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Abstract: Charge-trapping defects in crystalline solids play
importantroles in applications ranging from microelectron-
ics, optical storage, sensing and quantum technologies. On
one hand, depleting trapped charges in the host matrix
reduces charge noise and enhances coherence of solid-
state quantum emitters. On the other hand, stable charge
traps can enable high-density optical storage systems. Here
we report all-optical control of charge-trapping defects via
optical charge trapping (OCT) spectroscopy of a rare-earth
ion doped oxide (Y,05). Charge trapping is realized by
low intensity optical excitation in the 200-375 nm range.
Charge detrapping or depletion is carried out by optically
stimulated luminescence (OSL) under 532 nm stimulation.
Using a Pr-doped Y, 0, polycrystalline ceramic host matrix,
we observe charging pathways via the inter-band optical
absorption of Y,0; and via the 4f-5d transitions of Pr®+.
We demonstrate effective control of the density of trapped
charges within the Y,0; matrix at ambient environment.
These results point to a viable method for controlling the
local charge environment in rare-earth doped crystals via
all-optical means, and pave the way for further develop-
ment of efficient optical storage technologies with ultrahigh
storage capacity, as well as for the localized control of quan-
tum coherence in rare-earth doped solids.
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1 Introduction

Rare-earth ion doped crystals are used in wide-ranging
applications including lasers, optoelectronics, displays, scin-
tillation, optical storage and quantum information science.
One of the most common host crystals is metal oxides,
where rare-earth dopants can substitute constituent atoms
in the host as color centers. Lattice defects such as oxygen
vacancies and interstitial oxygens are commonly present
in these oxides [1]-[3], and the density of which critically
depends on the synthesis method, growth conditions and
post-growth treatment [4]-[6]. These defects promote new
energy levels within the band-gap of the host matrix, thus
forming electron or hole traps with stable charge state
[7]1-19]. For quantum information applications, where the
rare-earth ions act as memories or quantum emitters, any
charged defect proximal to the rare-earth dopants could sig-
nificantly alter their local charge environment and impact
the quantum coherence properties of the rare-earth ions. A
notable effect is the optical spectral diffusion [10] in which
the optical linewidth of a rare-earth ion is broadened due to
the coupling to the fluctuating charge states of nearby traps
[11]. Such effects can be particularly pronounced when rare-
earth ions are embedded in nanophotonic structures such
as waveguides and cavities, in which dynamic charge noise
on the surfaces degrades ions’ coherence properties [12],
[13]. This motivates the investigation of techniques to con-
trol the charge state of these trap defects, which can mitigate
local charge noise in the host matrix, hence enhancing the
optical coherence times of rare-earth dopants. Furthermore,
deterministic control of charge traps can also enable opti-
cal storage technologies with high density storage capacity
[14]-[17].

In this article, we report an experimental technique
for all-optical control of charge-trapping defects, i.e., optical
charge trapping (OCT) spectroscopy. The OCT experiment
consists of two steps. It begins with charging the sample
with optical illumination at a certain energy. Subsequently,
the density of trapped charges is measured by means of
optically stimulated luminescence (OSL), which is the radia-
tive recombination during optical stimulation after charge
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trapping. Using OCT spectroscopy, one can correlate the den-
sity of trapped charges with the preceding optical excitation
energy (i.e., charging energy). It is worth noting that OSL
itself is a standard technique in luminescence dosimetry
[18]-[20], and it has also shown to be useful in the explo-
ration of persistent luminescence phosphors and optical
storage systems [21]—[23]. Here, OSLis used as a charge read-
out technique in OCT to reveal the optical charge trapping
process.

Using a praseodymium (Pr*) doped yttrium oxide
(Y,05) host matrix, we observed that charging by optical
means can be realized via two main pathways: first, inter-
band transition under UV excitation at 215 nm; second, via
the 4f-5d optical transitions (275 nm) of the Pr3* dopants.
Both charging processes are efficient, requiring optical exci-
tation intensity as low as ~5 pW/cm?. Exploiting this, we
demonstrated low-power all optical charge control and on-
demand readout in Pr:Y,0,. These results provide a path-
way for effectively controlling the charge environment in
rare-earth doped crystals, and paves the way for future
development of efficient high-density optical storage tech-
nology, as well as for the localized control of quantum coher-
ence in rare-earth- doped solids.

2 Materials and methods

We carried out this study using both nominally undoped and
20 parts per million (ppm) Praseodymium (Pr) doped Y,04
polycrystalline ceramics. The size of the undoped sample
is5x 4 X 0.4mm? and the Pr-doped sample has a 13 mm
diameter with 0.9 mm thickness. The synthesis method for
these samples was described in detail in Ref. [24]. Photo-
luminescence (PL) and photoluminescence excitation (PLE)
spectra were collected with a high-resolution spectrom-
eter (SpectraPro HRS-750, Princeton Instruments) with a
1,800 g/mm groove density grating blazed at 500 nm cou-
pled to an EMCCD camera (Pylon 400BRX, Teledyne). For
excitation, as depicted in Figure 1a, a deuterium light source
with 15 W/m? intensity (SL-3, StellarNet) was used, and the
broadband source spectrum was filtered by a 100 mm UV
monochromator (H10-61, Jobin Yvon Horiba) with a grating
blazed at 250 nm. Appropriate filters were inserted in the
excitation and the detection paths. The PL spectra were
corrected for the wavelength dependent system responsiv-
ity. Both PL and PLE spectra were background subtracted.
All spectra were collected with the EMCCD camera kept at
—120 °C.

In order to acquire the OCT spectrum, charge trapping
was carried out with the same UV source and monochro-
mator described previously. A variable neutral density filter
was used to adjust the charging optical power, which was
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Figure 1: Schematic setup for the PL/PLE spectroscopy and TL/OSL
emission readout, as well as the time sequence of the OCT measurement.
(a) Setup for the PL/PLE and charging experiments. (b) Experimental
setup for the TL/OSL intensity readout. To collect OSL emission spectra,
the optical fiber delivering the stimulation laser was placed in parallel to
the initial UV beam and facing the sample (top panel, not shown). L1-L4:
lenses; NDF: neutral density filter; F1: excitation filter; F2: detection filter;
LPF: long pass filter; SPF: short pass filter; LD: laser diode; M1, M2:
mirrors; AWG: arbitrary wave generator; Amp: high voltage amplifier;
quTAG: a photon counter. For the TL measurements, one bandpass filter
and two optical windows were placed in front of the PMT, instead of
three shortpass filters (details in the text). (c) Time-sequence of the
events to acquire the OCT spectrum. There is a wait time between
bleaching and charging, as well as between charging and OSL readout.
During the wait times, sample is moved between different setups.

monitored with a power sensor (S120VC, Thorlabs) placed
at sample position. Charging spot size at the sample posi-
tion was about 3 mm diameter. After charging, lumines-
cence readout was carried out during optical stimulation.
The experimental schematics for the OSL intensity read-
out is shown in Figure 1b. A 532 nm diode laser was used
for continuous wave optical stimulation and was attenu-
ated to an intensity of 5 mWj/cm? to reduce backscattered
light. Spot size at the sample position was about 7 mm in
diameter. Light detection was performed by a photomul-
tiplier tube (PMT) (230-700 nm range, H10682-110 model,
Hamamatsu) with three 500 nm shortpass filters. The OSL
signal was recorded by a photon counter (quTAG from
qutools) over 60 s with a 200 ms integration time. An optical
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shutter and an arbitrary wave generator were integrated
for synchronizing the data acquisition with optical stimula-
tion. Charge bleaching was performed prior to all OSL mea-
surements to ensure depletion of residual trapped charges,
which was done by sustained illumination at 532 nm for 60 s.
If the background did not reach our reference values, i.e.,
approximately 300 counts per second (when stimulation is
on), then bleaching was completed by a 470 nm flashlight
(300 mW maximum optical power). Total bleaching times
were between 60 s and 180 s. Figure 1c represents a time
sequence of the events to collect the OCT spectrum: first,
bleaching for residual charge depletion; second, charging
via UV excitation and third, OSL intensity readout.

OSL emission spectra were collected with the same
detection setup used for the PL/PLE measurements. Using
the same 532 nm optical stimulation, the OSL emission
spectra were collected over the 350-710 nm wavelength
range, and were accumulated over 3 s of optical stimulation
with 200 ms integration time. The same bleaching proce-
dure described previously took place before each spectrum
acquisition. The OSL emission spectra were corrected for
the wavelength dependent system responsivity.

Alternatively,  thermal  stimulation of the
trapped charges can be performed, giving rise to
thermoluminescence (TL) [25], [26]. TL measurements were
performed with a setup that comprises a custom-made
heating system, i.e., a ceramic heater with a PID temperature
controller; and a PMT (300-650 nm range, H11870-01 model,
Hamamatsu) connected to the photon counter. Light was
filtered out by a 450 nm band pass filter (40 nm linewidth)
and two 5 mm fused quartz optical windows were placed
between filter and heater to prevent thermal degradation of
the PMT. Signal from the PMT was processed by the photon
counter, which was synchronized with the temperature
controller. The heating rate used during TL measurements
was 1°C/s and the PMT response was integrated over 1s.
Figure 1b shows the setup for the TL measurement.

3 Results and discussion

Pr-doped Y,0; crystals have been previously studied
[25]-[27]. Praseodymium ions substitute yttrium ions in the
lattice and that is expected since their trivalent charged
states have similar ionic radii (0.90-0.99 A) for the same
coordination number (6). The 4f-4f transitions of Pr®* in
the visible range are within 450-500 nm (*H, — *P;) and
580-750 nm (D, — H,) ranges. 4f-5d transitions lie in the
250-360 nm range and the two different substitutional sites
C, and S; correspond to different absorption bands (280 nm
and 317 nm center emissions) [28]. 4f-4f transitions in the
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near infrared are also possible but our study is limited to
UV and visible ranges.

OSL measurements were performed after charging
the sample with different excitation wavelengths in the
200-375 nm range with a 5nm step. Figure 2a shows the
OCT spectrum. We observed most pronounced charging
effect at around 215nm and clear OSL decays are also
observed at wavelengths towards 300 nm. Charging in the
300-375 nm range did not yield significant OSL. Charging
under 215 nm excitation is expected since it corresponds to
the inter-band transition of Y,0,, with experimental band-
gap of 5.8-6.0 eV [28]-[30]. It is worth to mention that here
the OCT spectrum should not be confused with the OSL stim-
ulation spectrum [33]. The former informs possible optical
pathways that lead to charge trapping. The latter is related
to a particular charge trap and provides information about
the trap photoionization cross-section dependence on the
stimulation wavelengths [32]-[34].

Figure 2b plots the initial OSL intensity against the
charging wavelengths. The peak centered at 5.7 eV is fit-
ted to a Gaussian function, yielding a spectral width of
0.3 eV. The intensity on the left side of 5.7 eV is higher
than the right side. This is expected because energies
higher than the band-gap are more effective at electron-hole
pair generation. Here, the measurement error is 3 % esti-
mated from the standard deviation of five measurements
(Figure S1, Supplementary Materials). Excitations between
41eV (302nm) and 4.8 eV (258 nm) can also charge the
sample, as shown in the inset of Figure 2b. This spectral
band matches with the 3H4 — 4f5d transition of Pr3t, as
verified by the PLE spectrum shown later in Figure 3b.
This charging pathway, though yielding lower OSL inten-
sity, is actually highly efficient, considering the Pr dopant
concentration of only 20 ppm in Y,05. This leads to an
interesting prospect of using the 4f-5d optical transition of
individual Pr dopants to efficiently charge nearby traps in
the host. In addition, the undoped sample did not exhibit
charging under excitation at the 4f-5d transitions of Pr3*
(Figure S2, Supplementary Materials). It is worth mention-
ing that the OSL response of the undoped sample after 215
nm charging was much lower than that of the Pr-doped
sample, by a factor of 50. This could be due to an increased
defect density during Pr doping, as corroborated by the ther-
moluminescence results (see Figure 4b).

Figure 2c shows the OSL signal as a function of the
stimulation time after different charging wavelengths (cross
sections from the OCT spectrum). OSL following 215 nm
charging exhibited the highest intensity, as expected. After
60 s of stimulation time, the OSL intensity was at least 10
times the background, which is the PMT response from
a completely bleached sample. Spontaneous emission was
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Figure 2: OCT spectrum and OSL decay curves of the Pr:Y,0; sample. (a) OCT spectrum plotted as a heatmap. Charging optical power used was

300 nW over 60 s. Step size and charging linewidths: 5 nm. (b) Initial OSL intensity plotted against charging wavelengths. Initial OSL intensity
corresponds to the first 200 ms stimulation cross-section of Figure 2a. Scatter points represent experimental data and solid lines represent a single
peak Gaussian fit. Inset shows a zoomed-in region of the integrated OSL over 60 s of stimulation. (c) OSL decay curves after different charging
wavelengths. CW stimulation started 10 s after starting data acquisition and was shut down after 60 s of stimulation. Background represents the PMT

response after full depletion of residual trapped charges.

also observed after 215 nm charging as indicated by the
offset increase before starting the stimulation (see also
Figure S3, Supplementary Materials). These results suggest
that the Pr:Y,0, sample consists of at least two trapping
centers, a shallow one which is responsible for the spon-
taneous emission at room temperature and a deep one,
which releases a trapped charge only when optically stim-
ulated. As reported before, the 275 nm excitation leads to
charge trapping, but the corresponding OSL almost reached
the background after 60 s of stimulation. OSL after 350 nm
excitation is plotted for comparison, which does not show
effective charging.

To further elucidate the optical charging pathways,
Figure 3a shows the PL emission spectra of the Pr:Y,0,
sample under two different excitations. PL under 215 nm

excitation exhibits two distinct emissions, a broad emission
with a peak at 465 nm and a series of narrow emission lines
between 610 nm and 670 nm. Under 270 nm excitation, only
the narrow lines are present. These sharp lines are associ-
ated with the D, — 3H, transitions of Pr3*. The broadband
emission likely originates from relaxed self-trapped exci-
tons (STE) in Y, 0,3, which were shown to have a broadband
emission centered at 359 nm (3.45 eV) with the shorter wave-
length tail reaching 275-295 nm [37], [38]. The discrepancy
compared to our result can be explained by the inefficiency
in our setup, which is not optimized for detecting STE emis-
sion from Y, 0, (Figure S4, Supplementary Materials). As the
excitation wavelength moves from 215 nm towards 270 nm,
the broadband vanishes almost completely (Figure S5, Sup-
plementary Materials), as expected from an STE emission.
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Figure 3: PL and PLE measurements. (a) Photoluminescence (PL) spectra under 215 nm and 270 nm excitations. KG3 Schott glass filter, 315-710 nm
transmission (FGS900 Thorlabs) was used. (b) Excitation-emission spectrum with grating center wavelength set as 630 nm. A 640 nm bandpass filter
(75 nm bandwidth, 67036 Edmund optics) was used before detection. The emission lines appear broadened because the spectrometer slit was

enlarged to improve light collection.

One might also argue that such emission is due to the pres-
ence of F-centers or F+-centers. Reports have shown that
oxides such as Al,04 (Sapphire), Y;Al;0;, (YAG) and YAIO,
present F-center or F*-center emissions with peaks ranging
from 413 nm to 464 nm [32], [39]. However, in our study, no
other excitation band was found to promote such broad-
band emission.

As depicted in Figure 3b, the PLE spectra were collected
by probing the Pr®* emission around 630 nm. At shorter
wavelengths, a clear excitation band centered at 275 nm
appears, which is due to the spin-allowed 4f-5d transitions of
Pr3*. The relative increase of the background for excitation
wavelengths longer than 340 nm is due to the relatively
low output of the deuterium lamp at such wavelengths
(Figure S6, Supplementary Materials).

Next, we measured the OSL emission spectra to under-
stand the charge recombination pathways during optical
stimulation. As shown in Figure 4a, two OSL emission bands
are present: a broadband with a peak centered at 470 nm
and narrow emission lines around 630 nm. These emission
bands are identical to those PL emission bands observed
under 215 nm excitation. Therefore, two radiative recombi-
nation pathways take place after 215 nm charging: one that
leads to the Pr3* emission and another one responsible for
the self-trapped exciton emission.

Thermoluminescence (TL) curves from room temper-
ature up to 400 °C were collected to provide informa-
tion about the charge traps present in Y,0,. As shown
in Figure 4b, the undoped sample exhibited a TL peak at
65 °C after 215nm charging. On the other hand, the Pr-
doped sample presented two main TL peaks, one centered

at 90 °C and another one centered at 320 °C. This result
explains the presence of two components observed dur-
ing OSL measurements, i.e., the spontaneous emission at
room temperature, which comes from a shallow trap, and
the OSL itself, which arises from a deep trap when opti-
cally stimulated. The peaks at 65°C and 90 °C are prob-
ably related to the same defect in the host. The intro-
duction of dopants leads to distortions in the lattice. As
a result, native defects and their probability of charge
release with temperature changes are likely altered (rep-
resented by the temperature shift of the TL peaks). Charg-
ing under 275 nm also leads to two TL peaks, i.e., one that
corresponds to a shallow trap and another one that corre-
sponds to a deep trap (Figure S7, Supplementary Materials).
But the TL response is much weaker than that after
215nm charging, which is in agreement with the OCT
results.

For the additional TL peak centered at 320 °C, that
might be either introduced by a host defect during Pr doping
or introduced by the dopant itself, since Pr3* is known to
act as a hole trapping center in some rare-earth codoped
compounds [38]-[40]. However, more studies are needed to
shed light on this, since Pr3* is unlikely to act as both charge
trap and recombination center (as shown to be the case in
Figure 4a). The trap depth (E) associated to these TL peaks
were estimated by the approximation E = CykyT,,, where
Cy is the called Urbach constant (18 < Cp; < 44), kj is the
Boltzmann constant and T, is the temperature of the TL
peak [25]. Taking the average value of C; as reference (Cy
= 31), the estimated trap depths are 1.0 eV and 1.6 eV.
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Figure 5: Dynamic range of the charging process and repetitive OSL readout. (a) Initial OSL intensity for Pr:Y,0; after different excitation powers
under 215 nm (60 s charging): 0, 0.5, 1, 1.5, 2.5, 5, 10, 15, 25, 50, 100, 150, 250, 500 nW. Inset shows the corresponding OSL curves. 0 nW measurement
corresponds to the background. (b) 100-cycle OSL intensity readout performed after a single shot charging of a Pr:Y,0; sample. The main figure shows
all the OSL cycles following a 10 s delay after starting signal acquisition. Inset highlights a few cycles at about 200 s, where discrimination between the
charged (‘") and uncharged (‘0’) remains clear. Each cycle has a period of 2 s and 1's stimulation time. Charging is performed under 215 nm at 100 nW
over 60 s. Background (‘0’) refers to the PMT response from the uncharged sample.

volume in Y,0, as ~2 X 108 mm~3, which lower bounds the
density of charge trapping defects in the sample. This esti-
mate takes into account the 1 % photon collection efficiency
due to finite PMT aperture, the 47 % transmission efficiency
of the filters and 5 X 10° counts/pW/s sensitivity (450 nm) of
the PMT.

The combination of effective charging and OSL pro-
cesses allows us to control the trapped charge density in the
host material on-demand. This control is not only essential
for realizing charge-based optical memories but also lend
itself to a potential tool for enhancing the optical coherence
times of rare-earth quantum emitters in the host matrix. As
a proof-of-principle demonstration, we performed repeated
optical stimulation and OSL intensity readout after the
Pr:Y,0, sample is charged by 215 nm excitation, and the
result is compared with the case of the uncharged sample.
As depicted in Figure 5b, with intermittent stimulation at1s
interval, the detrapped charges measured by OSL intensity
decays at a characteristic time of 48 s. Here, the stimulation
intensity was 5 mW/cm?. Treating the sample as a digital
memory, we see a clear distinction between the charged (i.e.,
bit ") and uncharged (i.e., bit ‘0’) states even after >200 s
stimulation (inset of Figure 5b). Further optimization such
asreducing the stimulation intensity, increasing the charged
area (7mm? in current experiment), improving the OSL
collection efficiency or cooling the sample to cryogenic tem-
peratures would lead to a slower decay, more readout cycles
and further improved discrimination between the ‘0’ and ‘1’
states.

4 Conclusion and outlook

We have reported a versatile experimental approach, i.e.,
optical charge trapping spectroscopy, to control the charge
state of lattice defects in a rare-earth doped oxide host crys-
tal with only optical excitations. Excitations via the inter-
band absorption of the host and 4f-5d transition of Pr®* were
found to be effective for charging the defects in the host.
Recombination pathways were found to be via Pr3* relax-
ation and via a host-related process (possibly self-trapped
exciton relaxation). Besides reporting an all-optical con-
trol approach of localized charging environment, this work
offers a tool to probe possible interactions between intrin-
sic defects and luminescence centers in the host matrix.
Further studies could investigate the dynamics of charging
and OSL readout processes, by varying the charging and
stimulation pulse widths and the wait time between them.
The physical origin of these charge trapping defects, such
as tunneling two-level-systems (TLS) or F* oxygen vacancy
centers, also warrants further research. The optical charg-
ing spectroscopy technique can aid the development of
high density optical storage systems based on atomic-scale
charge trapping defects in solids without the need of high-
energy (X-ray) light sources. In view of that, localized charge
control can be realized by performing charging and OSL
readout through a high-NA microscope objective to reach
a diffraction-limited spatial resolution. Such a nanoscopic
control of the local charge environment around individual
rare-earth quantum emitters [45] could be used to suppress
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fluctuating noise and spectral diffusion, and in turn enhance
the quantum coherence of single rare-earth ions for quan-
tum information applications.
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