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Abstract: In this paper, we present the synthesis and luminescent spectra of rare-earth (RE)-doped
aluminum and lanthanum borates intended to serve as narrow excitation—emission band fluorescent
markers. We perform a detailed 3D excitation—emission matrix (EEM) analysis of their spectra,
compare the measurements from both standard and mobile phone spectrometers, and outline the
basic differences and advantages of each method. While smartphones have a different and non-
uniform spectral response compared to standard spectrometers, it is shown that they offer a number
of advantages such as contactless interrogation, efficient suppression of the UV excitation light, and
simultaneous spectral analysis of spatially arranged arrays of fluorescent markers. The basic emission
peaks have been observed and their corresponding electronic transitions identified. The obtained
results show that the rare-earth-doped La and Al borates feature excitation-emission bandwidths as
low 15 nm/12 nm, which makes them particularly appropriate for use as luminescent markers with
UV LED excitation and smartphone interrogation.

Keywords: rare earth; aluminum borates; lanthanum borates; smartphone interrogation; excitation—
emission matrices; fluorescence; luminescent markers

1. Introduction

In recent years, inorganic borate materials synthesized by the solid-state method have
attracted considerable attention due to their promising chemical and physical properties
and applications such as flat panel displays, white-light-emitting diodes (WLEDs), solar
cells, thermoluminescent dosimeters, plasma displays, etc. [1]. In these applications, rare
earth (RE) compounds are highly valued due to their unique electron configurations. Key
RE3* elements such as La, Ce, Sm, Eu, Gd, Tb, and Dy primarily exist in the +3 valence state,
characterized by up to 14 electrons in the 4f shell. These ions can also occur in +4 and +2
valence states when their f shells are partially filled. In these materials, luminescence occurs
through processes including absorption, excitation, energy transfer, and emission, triggered
by electron transitions between energy orbitals. In these systems, the host material plays
an important role. It acts as a passive matrix defining the spatial positions of dopant ions,
termed activators, and as an active participant that influences the spectroscopic properties
of these activators [2]. For instance, terbium (Tb3*) and cerium (Ce>*) ions, with their 4f-5d
excited states, demonstrate efficient luminescence when incorporated into lanthanum and
aluminum compounds [3].

Borate compounds can feature a three- or four-fold coordination of borate atoms, which
perform as excellent hosts for luminescent materials due to their structural diversity [4].
Rare earth elements like Sm, Tb, Eu, Ce, Gd, and Dy, when doped into lanthanum and
aluminum borates, can enhance luminescence properties. For example, Eu®>* shows strong
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red /orange luminescence, while Tb3* emits in the green spectrum [5]. Various synthesis
methods such as the high-temperature solid-state reaction, sol-gel, hydrothermal synthesis,
and solution combustion are employed, with the solid-state reaction noted for its simplicity,
high yield, and environmentally friendly profile. The applications of Eu-doped La and Al
borates are diverse due to their unique excitation-emission spectra [6,7]. These include uses
in anti-counterfeiting [8,9] and potential applications in plasma displays [10]. In all of the
above and in other applications, it is of crucial importance to be able to detect, identify, and
track such luminescent markers remotely using worldwide available smartphones [11-16],
which are more affordable than professional spectrometers and are compatible with Internet
of Things technology, thus allowing intelligent sensing networks to be developed.

In the present work, we synthesized a series of luminescent lanthanum and aluminum
borate samples doped with various rare earth elements and their combinations in order to
obtain a unique coding for various applications. We measured the 3D excitation—emission
spectra of the samples with a standard optical fiber spectrophotometer and with a smart-
phone in combination with a transmission diffraction grating, referred to hereafter as a
smartphone or mobile phone spectrometer.

2. Synthesis of the Eu*-Doped Borates
2.1. Materials

The following reagents of analytical grade purity were used for the synthesis of
luminescent materials: Lay O3 (lanthanum (III) oxide, 99.9%) and Al,O3 (aluminum oxide
for chromatographic purposes 99%), purchased from Alfa Aesar, H3BOj3 (boric acid, 99%,
index # 005-007022-2), Eu, O3 (europium (III) oxide, 99.99% (trace metal basis), Acros, CAS:
1308-96-9), SmyO3, Dy,03, Gdy03, Ce(SO4)2 x 4 HyO, and TbF;.

2.2. Synthesis of LaBO3: RE and AIBO3: RE Phosphors

In our experiments, LaBO3: RE and AIBOj3: RE (Re—Euy03, Sm;03, Dy,03, Gdy03,
Ce(SOy4)2 x 4 HyO, and TbF3) phosphors were synthesized by the solid-state method.
The solid-state synthesis was carried out in a muffle furnace LM 312.07 with a G400
controller and a temperature range of 0-1200 °C. The raw materials LayO3, Al,O3, and
an excess of H3BO3; —45% were used according to the stoichiometric formulas shown in
Equations (1) and (2):

Lay,O3 + 2 H3BO3; — 2 LaBO3 + 3 H,O 1)

A1203 +2H3BO; — 2 AIBO3 + 3 H,O 2)

All of these samples were doped with a mol % varying from 1 to 3 mol % of each
rare earth compound and a combination of them as shown in Table 1. For the synthesis,
reagents were weighed, mixed, and well-homogenized. The prepared mixtures were
placed in porcelain crucibles. In the muffle furnace, the samples were heated in a controlled
manner, where slow heating at a rate of ~15 °C/min was applied to set the temperature
to 1050 °C for samples A3-Al1l, maintained for 6 h, and 1000 °C for samples B1-B12,
Al, and A2, again for 6 h, and after that they were left in the furnace and cooled slowly
for 16 h. After cooling, the samples of LaBO3: RE were a fine white powder and the
AIBOj3: RE samples were in a crystalline-like form. Furthermore, they could be crushed into
a fine powder. In order to compare the host-to-activator efficiency in LaBO3 / AIBO3, we
synthesized LaBO3/ AIBO3; doped with different lanthanide ions and combinations of them
(Eu®*, Sm3*, Dy**, Gd®*, Ce*t, Eu®* /Tb®, Eu*/Ce**, Eu®*/Gd®, and Eu®*/Gd3* /Tb%*).
The combination of rare earth (RE) ions in LaBO3 and AIBO3z matrices improves their
optical properties, making them suitable for various applications and easy to check using
smartphone equipment. Cerium ions were employed as a co-doping agent because they are
capable of transferring energy to other RE ions such as europium (Eu®*), which significantly
enhances their luminescent properties. In samples A8 and B8, for example, the emission
of Eu®* ions was greatly enhanced by the energy transfer from cerium to europium ions.
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When combined with Eu®*, gadolinium performs as a sensitizing agent, improving the
luminescence efficiency of europium ions. This is due to the half-filled orbital of gadolinium
ions. Therefore, the combination of gadolinium and europium ions can largely enhance the
luminescent properties of borate materials.

Table 1. List and notation of the synthesized samples.

La, 03 + H3BOg

Alz 03 + H3BO3

Sample RE Mol % of REs Sample RE Mol % of REs

Notation Notation
Al Eu,O3 2 Bl EuyO3
A2 Smy O3 2 B2 Sm, O3
A3 Dy,0O3 2 B3 - -
A4 - - B4 TbF; 2
A5 Gd,03 2 B5 - -
A6 Ce(S04), x 4 HO 2 B6 Ce(S04), x 4 H,O 2
A7 EuyO3 + TbF3 2/1 B7 EuyO3 + TbF3 2/1
A8 EuyO3 + Ce(SO4), x 4 H,O 2/1 B8 EupO3 + Ce(SO4); x 4 H,O 2/1
A9 - - B9 Euy O3 + Dy,03 2/1
A10 Eu, O3 + GdyO3 2/1 B10 Eu,O3 + Gd,03 2/1
All Euy O3 + Gd,O3 + TbF; 3/2/1 B11 - -
Al2 - - B12 EuyO3 + Dy,0O3 + TbF3 3/2/1

3. Fluorescence Spectra
3.1. Experimental Setup

The experimental setup used for the measurement of the fluorescence spectra with
both a standard spectrometer and mobile phone spectrometer is shown in Figure 1a,b.
A laser-driven light source (Energetiq, Wilmington, MA, USA) generates white light in
the 190-2500 nm range, which is coupled to an Ocean Optics, Orlando, FL, USA (QE
65000) monochromator via a 1 mm-diameter large core fiber. The optical fiber spectrometer
covers a range from 200 to 900 nm. A 1 mm hole is drilled in a plastic platform, in which
are installed 600 pm core lead-in and lead-out fibers at 90° with respect to each other.
The lead-in fiber excites the sample, and the lead-out fiber couples the fluorescence and
scattered light to the standard Ocean Optics (OO) spectrometer as shown in Figure 1a. The
fluorescent sample is observed by the smartphone camera from a distance of about 15 cm,
at which distance the smartphone can focus on the fluorescent sample. The mobile phone
used is a Samsung Galaxy A51 (2400 x 1080 pixels).

Q Monochromator

White light

source

Smartphone Camera

D ’iﬁl‘t?(‘ﬁl)ll/.1l. : }"

grating

Top view:

observed
from
camera :I

Sample

Spectrometer

Sample

(@) (b)

Figure 1. Experimental setup: (a) basic arrangements for the measurement of the 3D excitation—
emission spectra of the samples using a standard optical fiber spectrometer; (b) side view of the
arrangement from (a) with a smartphone camera equipped with a sheet transmission diffraction
grating (1000 L/mm) to observe the spectrum.
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3.2. Measurements with a Spectrometer and a Monochromator
3.2.1. Excitation-Emission Spectra

The standard procedure is to scan the excitation wavelength A" within a certain range
and measure the luminescence spectrum for each excitation wavelength, which allows us
plot 3D excitation-emission spectra, the topographic views of which are shown for sample
A3 and B4 in Figure 2. It is well known that lanthanide ions have very low absorption
coefficients (¢ < 1M~ em™1) [15]. To increase light emission, the lanthanide ion can be

doped into suitable matrices.
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Figure 2. Topographic views of the excitation-emission fluorescence spectra measured by an Ocean
Optics spectrometer of synthesized samples from the A (Lay;O3 + H3BO3) and B (Al,O3 + H3BO3)
groups: (a) A3—(Dy03); (b) B4&—(TbF3); (c) A7 and (d) B7—(Eu,03 + TbF3); (e) A8 and (f) B8—
(EupO3 + Ce(SO4)2 x 4 HyO); (g) A10 and (h) B10—(EupO3 + GdyO3). The red rectangles show the
wavelength ranges within which the spectra were measured with the smartphone.

The lowest excited energy level (*Fg /,) of the Dy>* ion (478 nm) (A3) is similar to that
(°Dy) of the Tb3* ion (490 nm) (B4), and dysprosium (IIT) complexes exhibit the characteristic
4F, /2—6H13 /2 and 4F, /2—6H15 /2 transitions leading to blue (around 478 nm) and the most
intensive emission, yellow (around 574 nm), respectively, as shown in Figure 2a [16]. The
emission spectra in sample B4 are in two luminescence bands—a weak emission at around
481 nm in blue region corresponding to the transitions °Dy~’Fg obeys the magnetic dipole
transition selection rule of A] = &1 [17,18] and a very strong one centered at 543 nm,
relevant to transition °D;—"Fs, in strong green region, respectively, as shown in Figure 2b.

When a sample is doped with Tb** and Eu3*, additional luminescence bands are
observed as seen in Figure 2c for A7. The detailed spectroscopic analysis shows that
these bands correspond to the 5D0—7F] (J =1 = 4) transitions of Eu*, specifically Dy—"F,
(Eu?*) and °D4—"F5 (Tb%*) [19]. Their relative band intensities depend strongly on the
concentrations of Tb*" and Eu’" in the materials. Figure 2c shows luminescent bands
located in the spectral range of 590-620 nm, where both the >D;~’Fs transitions of Tb**
and °Do-"Fj (J = 0, 1) of Eu®* exist, suggesting a Tb>* — Eu’* energy transfer process. The
reverse process, i.e., Eu®t — Tb3*, is not observed [20].

The emission of the cerium ion originates from the allowed transition of 4f0 5d1 — 4f1 5d0.
It is noted that d < f transitions depend strongly on the ligand field, allowing the emission
peak of the cerium ion to range from ultraviolet to visible wavelengths [21].

The excitation spectrum of sample A8 in Figure 2e exhibits a broad band with two in-
tense peaks at around 620 nm when excited by different sources: at 290 nm, corresponding
to the 2F5/2 — 5d2 transition, and at 390 nm. In comparison, sample B8 (Figure 2f) shows
a band with one intense peak at around 620 nm when excited by a source wavelength of
390 nm.

For a europium-to-cerium ion ratio of 2:1, the emission intensities of Eu®* are higher
compared to those of the cerium ion, which is indicative of efficient energy transfer from
the cerium ion to Eu®*. The dominant emission line observed is the 5D0-7F2 transition
at around 620 nm, with all other lines being very weak in intensity, suggesting a low
probability of the presence of orange and green Eu®>* emission lines [22].

Under the charge transfer excitation wavelength, the cerium ion emission band is
observed along with the Eu excitation lines. The cerium emission band extends to cover
all the Eu excitation lines, indicating that Ce transfers some of its energy to the Eu ion.
Increasing the Eu concentration enhances the intensity of Eu lines while decreasing the
intensity of the Ce emission band. Thus, the energy transfer process is incomplete, likely
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involving both radiative and non-radiative energy transfers in samples A8 and B8, with Ce
acting as the sensitizer and the Eu ion as the activator in the host matrix [23].

After direct Eu?* excitation at 394 nm, the non-radiative relaxation (NR) takes Eu®*
down to the Dy luminescence level. The excitation peaks of Gd** are found at around
275 nm, corresponding to the energy transfer of 8S;,, — I/, for samples with aluminum
and lanthanum borate, as shown in Figure 3a,b. At this state, a few Gd3* ions emit photons
while most of the Gd3* transfers energy to the Eu®* ion. The Eu®* acceptors then drop their
energy to the °Dy level for luminescence. In the case of charge transfer excitation at 260 nm,
Eu’" receives an electron from O,, converting it to Eu?* at the ground state with higher
vibrational levels, as shown in Figure 2h. Some Eu?* ions transfer energy to Gd3*, while
the remaining Eu?* thermalizes non-radiative relaxation to the lowest vibrational level of
the ground state before transferring energy to Eu>*. Then, the Eu** and Gd>* ions emit
photons, and most of the Gd3* also transfers energy to Eu®*. Since the excitation energy at
260 nm is close to the ®Ds , level of Gd®*, there exists the probability that light at 260 nm
could also excite the Gd3* ions. From these mechanisms, the Gd3* — Eu’* energy transfer
is a key process [24]. The most intensive peak is at 613 nm for both of samples (A10 and
B10), which is due to an electronic transition of Eu3* (°Dy-"F,).
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Figure 3. Excitation efficiency spectra and bandwidths of samples: (a) A3 and (b) A10.

3.2.2. Excitation—-Emission Bandwidths

The 3D plots allow us to identify the excitation wavelength A'max of maximum
intensity observed at the emission wavelength Apax. In Figure 3, we observe these spectra
as narrow excitation—emission maxima.

More details on the excitation spectra, the energy diagrams, and the FTIR spectra of
these samples are presented in ref. [25].

4. Measurements with a Smartphone and a Monochromator

To measure the 3D excitation-emission spectra using a smartphone, we make use of
the optical scheme in Figure 1b. The scheme allows two options: without a lens and with
an additional lens. We first take a measurement without and then with a lens and make
a comparison.

4.1. Smartphone Spectral Characteristics

The use of a smartphone to analyze spectral responses of luminescent materials usually
performed with standard spectrometers requires a comparison of their spectral responses.
The spectral response of a spectrometer is determined by the spectral sensitivity curve of
the photodiode array and the spectral efficiency of the diffraction grating. The spectral
response of the smartphone is determined by the transmission spectra of the RGB pixels, an
example of which for Android smartphones is presented [15] in Figure 4. Figure 5a shows
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the experimental setup that allows for the simultaneous measurement of the responses of
the spectrometer and smartphone (Samsung A51) with a 1000 I/mm transmission grating.
White light with power P is emitted into a monochromator whose output is varied from
390 nm to 700 nm, and further emitted into a 50% /50% optical fiber splitter. One signal
Ioo(A) is observed by means of the spectrometer (OO—Ocean Optics) and the other Iy;p(A)
by the mobile phone. We then calculate the ratio as follows:

KA, P) = Inp(A, P)

= ———"Z for P = const 3
Ioo(A, P) )

Relative value

400 500 600 700
Wavelength, & (nm)

Figure 4. The transmission spectra of the R, G, and B pixels of an Android smartphone [15].

.
)
£
Tt =
€20
Ocean Optics E =10 > .
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(c) (d)

Figure 5. Spectrometer vs. smartphone comparison: (a) an auxiliary experimental setup to compare
spectrometer and smartphone responses; (b) the spectral dependence of the ratio r(A) between the
signal from the mobile phone to that of the spectrometer for a given signal level P(A); (c) a white LED
spectrum as measured by a spectrometer (OO) and a smartphone (MP); (d) the 7(P) dependence for
each of the R, G, and B spectral ranges.

The wavelength dependence 7(A) is shown in Figure 5b. It is quite uneven and exhibits
some minima at the boundary of the RGB spectral ranges, corresponding to the intersection
of the RGB transmission spectra in Figure 4.
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To test if the smartphone linearly responds to the level of the signal, we replace the
constant-power, laser-driven white light source with a white LED whose output power
can be varied. We measure the spectra with both the spectrometer and mobile phone, and
from each spectrum we calculate the power in the blue, green, and red spectral ranges
indicated in Figure 5b. In Figure 5c, we show the white LED spectrum as measured by the
spectrometer (thin red line) and the mobile phone (thick blue line). The thin dotted line is a
multiple of the ratio in Figure 5b and shows that the distortions of the LED spectrum as
measured by the spectrometer are caused by the specific RGB transmission filters of the
smartphone. Figure 5d presents the ratio r(P) as a function of the optical power of the LED
source for the three spectral ranges of blue, green, and red, and as a function of the total
power as measured by the spectrometer. We see that as the optical power of the detected
light increases, the intensity detected by the smartphone compared to that measured by
the spectrometer decreases with the signal level, i.e., the smartphone signal tends to reach
saturation following a power law of the type

r(P) = R.P7V 4)

where the coefficient R and the power p depend on the pixel color. The effect is stronger
for the blue part of the spectrum and the weakest for the red part, which is evident from
Figure 5c where we see that the blue peak appears much weaker with the smartphone than
the green and red components. The smartphone thus distorts the shape of the detected
spectrum and is signal-power-dependent. These distortions depend on the particular
mobile phone model and create the necessity for calibration [16].

4.2. Measurements without a Lens

A low-cost transmission sheet grating with 1000 lines/mm is placed in front of the
smartphone’s camera. The spectra measured by the smartphone are taken simultaneously
with those measured by the spectrometer.

Figure 6 shows stacks of photos of observed spectra taken by a smartphone with
excitation varying from 220 nm to 420 nm. All images are processed using a custom-made
software that is written in Python and makes use of the Numpy, Panda, MatplotLib, and
OpenCV frameworks. The total intensity of the vertical column of activated pixels is
presented as a function of the horizontal pixel position. For the purposes of wavelength
calibration, the position of the zero-th order is considered Ay = 0 nm. Excitation wavelengths
above 400 nm appear on the screen of the smartphone as shown in Figure 6a,b and can be
used to plot the dependence A(N), where N is the number of the pixel corresponding to
the wavelength A. The dependence is linear as seen in Figure 6¢c, and we can write it in the
following form:

A(N) = Ao+ SN )

B4

500 y=0.1973x-76.059
R* =0.9999

Wavelength, 2 ({nm)
w
8

+ B2cal

Linear (B2 cal)

0 1000 2000 3000
Pixel Number, N

()

Figure 6. Stacked images of the spectra of samples (a) A3 and (b) B4 measured by the smartphone at
excitations from 220 nm to 420 nm; (c) the A(N) plot for B4.
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The factor D = 1/Sy is the dispersion of the smartphone spectrometer and depends on the
magnification of the camera. For the spectrum images of B4 (Figure 6b), Sy = 0.1973 nm/pxl,
so the dispersion is D = 5.0684 pixels/nm or D ~ 5 pixels/nm. Figure 7a—f shows the
topographic view of the 3D excitation-emission spectra of samples A3, B4, A7, BS, A10,
and B10, which correspond to the spectra in Figure 2 for the same samples.

i
]
[=]
F
=)

g

E E
£ £
< r
na (1]
c o
A 380 S
g > 350
m
3 160 2
c | =
0 T
= - F
£ 340 »
S 7} i
320 23095 7;!.:'
H R P
400 450 500 550 600 650 450 500 550 600 650

(b)

Excitation wavelength (nm)

450 500 550 600 650 700 400 450 500 550 600 650
Emission wavelength (nm) Emission wavelength (nm)

(c) (d)

Figure 7. Cont.



Photonics 2024, 11, 434

10 of 19

Excitation wavelength (nm)

Excitation wavelength (nm)

450 500 550 600 650  F0O

(f)

&
S

Excitation wavelength (nm)
1]
S

450 500 550
Emission wavelength (nm) Emission wavelength (nm)

(8)

600 650 F00

(h)

Figure 7. Topographic view of the excitation-emission fluorescence spectra of the two samples in
Figure 3, taken by a smartphone: (a) A3; (b) B4; (c) A7; (d) B7; (e) A8; (f) BS; (g) A10 and (h) B10.

Figures 2 and 7 present the 3D spectra of (a) A3, (c) A7, (e) A8 and (g) A10 measured

by the Ocean Optics spectrometer (OO) and of (b) B4, (d) B7, and (f) B8 and (h) B10
measured by the mobile phone (MP). A comparison between these 3D spectra allows for
the enumeration of the following observations:

W)

(i)

(iii)

The smartphone accurately reproduces the narrow excitation-emission band within
the 400 nm to 700 nm mobile phone sensitivity range and allows for the identification
of the emission maxima of the samples in spite of the distortions mentioned in
Section 4.1.

The smartphone cuts off all spectral content above 700 nm, and above 650 nm, weak
maxima are practically undetectable, which is a disadvantage. At the same time, it
efficiently eliminates the spectra of the excitation light for wavelengths < 395 nm and
strongly reduces them up to 405 nm, which is an important advantage for fluorescence
measurements.

The smartphone modifies the proportions between neighboring peaks, which means
that to identify the sample, the spectrum as measured by a smartphone must be
known, especially in the case of ratiometric measurements.
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(iv) The smartphone efficiently cuts off the emission from the excitation sources in the UV
range, as evidenced by Figure 6a,b, in which range the spectrometer may be saturated.

4.3. Measurements with a Lens

In this case, the setup is modified by adding an optional short-focal-length lens in
combination with a 1 mm-diameter diaphragm. The unit is placed on the sample and
collects light from a larger solid angle. Thus, the signal level is increased. However, due to
the magnification, the size of the sample is enlarged and occupies a larger number of pixels
on the screen of the mobile phone.

To illustrate the effect of the lens on the measured spectrum with an excitation wave-
length close to the maximum excitation efficiency, which for the samples under study is
in the range between 378 and 400 nm, we present in Figure 8 the fluorescence spectra of
sample B7 as observed by the spectrometer and by a smartphone with and without a lens.
We see that the visibility of the two peaks is the highest when measured by a spectrometer,
lower when measured by the smartphone without lens, and worst when measured by a
lens. The reason for the reduction in the visibility of the peaks is the poorer resolution,
because unlike the spectrometer, no narrow slit is used to reduce the size of the image
whose spectrum is being observed. A second reason is the saturation of the signal in the
smartphone, as demonstrated in Figure 5d.

1 B7
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! =305 nm Maobile With lens
— —— 395 nm Maobile Mo lens
%]
4,000 {——395 nm 00
i = r|
=
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c
o
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420 ¢

Excitation wavelength (nm)

450

Emission wavelength (nm)

()

440 57 Mobile B =
Mo lens £ |
.
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(d)

500
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(©)
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Figure 8. Illustration of the effect of using a magnifying lens for B7: (a) topographic view of the 3D
excitation—emission spectra taken by a mobile with a lens; (b) comparison between the spectra of
B7 excited at 395 nm taken by a spectrometer (Ocean Optics—OO) and a mobile phone with and
without a lens. (c) sample B7 without lens and (d) sample B7 with lens.
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When a lens is used, two effects are clearly observed. First, since the short-focal-length
lens gathers light from a wider angle, the signal level is increased. Second, weak signals
from the background and stray light become visible. The mobile phone, however, has
a higher transmission in the green range as evidenced by Figure 4, which leads to the
appearance of the weaker broader maxima around 500 nm as in Figures 8 and 9. Their
presence is conditional on the existence of parasitic glares and background light and
requires additional study.

7,000 A8
305 nm MP [With 2
= 6,000 -
__g 4 ——— 335 nm MP [No lens)
E cpop || ——395m(00)
o
A
o 4000
= i 17nm
"E'ﬁ- 3,000
o 2,000 - /\
)
£
1,000
ﬂ T 1 1 1
400 450 500 550 600 650 7J00 750

Excitation wavelength (nm)

Wavelength, *.(nm)

Excitation wavelength (nm)

Emission wavelength (nm) Emission wavelength (nm)

(b) (c)

Figure 9. Illustration of the effect of using a magnifying lens for A8: (a) topographic view of the 3D
excitation-emission spectra taken by a mobile phone with a lens; (b) comparison between the spectra
of A8 excited at 395 nm taken by a spectrometer (OO) and a mobile phone with and without a lens;
(c) same as (b) but with lens.

The same observations, to a different degree, are valid for samples B8 and B10 shown
in Figures 10 and 11. In all cases, what is important for the purposes of this study is
the possibility of clearly outlining and identifying the strong narrow excitation—emission
spectra, which proves to be successful.
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Figure 10. Illustration of spectral resolutions for B8: (a) Ocean Optics spectrometer spectrum vs.
mobile phone spectrum without a lens; (b) mobile phone spectra with and without an additional lens;
(c) topographic view of the 3D excitation-emission spectra of sample B8 taken by a mobile phone
without lens; (d) same as (c) with a lens.
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Figure 11. (a) Comparison between the spectra of B10 excited at 395 nm taken by a spectrometer (OO)
and by a mobile phone with and without a lens. (b) A topographic view of the 3D excitation—emission
spectra taken by a mobile phone without a lens; (c) same as (b) but with a lens.

In all cases, the RGB pixel filters strongly reduce the peak of the excitation light at
wavelengths < 400 nm, which is an important advantage. The effects of the additional
magnification lens can be summarized as follows:

(i) The lens increases the level of the signal at the expense of reduced visibility and
resolution.

(ii) Theincreased signal level may cause the appearance of spectral noise in the blue—green
range because of background light and glares.

5. Measurements with LED Sources

For the majority of applications of borates with smartphone interrogation, the exci-
tation source is an LED or a laser diode, rather than a monochromator. In this case, the
possible excitation wavelengths are limited in number, and the excitation wavelength of
maximum intensity may be different from that of maximum efficiency. This may be a
serious problem, since the excitation bandwidth of high efficiency is of the order of the
bandwidth of an LED, i.e., 15-20 nm. To compare the monochromator with LED excitation,
we carry out measurements with UV LEDs whose maximum intensity wavelength is close
to the maximum efficiency wavelength. Some of the results are presented in Figures 12-14.

7,000 A3, | 390 nm excitation 10,000 B4I 378 nm excitation
— 6,000 - ——390 nm (00) 2 gooo | ——378nm(00)
-§ 5,000 ——390 nm (MP) :E; ! =378 nm (MP)
£ 4,000 - £ 6,000 -
> =
5 3,000 Z 4,000 -
c (7]
% 2,000 - S

2

= 2,000 -

1,000 - =

0 ‘ ‘ ‘ 0 : ; :
300 400 500 600 700 300 400 500 600 700

Wavelength ,A (nm) Wavelength, A (nm)

@) (b)

Figure 12. Comparison between the spectra of samples (a) A3 and (b) B4 measured by an Ocean
Optics spectrometer and a smartphone at wavelengths of maximum excitation efficiency.
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Figure 13. Comparison between the spectra measured by standard and mobile spectrometers for the
A3 sample: (a) LED excitation at 360 nm; (b) LED excitation at 395 nm.
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Figure 14. Comparison between the spectra measured by standard and mobile spectrometers for
the S 62 SS sample: (a) LED excitation at 305 nm; (b) LED excitation at 365 nm; (c¢) LED excitation at
385 nm; (d) LED excitation at 400 nm.
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The spectra at the same LED excitation measured by the spectrometer and the mo-
bile phone are presented in the same graphs, which allows for the formulation of the
following observations:

(i) The mobile phone outlines the characteristic narrow-emission spectral peaks of the
samples under study.

(ii) The mobile phone very efficiently blocks the UV excitation light, and in the case when
the excitation wavelength is close to the emission peak, the latter is still detectable
(see Figure 14d).

(iii) The mobile phone strongly attenuates all peaks above 670 nm.

6. Arrays of Fluorescent Markers

Since the smartphone efficiently blocks UV excitation and allows for the identification
of the narrow-band spectral signatures of the different samples, we now investigate the
possibility of discerning markers of these samples arranged in linear arrays so as to form
specific patterns.

6.1. Basic Arrangement

Figure 15 presents the experimental arrangement to simultaneously illuminate a large
number of samples. A glass cylinder is placed in front of the UV LED to form a thin line,
which simultaneously excites up to 10 samples placed in holes of 1 mm in diameter in an
opaque plate. Since the intensity of the light focused into a line is not uniformly distributed,
we take the spectra of the samples in two groups of five.

—

f———

Cylindrical Opagqie plate Smartphone

lans
Figure 15. Experimental setup to simultaneously observe the spectra of fluorescent arrays.

6.2. Results and Comments

Using the arrangement in Figure 15, we perform a simultaneous observation of the
spectra of 10 of the samples, namely A1, A2, A3, A7, A8, Al0, B4, B5, B9, and B10, arranged
in a column. Figure 16a—-d shows the spectra under 365nm, 375 nm, 385 nm, and 395 nm
LED excitation. We note that when the excitation wavelength is varied, the observed
spectral arrays are noticeably changed. The strongest signal is for the 385 nm and 395 nm
excitations and the wings of the excitation wavelengths are more pronounced than at
365 nm and 375 nm. These spectra suggest that in the case of a two-level encoding scheme
in which a “0” (black) is attributed to a signal below a given threshold and a “1” (white)
to a signal above the threshold, the four colored patterns in Figure 16 would appear as
different black-and-white 2D spatial patterns.
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-

Excitation at 385 nm A3 Excitation at 395 nm

(c) (d)
Figure 16. Experimental setup to simultaneously observe the spectra of fluorescent arrays.

The research performed and the results obtained outline the need for some further
research in view of the possible applications related to luminescent markers using remote
sensing and interrogation. In the first place, the deformations of the spectral response
compared to those of spectrometers must be studied for a variety of makes of smartphones
and for different levels of signals. Second, a more detailed study on the use of additional
lenses to augment signal level must be performed, as well as on the effect of the internal
magnification of the smartphone camera on the measured spectrum. Third, the spectral
responses in the case of arrays of fluorescent materials, and last, the improvement of
the synthesis technology to obtain more efficient luminescence with more repeatable
characteristics must all be studied.

7. Conclusions

The experiments and the analysis performed allow for the formulation of the following
conclusions:

C1. The synthesized rare-earth-doped lanthanum and aluminum borates are characterized
by spectra that are as narrow as AA” = 15 nm for the excitation and AA = 12 nm FWHM
for the emission bandwidths, which are comparable to the emission band when LEDs
are used as excitation sources.

C2. The particular peaks of maximum excitation-emission wavelengths depend on the par-
ticular rare earth dopants and their combinations, and in the general case, lanthanum
borates demonstrate a higher luminescence intensity compared to the aluminum bo-
rates for the orange-red emission peaks (586 nm/613 nm) and comparable intensities
to the green peak (543 nm).

C3. Because the maximum efficiency excitation band AA’ is practically the same as the
LED emission bandwidth, the studied La and Al borates are particularly appropriate
for UV LED excitation in the 375 nm-395 nm range to serve as selective fluorescent
markers for a number of applications.

C4. Smartphones equipped with a low-cost transmission diffraction grating can efficiently
be used for the contactless detection of the synthesized materials.

C5. Because of their RGB filter characteristics, smartphones efficiently attenuate the exci-
tation outside the visible range and are therefore useful in the case when excitation in
the infrared is based on upconversion [26].
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C6. Compared to spectrometers, smartphones exhibit a rather non-uniform spectral sen-
sitivity curve featuring several maxima as well as a power-law-diminishing inten-
sity ratio.

C7. Smartphones allow for the plotting of 3D excitation—emission spectra and accurately
identify the individual excitation—emission peaks of the particular samples. However,
as the spectral sensitivity of the smartphone is determined by the transmission spectra
of its RGB filters and the diminishing smartphone-to-spectrometer intensity ratio,
the relative intensities of the different peaks may differ from those measured by a
standard spectrometer.

C8. The use of an additional short-focal-length lens in combination with the smartphone
increases the intensity of the detected signal since more light is gathered, but on the
other hand, it reduces the resolution and contrast in the detection of closely spaced
peaks. It may also create some spectral noise in the green part of the spectrum.

C9. Unlike the standard spectrometer, the smartphone allows for the simultaneous detec-
tion of the spectra of arrays of the studied fluorescent markers, of which the spatial
distribution will appear different depending on the particular excitation.
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