presented in Fig. 2¢, with the exception that no Cr3* is
present. The Y:Al ratio varied between 3.5 and 0.3 from top to bottom
(Fig. 2c), whereas the Nd3* concentration ranged between 0.1 and 0.6
at. % from right to left (Fig. 2a). Typical Nd** 4f-4f excitation and
emission transitions are present. The main emission lines are grouped
around 885, 1060 and 1340 nm and correspond to transitions from the
4F3/2 manifold to the 419/2, I /2, 4113 /2 levels respectively. In Fig. 6b a
heat map is presented of the intensity of the 885 nm emission. Unfor-
tunately, the intensity observed is not only dependent on the intrinsic
luminescence properties of the material but also on the out-coupling
efficiency controlled by film morphology and surface roughness which
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is difficult to correct for. The shape of the emission is however unaf-
fected by the these out-coupling effects and can therefore be compared
between different locations at the film. In Fig. 6¢ three spectra are shown
on the top and bottom of the film indicated by the x in Fig. 6b. At the top
of the film, where the YAM phase is dominant, we see that the emission
peak of the 4F3/2 -> 4111 /2 transition is located at 1058 nm, which is
consistent with previous reported literature [29]. Towards the bottom of
the film, spectra more related to YAG are observed with a well-known
peak at 1064 nm used for laser applications. Both spectra have a
broad emission underneath their peaks indicating that inhomogeneous
broadening is taking place - which is likely due to amorphous phases
being present in the sample. It should be noted that the emission spec-
trum in Fig. 6a was obtained by two spectrometers. A spectrum from an
Ocean Optics QE Pro (400-1100 nm) and a NirQuest (900-1600 nm)
were connected at 900 nm. The spectra have been corrected for their
corresponding detector efficiencies. The Ocean Optics QE Pro spec-
trometer has a higher wavelength resolution, allowing for more detailed
photoluminescence structures, and was therefore used for the mea-
surements in Fig. 6¢.

Similarly to the shape of the emission, the lifetime of the emission is
independent of the out-coupling efficiency. The radiative lifetime mea-
surements at four locations on the film — indicated by Fig. 7b - are shown
in Fig. 7a. The lifetime is not mono-exponential and therefore a mean
lifetime is calculated instead using the formula:

7 1, (1)dt

o (2)
/ @, (1)dt
0

where ¢ is time after excitation (at t = 0) and ¢,(t) is the time-resolved
luminescence intensity. We see that the radiative lifetime ranges from
0.1 to 0.5 ms from bottom to top. These results are consistent with re-
ported literature where the lifetime of Nd3* in YAG (bottom of the film)
is around 0.24 ms and that of YAM is 0.6 ms [20,30]. These results
demonstrate that this gradient method can be used to study trends as a
function of varying host composition. The Nd>* lifetime from right to
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Fig. 6. a) excitation-emission spectra of CRO1 when excited in the center of the film. b) heat map of the A, = 1064 nm intensity of nm Nd3*. ¢) Emission spectra of
Nd** with A = 588 nm at two positions on the film indicated by the corresponding colored markers in b.
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Fig. 7. a) Series of lifetime measurements of Ay, = 1064 nm of Nd>* with Ae, =
588 nm, measurements are taken of CRO1 on locations indicated via corre-
sponding colored markers shown in b. b) Heat map showing the mean decay
time in ms across the entire CRO1 sample.

left, where the Nd concentration increases from 0.1 to 0.6 at.%, remains
constant, indicating that there is no concentration quenching occurring
within the film. Later, when we look at the co-doped materials, we can
exclude cross-relaxation between Nd3* ions to be a cause of
non-radiative transitions.

3.5. Chromium doped gradient films (YAIO:Cr*")

For the YAIO:Cr®* films, CRO2 and CRO3, the Cr content increases
from left to right from 0.1 to 0.7% (Figs. 2b) and 0.6-3% respectively.
The Y:Al ratio increased from bottom to top in the range of 0.4-3.5 in
both films (similar to Fig. 2¢). The excitation and emission spectra taken
at the centre of the CR02 film is shown in Fig. 8a. In the excitation
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Fig. 8. a) Excitation-emission spectra taken at the center of CR03. b) heat map
of the Aeyy = 707 nm intensity. ¢) black and white photo of film CR02 showing
the position dependent scattering nature of the film.
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spectra we see two bands centred around 430 and 600 nm which are
associated with the 4A2 to 4T1 and 4T2 transitions observed earlier in the
transmission data of CroO3 film. The emission closely resembles that of
YAG:Cr®" which is elsewhere reported [31]. The main R line from the g
to “A, electronic transition is at 688 nm which has vibronic sideband
with peaks at 709 and 725 nm. The R-line of YAP:Cr®" is situated around
the vibronic sideband of YAG:Cr®" at 725 nm. The vibronic sidebands of
the R-line in YAP:Cr>* at longer wavelengths have a peak around 750
nm [31], which is not observed anywhere in the sample. Combining this
observation with the lack of YAP-related XRD peaks shows clearly that
no YAP:Cr>" is present anywhere in the sample. A key difference in the
emission compared to earlier results is the longer wavelength sideband.
Previous studies show that the vibronic sideband of the R line extends to
no more than 800 nm [31]. However, we observe emission up until
roughly 975 nm. This broad emission at longer wavelength is likely to be
caused by Cr®* ions situated at a site with a low ligand field strength for
which the 4T2g level lies below the 2E level, resulting in broad and
redshifted emission. Similar emission is reported for glasses doped with
cr®* [5], indicating that an amorphous phase is also present in our films.

Fig. 8b shows a heat map of the emission around 709 nm when
excited at 435 nm. Again, due to the difficulty of correcting for out-
coupling efficiencies, no definite statement can be made about where,
in the composition space, the sample has the highest emission efficiency.
However, it can be noted that towards the top of the sample, where the
YAM phase is dominant, there is close to no luminescence observed. In
Fig. 8c-a photograph of the sample is shown where one can see regions
on the film that appear more diffuse or transparent. A horizontal stripe
just below the centre of the film appears more transparent (i.e less
scattering and lower out-coupling of the emission) which corresponds to
the lower emission area in the heat map in Fig. 8b.

In Fig. 9a, the decay curves of the 707 nm emission, excited with 430
nm, on 4 different locations on the CR02 film are shown. The radiative
lifetime was calculated at 11 x 17 points across the film and shown in
Fig. 9b. The top part of the sample is not presented as there was no
luminescence observed as shown in Fig. 8b. The radiative lifetime de-
creases from the bottom left (Cr poor, Al rich region) to the top right (Cr
rich, Al poor region) which is consistent with the expectations of con-
centration quenching effects.
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Fig. 9. a) Cr3* lifetime measurements for Aem = 707 nm with Aex = 430 nm of
CRO2 taken at the position indicated by the marker with their corresponding
color in b). One measurement of the Cr®" lifetime in CRO3 is shown in purple,
where the Cr content is 1.5 at.%. b) heat map of the radiative lifetime across
the film.
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An additional lifetime measurement of CRO3 is shown in purple in
Fig. 9a at a location for which the estimated Cr content is 1.5 at.% with a
Y:Al ratio of 0.6 (YAG). The mean lifetime according to equation (1) is
found to be 0.08 ms. The bottom left corner of CR02 has a lifetime
around 1 ms (shown in blue in Fig. 9a), this position also has the YAG
ratio, but the Cr content is estimated to be 0.1 at.%. This decrease in
lifetime due to concentration quenching has been extensively studied in
the past and is contributed to Cr—Cr pairs and Cr clusters acting as
quenching centers [14,15]. These exchange coupled Cr—Cr pairs start to
form at concentrations >0.5 at%. Previous studies show a radiative
lifetime of the R-line emission of Cr>* to be 1.7 ms at 0.5 at.% [16,32],
indicating significant radiative losses in the bottom left corner of CRO2.
This can be caused by mixed phases and defects present in the material.

So far we have looked at the AlpO3-Y203 system doped separately
with Nd** and Cr®*. On single films we explained luminescent behav-
iour as function of host and concentration of both Nd** and Cr**. To
further test this gradient film method, we now co-dope the films with
cr®t and Nd®* and investigate the energy transfer from Cr®* to Nd** as a
function of Cr®* concentration.

3.6. Double doped thin films (Y3Al5.xCryO12)

In Fig. 10, the excitation and emission spectra taken at x = 0.05 and
x = 0.5 (Y3Al54CryO12) of films CRO4 and CRO5 are presented. By
monitoring the Nd*" 1060 nm emission, we can clearly see the two
broad bands of Cr®*, providing evidence that energy transfer is taking
place. For x = 0.05 there remain Nd3* 4f-4f lines (around 530 and 588
nm) observed on top of the broad Cr®" bands. This indicates that the
Nd3* emission when excited via Cr®t is comparable in intensity to the
direct excitation of Nd**. Generally, the emission is equal to the product
of absorption, the energy transfer efficiency (if applicable) and the
quantum yield. The observed comparable emission intensity when
exciting through Cr>* or directly into Nd>* shows that the efficiency of
the energy transfer must be low as the absorption of the spin-allowed
Cr" transition is much stronger than that of the parity forbidden 4f-4f
transitions of Nd3*. This is with the assumption that the quantum
yield of Nd** remains unchanged with the introduction of Cr**. How-
ever, at x = 0.5 (CR0O5), cr3t absorption dominates due to the higher
concentration of Cr>* and the 4f-4f lines are hardly detectable which is

Y,Al_ Cr O, :Nd

x=0.05 1
x=0.5
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“ A =1060 nm
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Fig. 10. Excitation (Aey, = 1060 nm) and emission spectra (Aex = 430 nm) of
CRO4 and CRO5 taken at positions indicated by the vertical markers, shown in
Fig. 2c and d. Their stoichiometries (Y3Als5,CryO12:Nd) are x = 0.05 and x =
0.5. The solid black line represents emission from Cr>* ions situated at sites
with low ligand field fitted with a Gaussian function (using an eV scale).
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observed in Fig. 10a. The Cr content increases by a factor 10 from CR04
and CRO5, which increases the Cr®* absorption at 460 nm by a factor of
10 as shown in Table 2. The intensity of the excitation of Nd>* at 460 nm
increases roughly by a factor 2, indicating that the energy transfer ef-
ficiency from Cr’* to Nd3' has decreased by a factor 5 with the
increased Cr>* content. This can be a result from the formation of Cr
pairs and clusters acting as quenching centers discussed in section 3.5.
Furthermore, we can see from the solid blue plot (x = 0.05) in Fig. 10a,
that with Aex = 430 nm the emission consists of YAG:Cr®", YAG:Nd>*
and a broad band emission with a peak centred around 840 nm as shown
by the solid black fitted curve to guide the eye. The broad emission has
been attributed to the *T5 -> *A, transition for Cr®* situated at sites with
low ligand field strength. When increasing the Cr from x = 0.05 to x =
0.5 in YAG:Cr®", the YAG:Cr®" emission is fully quenched. Despite that
the quenched YAG:Cr®* emission, there is still energy transfer taking
place, as evidenced by the characteristic Cr>* bands in the excitation
spectra. The broad band emission remains present in the emission
spectra at the higher Cr concentration. To investigate the origin of the
energy transfer between Cr®" and Nd**, radiative lifetime measure-
ments are performed and presented in the following section.

In Fig. 11a we see the time resolved intensity of the cr®t R-line Qem
= 707 nm) for the singly doped YAG:Cr’* (CR02) and doubly doped
YAG:Cr®t, Nd®* thin film (CRO4) shown in red and blue respectively.
Measurements were done at the location for both films where the YAG
stoichiometry was x = 0.05 which is shown with a marker labelled x =
0.05 in Fig. 2c. The mean lifetime of R-line Cr®* emission for double
doped YAG:Cr®*, Nd®* was found to be 0.2 ms. This is four times shorter
than the mean lifetime of the singly doped Cr®" film GRO2 which has a
mean lifetime of around 0.8 ms. The decrease of the radiative lifetime is
mainly caused by the introduction of a fast component which dominates
until about t > 0.2 ms. However, the tail (>1 ms) of the Cr®* emission
can be well fitted with a single exponential with a lifetime of 0.8 ms (R-
square = 0.9907), similar to the mean lifetime of the single-doped Cr3*
films. This suggests that energy transfer is taking place between the R-
line and Nd3™ 4f states in the first 0.2 ms. When comparing the lifetime
of the Nd** emission in the single doped YAG:Nd®* (CRO1) with the
double doped YAG:Nd3+, crit (CR04), shown in Fig. 11b in red and blue
respectively, it can be seen that there is indeed a rise time for the double
doped YAG:Nd>*, Cr3*. However, this rise time appears much shorter
than the fast component of the Cr®" emission. Generally, if energy
transfer occurs between a donor (Cr®*) and acceptor (Nd*) where the
lifetime of the donor (0.8 ms) is longer than that of the acceptor (0.24
ms) one would expect the lifetime of the acceptor to be the same as the
lifetime of the donor. For the Cr®* Nd>* system, it has been shown in
previous studies that the Nd>* lifetime has been reported to lengthen,
from 0.24 to 0.4 ms due to energy transfer from the R-line of Cr in YAG
[16]. In our case the mean lifetime of the Nd3* 1340 nm emission when
excited through Cr3' is found to only slightly increases to 0.26 ms.
Taken together, the reduction in the Cr®* R-line mean lifetime in our
sample does not appear to be caused by the energy transfer to Nd>*. The
origin of this fast component has not been studied but can be the result of
increased quenching centers caused by a poor incorporation of Nd>* in
the film.

In Fig. 11c the lifetime of the broad Cr’t emission (4T2 -> 4A2)
around 840 nm is compared to the lifetime of the 1340 nm emission of
Nd>* when excited at 435 nm. This broad emission of Cr*>* has a mean
lifetime of 54 ps, which is much shorter than the R-line. This is due to the
spin-allowed nature of the transition. We see that the rise time of Nd>*
matches closely to the decay of this broad emission. Therefore, energy
transfer appears to mainly take place between the low crystal field sites
and Nd3* rather than between Cr>* ions at regular lattice sites in YAG.
The observed energy transfer between the broad emission of Cr>* and
Nd3*, rather than between the R-line of Cr®t and Nd®*, makes sense
when considering the better spectral overlap between the emission and
absorption of Crt and Nd3* respectively and has been noted before [4].

Lastly, the mean radiative lifetime of Nd>* is measured as a function
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Fig. 11. a) Radiative lifetime of the Cr** R-line™ (Aer = 707 nm) in single doped YAG:Cr®>" and double doped YAG:Cr®t, Nd*" with A, = 620 nm. b) Radiative
lifetime of the Nd®* *F3,, manifold (Aey, = 1060 and 1340 nm) in single doped YAG:Nd®" and double doped YAG:Cr>*, Nd>" with Ae, = 588 nm and ey = 620 nm
respectively. ¢) A shorter timeframe that includes the radiative lifetime of the broad Cr®" emission around 840 nm in YAG:Cr**, Nd®>" with A, = 620 nm. All
measurements were taken at locations with a YAG stoichiometry of x = 0.05 as shown in Fig. 2c.

of Cr** concentration in the YAG part of the films. In Fig. 12 we measure
the lifetime of Nd>" as a function of x (Y3Als.xCryxO12) when exclusively
exciting Cr®t at 435 nm. At low Cr concentration (x < 0.2) the mean
lifetime of Nd>* is between 0.24 and 0.28 ms. The slightly longer mean
lifetime of Nd®* in YAG:Cr®*, Nd®* over single doped YAG:Nd>* is likely
due to the added rise time of Nd*" without suffering of subsequent
quenching. However, increasing the Cr>* concentration further leads to
a systematic decrease in Nd>* lifetime. The Nd concentration was kept
low (<0.1 at%) to eliminate cross relaxation between Nd®* ions to be a
cause in drop of lifetime. The reduction in Nd3* lifetime can be caused
by the incorporation of Cr*" inside the tetrahedral Al site in the YAG
phase. Cr** has broad absorption around 1000 nm which can cause
energy transfer from Nd>* to Cr** [22]. If Cr37 situated in low ligand
field strength sites are nearby Nd®* then energy transfer can also occur
between the *F3/5 and the “Ty of Nd®>* and Cr®" respectively. Other
culprit candidates are the host material which can have defects and
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Fig. 12). Radiative lifetime of nm Nd3* emission (Aem = 1340 nm) as function
of Cr content.

mixed phases. An extensive study to investigate this quenching routes
has not been done.

The aim of this work was to investigate further the interplay of strong
Cr®* absorption and subsequent energy transfer and emission of Nd>*.
In Fig. 12 the Nd3™ lifetime drops to 0.05 ms at Cr>* concentration of 10
at.% (x = 2) in YAG. To increase the Cr3t further the YCrOs3 (20 at.%
Cr**) and Cry03 (40 at.% Cr") host were briefly studied. In the Cr,03
and YCrOs films doped with Nd3* there was no emission of Nd3*,
regardless of exciting exclusively in Cr®* or Nd3*. It appears that fully
concentrated Cr>* systems like YCrO3 and Cr,03, do provide the desired
absorption but are unable to facilitate energy transfer to Nd*.

4. Conclusion

In this work we have provided, using the gradient sputtering
approach, evidence that it is possible to acquire >40% Cr®' absorption
within a <1 pm thin film with a fully concentrated Cr®" system i.e.
CI‘203.

The Al;03-Y203 system was chosen to study the luminescent
behavior of Cr>* and Nd** both independently doped and co-doped. On
a single film, via gradient sputtering, the Y:Al ratio varied between 0.5
and 3.5 which encompasses the stoichiometry of the YAG, YAP and YAM
phases. XRD measurements showed YAG and YAM phases were present.
No YAP phase was detected. Position dependent emission and lifetime
measurements of Al,03-Y,05 gradient films doped with Nd>* corrobo-
rated previously observed behavior of Nd** emission and lifetime across
the films going from the YAM to the YAG dominant part of the film
indicating the good quality of our films. The main emission peak (*“F3,5
-1 /2) shifts from 1058 nm (YAM:Nd®") to 1064 nm (YAG:Nd>*). The
lifetime of the *F3/5 level decreases from 0.6 to 0.24 ms typically for
YAM:NA®" and YAG:Nd>* respectively on a single film. These results
demonstrate the unique value of this gradient method to study lumi-
nescent thin films.

Al,03-Y,03 doped with Cr®* showed characteristic YAG:Cr*
emission with an R-line (2E -> 4A2) emission at 707 nm. A broad
emission in the near infrared (*T -> *A,) was also observed in the films.
The mean lifetime of the R-line Cr*>* emission in YAG was found to be
0.8 ms and shortened to 0.2 ms towards the Cr>* rich part of the film.

More data was provided on the Al;03-Y503 system doped with both
Nd®* and Cr3* in order to investigate the energy transfer between Cr>*
and Nd®* in the various identified phases. Excitation spectra have shown
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that Nd®* can be excited through Cr®*. Increasing Cr>" from 1% doping
to 10% doping in YAG part of the film improved absorption of Cr>* but
reduced energy transfer efficiency to Nd>*, potentially due to Cr pairs
and clusters. The observed rise-time of the Nd>* emission intensity was
found to match the decay of the broad-band emission of Cr>*, rather
than that of the R-line. The energy transfer therefor appears to take place
between the Cr®* ions situated at sites with low ligand field strength and
Nd3*. Finally, fully concentrated Cr,O3 and YCrOs, though promising
due to their absorption, showed no energy transfer to Nd>* and appear
to be ill-suited for thin film based LSC applications. Energy transfer was
studied between Cr®* and Nd®" as function of Cr®* concentration. At
high concentration (>0.5 at.%) of cr®t, in the YAG part of the thin-films,
the Nd3* lifetime systematically decreased from 0.25 to 0.05 ms,
possibly due to transfer to Cr*" or due to back-transfer to Cr>* situated
at low ligand field strength sites, which has been previously reported.
The combination of reduced energy transfer to Nd>* due to the Cr pairs/
clusters and back-transfer from Nd>* to Cr®*/#* limits their use in thin
film based LSC’s.
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