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Abstract: Charge-trapping defects in crystalline solids play

important roles in applications ranging frommicroelectron-

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 (Y2O3). 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 Y2O3 polycrystalline ceramic host matrix,

we observe charging pathways via the inter-band optical

absorption of Y2O3 and via the 4f-5d transitions of Pr3+.

We demonstrate effective control of the density of trapped

charges within the Y2O3 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]–[9]. 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 pronouncedwhen 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 canmitigate

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. UsingOCT 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, OSL is used as a charge read-

out technique in OCT to reveal the optical charge trapping

process.

Using a praseodymium (Pr3+) doped yttrium oxide

(Y2O3) 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 μW/cm2. Exploiting this, we

demonstrated low-power all optical charge control and on-

demand readout in Pr:Y2O3. 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, aswell as for the localized control of quantumcoher-

ence in rare-earth- doped solids.

2 Materials and methods

Wecarried out this studyusing bothnominally undoped and

20 parts per million (ppm) Praseodymium (Pr) doped Y2O3

polycrystalline ceramics. The size of the undoped sample

is 5 × 4 × 0.4 mm3 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/m2 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

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 mW/cm2 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,

whichwasdoneby 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 heaterwith 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 1 s.

Figure 1b shows the setup for the TL measurement.

3 Results and discussion

Pr-doped Y2O3 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 Å) for the same

coordination number (6). The 4f-4f transitions of Pr3+ in

the visible range are within 450–500 nm (3H4 →
3P J ) and

580–750 nm (1D2 →
3H4) ranges. 4f-5d transitions lie in the

250–360 nm range and the two different substitutional sites

C2 and S6 correspond to different absorption bands (280 nm

and 317 nm center emissions) [28]. 4f-4f transitions in the

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 5 nm step. Figure 2a shows the

OCT spectrum. We observed most pronounced charging

effect at around 215 nm 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 Y2O3, 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 confusedwith 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 aremore 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

4.1 eV (302 nm) 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 → 4f-5d transition of Pr3+, 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 Y2O3. 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 corroboratedby the ther-

moluminescence results (see Figure 4b).

Figure 2c shows the OSL signal as a function of the

stimulation time after different chargingwavelengths (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:Y2O3 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:Y2O3 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:Y2O3

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 1D2 →
3H4 transitions of Pr

3+. The broadband

emission likely originates from relaxed self-trapped exci-

tons (STE) in Y2O3, which were shown to have a broadband

emission centered at 359 nm (3.45 eV)with the shorterwave-

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 Y2O3 (Figure S4, SupplementaryMaterials). 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 Al2O3 (Sapphire), Y3Al5O12 (YAG) and YAlO3

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 spectrawere collected

by probing the Pr3+ 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 Y2O3. As shown

in Figure 4b, the undoped sample exhibited a TL peak at

65 ◦C after 215 nm 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

215 nm 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 = CUkBTm, where

CU is the called Urbach constant (18 ≤ CU ≤ 44), kB is the

Boltzmann constant and Tm is the temperature of the TL

peak [25]. Taking the average value of CU as reference (CU
= 31), the estimated trap depths are 1.0 eV and 1.6 eV.
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Figure 4: OSL emission spectra, TL measurements and a charge-

recombination model. (a) OSL emission spectra after 215 nm charging

(10 nm linewidth, 1 μW over 60 s). The discontinuity around 530 nm

arises from the 532 nm notch filter placed before detection.

(b) Thermoluminescence (TL) curves and the background (readout right

after TL) for both Pr-doped and undoped Y2O3 samples. Charging was

performed over 60 s exposure. (c) Charging-recombination model for

Pr:Y2O3. 1 represents the band-to-band excitation; 2 represents 4f-4f5d

transition of Pr3+; 3 represents charge trapping processes; 4 represents

spontaneous release of charges at room temperature; 5 represents

charge detrapping during optical stimulation; 6 represents radiative

recombination via self-trapped exciton relaxation and 7 represents

radiative recombination via 4f-4f transition of Pr3+. Non-radiative

relaxation to 1D2 is not shown here. Solid black circles and empty circles

represent electrons and holes, respectively.

Based on density function theory (DFT) calculations,

a previous report has shown that the energies required

to change the charge state of oxygen vacancies in Y2O3,

i.e., V
+∕2+
o and V

0∕+
o are 2.7 eV and 2.9 eV above the top of

valence band, respectively, although they have underesti-

mated the Y2O3 band-gap (4.1 eV) [7]. A common method of

defect energy level correction when the band-gap is under-

estimated is to move these levels upwards as the band

gap is opened up [43]. Considering our estimation of the

band-gap (5.7 eV) based on the OCT spectrum, the neutral

and singly charged oxygen vacancies energy levels might

move up by 1.6 eV, which put them at 1.2 eV and 1.4 eV

below the bottom of conduction band. Therefore, we spec-

ulate that neutral or singly charged oxygen vacancies can

be the defects responsible for the charge trapping in our

measurements.

To sum up the spectroscopy results, we propose a

semi-empirical model for the charging-recombination pro-

cesses in Pr:Y2O3 (Figure 4c). The band-gap of Y2O3 was

estimated as 5.7 eV. From photoconductivity measurements,

the ground state level of Pr3+ in Y2O3 was reported to be

at 1.7 eV above the top of valence band [44]. Two charge

traps in the Pr-doped sample are present, a shallow one

with trap depth of 1.0 eV and a deep one with trap depth of

1.6 eV, possibly related to neutral and singly charged oxygen

vacancies. Two radiative recombination pathways during

optical stimulation were found, i.e., one that leads to the

narrow 1D2 →
3H4 transitions of Pr

3+ and another assigned

to a self-trapped exciton emission. When excited at 215 nm,

valence electrons overcome the band-gap and are captured

by the charge traps. At room temperature, the shallow traps

(ST) spontaneously release the electronswith sufficient ther-

mal energy. When optically stimulated, electrons captured

by the deep traps are released and recombine both through

excited states of Pr3+, as well as with a self-trapped hole

(thus, the self-trapped exciton emission).

The dynamic range of the optical charging process

was evaluated by measuring the OSL response after differ-

ent charging intensities under 215 nm excitation, with the

charging time fixed at 60 s. As shown in Figure 5a, the OSL

intensity increases monotonically across the 0.5 – 500 nW

power range. As the charging intensity is increased, the

probability of charge trapping increases, and a finite num-

ber of traps in the host explains the saturation at high charg-

ing intensities. Increasing the density of native defects by

optimizing the synthesis of thesematerials could extend the

non-saturating power range of the OSL. Interpolating the

OSL decay curve until full depletion, the total OSL photons

after 1 μW charging is ∼3 × 106. Considering this, we esti-

mated the total number of stimulated OSL photons per unit
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Figure 5: Dynamic range of the charging process and repetitive OSL readout. (a) Initial OSL intensity for Pr:Y2O3 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:Y2O3 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 (‘1’) 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 Y2O3 as ∼2 × 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 × 105 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:Y2O3 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 at 1 s

interval, the detrapped charges measured by OSL intensity

decays at a characteristic time of 48 s. Here, the stimulation

intensity was 5 mW/cm2. Treating the sample as a digital

memory,we see a clear distinction between the charged (i.e.,

bit ‘1’) and uncharged (i.e., bit ‘0’) states even after >200 s

stimulation (inset of Figure 5b). Further optimization such

as reducing the stimulation intensity, increasing the charged

area (7 mm2 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 Pr3+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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fluctuatingnoise and spectral diffusion, and in turn enhance

the quantum coherence of single rare-earth ions for quan-

tum information applications.

Acknowledgments: We thank Luigi Mazzenga for the sup-

port with machining the mechanical parts for the experi-

mental setups. We thank Eduardo Yukihara for providing

samples for our preliminary OSL measurements.

Research funding: This work was supported by the

U.S. Department of Energy, Office of Science, for sup-

port of microelectronics research, under Contract No.

DE-AC0206CH11357.

Author contributions: LVSF and TZ conceived this study.

LVSF designed the experiment and devised the methodol-

ogy. HZ synthesized the samples. LVSF and SD collected the

data. LVSF performed the data analysis. LVSF and TZ wrote

the manuscript.

Conflict of interest: Authors state no conflicts of interest.

Data availability:Data sharing is available upon reasonable

request to the corresponding author.

References

[1] P. Kofstad, “Defects and transport properties of metal oxides,”

Oxid. Met., vol. 44, no. 1, pp. 3−27, 1995..
[2] H. L. Tuller and S. R. Bishop, “Point defects in oxides: tailoring

materials through defect engineering,” Annu. Rev. Mater. Res.,

vol. 41, pp. 369−398, 2011,.
[3] K. Ye, et al., “An overview of advanced methods for the

characterization of oxygen vacancies in materials,” Trac. Trends

Anal. Chem., vol. 116, pp. 102−108, 2019,.
[4] X. Pan, M.-Q. Yang, X. Fu, N. Zhang, and Y.-J. Xu, “Defective TiO2

with oxygen vacancies: synthesis, properties and photocatalytic

applications,” Nanoscale, vol. 5, no. 9, pp. 3601−3614, 2013..
[5] K. Wang, Y. Chang, L. Lv, and Y. Long, “Effect of annealing

temperature on oxygen vacancy concentrations of nanocrystalline

CeO2 film,” Appl. Surf. Sci., vol. 351, pp. 164−168, 2015,.
[6] J. Wang, R. Chen, L. Xiang, and S. Komarneni, “Synthesis,

properties and applications of ZnO nanomaterials with oxygen

vacancies: a review,” Ceram. Int., vol. 44, no. 7, pp. 7357−7377,
2018..

[7] J. X. Zheng, G. Ceder, T. Maxisch, W. K. Chim, and W. K. Choi,

“Native point defects in yttria and relevance to its use as a

high-dielectric-constant gate oxide material: first-principles

study,” Phys. Rev. B, vol. 73, no. 10, p. 104101, 2006..

[8] S. Yang, et al., “Photoinduced electron paramagnetic resonance

study of electron traps in TiO2 crystals: oxygen vacancies and Ti
3+

ions,” Appl. Phys. Lett., vol. 94, no. 16, p. 162114, 2009..

[9] C. Gionco, et al., “Al- and Ga-doped TiO2, ZrO2, and HfO2: the

nature of O 2p trapped holes from a combined electron

paramagnetic resonance (EPR) and density functional theory (DFT)

study,” Chem. Mater., vol. 27, no. 11, pp. 3936−3945, 2015..
[10] T. Böttger, C. W. Thiel, Y. Sun, and R. L. Cone, “Optical decoherence

and spectral diffusion at 1.5 μm in Er3+:Y2SiO5 versus magnetic

field, temperature, and Er3+ concentration,” Phys. Rev. B, vol. 73,

p. 075101, 2006.

[11] R. Fukumori, Y. Huang, J. Yang, H. Zhang, and T. Zhong,

“Subkilohertz optical homogeneous linewidth and dephasing

mechanisms in Er3+:Y2O3 ceramics,” Phys. Rev. B, vol. 101, no. 21,

p. 214202, 2020..

[12] D. Ding, et al., “Probing interacting two-level systems with

rare-earth ions,” Phys. Rev. B, vol. 101, no. 1, p. 014209, 2020..

[13] C.-J. Wu, D. Riedel, A. Ruskuc, D. Zhong, H. Kwon, and A. Faraon, “

Near-infrared hybrid quantum photonic interface for 171Yb3+

solid-state qubits,” Phys. Rev. Appl., vol. 20, no. 4, p. 044018,

2023..

[14] Z. Hu, et al., “Burn after read: a rewritable multiplexing optical

information storage and encryption method,” Laser Photonics Rev.,

vol. 18, no. 9, p. 2301024, 2024,.

[15] Z. Hu, et al., “Reversible 3D optical data storage and information

encryption in photo-modulated transparent glass medium,” Light:

Sci. Appl., vol. 10, no. 1, p. 140, 2021,.

[16] S. Lin, et al., “High-security-level multi-dimensional optical storage

medium: nanostructured glass embedded with LiGa5O8: Mn
2+

with photostimulated luminescence,” Light: Sci. Appl., vol. 9, no. 1,

p. 22, 2020,.

[17] W. Li, et al., “Tailoring trap depth and emission wavelength in

Y3Al5−xGaxO12:Ce
3+, V3+ phosphor-in-glass films for optical

information storage,” ACS Appl. Mater. Interfaces, vol. 10, no. 32,

pp. 27150−27159, 2018..
[18] E. G. Yukihara, et al., “Luminescence dosimetry,” Nat. Rev. Methods

Primers, vol. 2, no. 1, p. 26, 2022..

[19] L. V. S. França, E. Müller, E. G. Yukihara, and O. Baffa, “A Tb and Ag

co-doped borate compound forms a high sensitive X-ray,

gamma-ray and neutron luminescence dosimeter,” J. Mater. Chem.

C, vol. 11, no. 13, pp. 4444−4455, 2023..
[20] L. V. S. França and O. Baffa, “Boosted UV emission on the optically

and thermally stimulated luminescence of CaB6O10:Gd, Ag

phosphors excited by X-rays,” Appl. Mater. Today, vol. 21, p. 100829,

2020,.

[21] L. Yuan, Y. Jin, Y. Su, H. Wu, Y. Hu, and S. Yang, “Optically

stimulated luminescence phosphors: principles, applications,

and prospects,” Laser Photonics Rev., vol. 14, no. 12, p. 2000123,

2020,.

[22] H. Wu, M. Wang, L. Huai, W. Wang, J. Zhang, and Y. Wang, “Optical

storage and operation based on photostimulated luminescence,”

Nano Energy, vol. 90, p. 106546, 2021,.

[23] M. Deng, et al., “Novel Co-doped Y2GeO5:Pr
3+, Tb3+: deep trap

level formation and analog binary optical storage with submicron

information points,” Adv. Opt. Mater., vol. 9, no. 10, p. 2002090,

2021..

[24] H. Zhang, et al., “Transparent Er3+-doped Y2O3 ceramics with long

optical coherence lifetime,” ACS Omega, vol. 2, no. 7,

pp. 3739−3744, 2017..
[25] A. J. J. Bos, “Thermoluminescence as a research tool to investigate

luminescence mechanisms,” Materials, vol. 10, no. 12.

[26] L. V. S. França, L. C. Oliveira, and O. Baffa, “Development of a

thermoluminescence and radioluminescence integrated

spectrometer,” Measurement, vol. 134, pp. 492−499,
2019..

[27] D. Avram, B. Cojocaru, M. Florea, and C. Tiseanu, “Advances in

luminescence of lanthanide doped Y2O3: case of S6 sites,” Opt.

Mater. Express, vol. 6, no. 5, pp. 1635−1643, 2016..



L. V. S. França et al.: All-optical control of charge-trapping defects — 9

[28] A. Diego-Rucabado, et al., “A comparative study on luminescence

properties of Y2O3: Pr
3+ nanocrystals prepared by different

synthesis methods,” Nanomaterials, vol. 10, no. 8.

[29] Q. Li, et al., “High transparency Pr:Y2O3 ceramics: a promising gain

medium for red emission solid-state lasers,” J. Adv. Ceram., vol. 11,

no. 6, pp. 874−881, 2022..
[30] J. Robertson, “Band offsets of wide-band-gap oxides and

implications for future electronic devices,” J. Vac. Sci. Technol. B:

Microelectron. Nanometer Struct.-Process. Meas. Phenom., vol. 18,

no. 3, pp. 1785−1791, 2000..
[31] C. Hua, et al., “Optical properties of cubic and monoclinic

Y2O3 films prepared through radio frequency magnetron

sputtering,” Surf. Coat. Technol., vol. 320, pp. 279−283,
2017,.

[32] Y. Zorenko, et al., “Luminescence of F+ and F centers in

Al2O3−Y2O3 oxide compounds,” IOP Conf. Ser. Mater. Sci. Eng.,

vol. 15, no. 1, p. 012060, 2010..

[33] E. G. Yukihara, “Luminescence properties of BeO optically

stimulated luminescence (OSL) detectors,” Radiat. Meas., vol. 46,

no. 6, pp. 580−587, 2011..
[34] G. Lucovsky, “On the photoionization of deep impurity centers in

semiconductors,” Solid State Commun., vol. 3, no. 9, pp. 299−302,
1965..

[35] H. G. Grimmeiss and L. A. Ledebo, “Photo-ionization of

deep impurity levels in semiconductors with non-parabolic

bands,” J. Phys. C: Solid State Phys., vol. 8, no. 16, p. 2615,

1975..

[36] R. Masut and C. M. Penchina, “Photoionization cross-section for

𝛿-shell deep levels,” Phys. Status Solidi B, vol. 130, no. 2,

pp. 737−742, 1985..

[37] A. I. Kuznetsov, V. N. Abramov, N. S. Rooze, and T. I. Savikhina,

“Autolocalized excitons in Y2O3,” JETP Lett., vol. 28, no. 1357, p. 602,

1978.

[38] A. Lushchik, M. Kirm, C. Lushchik, I. Martinson, and G. Zimmerer,

“Luminescence of free and self-trapped excitons in wide-gap

oxides,” J. Lumin., vols. 87−89, pp. 232−234, 2000,.
[39] K. H. Lee and J. H. Crawford, “Luminescence of the F center in

sapphire,” Phys. Rev. B, vol. 19, no. 6, pp. 3217−3221, 1979..
[40] H. Luo, A. J. J. Bos, and P. Dorenbos, “Controlled electron−hole

trapping and detrapping process in GdAlO3 by valence band

engineering,” J. Phys. Chem. C, vol. 120, no. 11, pp. 5916−5925,
2016..

[41] H. Luo, A. J. J. Bos, and P. Dorenbos, “Charge carrier trapping

processes in RE2O2S (RE= La, Gd, Y, and Lu),” J. Phys. Chem. C,

vol. 121, no. 16, pp. 8760−8769, 2017..
[42] T. Lyu and P. Dorenbos, “Charge carrier trapping processes in

lanthanide doped LaPO4, GdPO4, YPO4, and LuPO4,” J. Mater.

Chem. C, vol. 6, no. 2, pp. 369−379, 2018..
[43] A. F. Kohan, G. Ceder, D. Morgan, and C. G. Van de Walle,

“First-principles study of native point defects in ZnO,” Phys. Rev. B,

vol. 61, no. 22, pp. 15019−15027, 2000..
[44] D. Jia, X.-J. Wang, and W. M. Yen, “Ground-state measurement of

Pr3+ in Y2O3 by photoconductivity,” Phys. Solid State, vol. 50, no. 9,

pp. 1674−1676, 2008..
[45] R. Kolesov, et al., “Optical detection of a single rare-earth ion in a

crystal,” Nat. Commun., vol. 3, no. 1, p. 1029, 2012..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2024-0635).

https://doi.org/10.1515/nanoph-2024-0635

	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Conclusion and outlook


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


