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Visualization of latent fingerprints (LFPs) using conventional powders has faced challenges on multicolor
surfaces. However, these challenges are addressed by the advent of fluorescent powders in LFP detection,
and they have redefined the effectiveness of the powder dusting method. In this study, color-tunable
YOF:Tb** Eu* nanophosphors were examined for LFP recognition and were evaluated for their practical-

ity on different types of surfaces. Under 254 nm UV irradiation, the LFPs developed using these nanopho-

sphors showed clear and distinct ridge patterns with level 1, 2, and 3 details. The ultrafine particles of

these nanophosphors adhered to the ridge patterns and replicated the minutiae of the LFPs. Meanwhile,

the variation of the Tb>*/Eu®* ratio demonstrated multicolor fluorescence emission from the nanopho-
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1. Introduction

Latent fingerprints (LFPs) are crucial in forensic investigations
for identifying suspects and providing strong physical evidence
connecting the suspects to a crime scene. The majority of per-
petrators unknowingly leave their fingerprints at crime scenes,
which are collected by forensic experts to help the detectives
solve the mystery. However, these fingerprints are mostly
latent, which makes them difficult to recognize with the naked
eye and requires additional processing to make them
visible."

LFPs are the impressions left by the friction ridges over the
fingertip upon its contact with a surface when handled with
bare hands. Human hands and feet release secretions like
sweat, oil, sebum, etc. from their eccrine glands.® These
secretions are released through pores present on the friction
ridges and leave traces on the surface when a finger touches
them, thus forming a pattern. These are very fine and invisible
patterns and hence, called “latent”. Every individual has a
unique pattern of ridges on the fingers, which are invariable
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sphors, which provided better contrast between the ridge patterns on complex surfaces. Furthermore, the
high luminescence quantum yield of the nanophosphors ensured high-resolution fluorescence images of
the LFPs with a well-defined pattern that was recognizable even without any microscope or sophisticated

throughout their life. Therefore, accurate identification of fin-
gerprints is crucial for proving the innocence or guilt of a
suspect.>® Unlike patent and plastic fingerprints, LFPs cannot
be observed by the naked eye and hence they are difficult to
investigate. There are several methods for visualizing LFPs
such as chemical staining, equipment analysis, and powder
dusting.”" Chemical staining and equipment analysis
methods are less preferred as they suffer from certain limit-
ations. The equipment analysis method requires bulky and
expensive instruments such as Raman spectrometers, Fourier-
transform infrared (FTIR) spectrometers, etc., which are
impractical for most applications.”> On the other hand, the
chemical staining method includes ninhydrin spraying, cya-
noacrylate fuming, silver nitrate soaking, etc. Herein, the
chemicals used are toxic and can be hazardous to the users.
Among all the LFP visualization methods, the powder dusting
method is strongly preferred. In this method, two types of
powders are used namely regular and metallic powders.
Regular powder consists of resinous polymers, whereas metal-
lic powders consist of silver, lead, and gold compounds."
Nevertheless, the fingerprints developed using these powders
showed low contrast with coloured substrates and were
accompanied by high background interference. Commercially
used powders are non-fluorescent, due to which they show low
contrast and less sensitivity on colorful and complex sur-
faces.'” On the contrary, fluorescent powders of uniform par-
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ticle size distribution offer high contrast, lower background
interference, and high resolution owing to their intense fluo-
rescence emission. Fluorescent powders with brighter intensity
are more effective while acquiring the minutiae of details from
the LFPs. Organic fluorescent compounds are also used for
detecting LFPs, but they are least applicable for porous and
reflective substrates.® On the other hand, inorganic nanopho-
sphors doped with lanthanide ions (Eu**, Tb**, Ce**, Dy*", etc.)
can resolve this issue and hence these are extensively explored
for the detection of LFPs. In majority of the published reports,
phosphors with a single-color glow were employed for LFP
detection.”®™'” However, in our study, the emission colours can
be tuned by adjusting the ratio of Eu*"/Tb®*" concentrations.
Colour-tunable phosphors ensure ultra-sensitive recognition of
LFPs with reduced background interference and improved
accuracy.'® This enables the selection of the optimal emission
color for enhanced visualisation of LFP ridge patterns on
various background surfaces. This also enhances the imaging
contrast remarkably and provides great versatility in forensic
analysis by adapting to different types of surfaces and lighting
conditions. On some dark substrates, green-emitting phos-
phors can show high contrast and the LFP images will clearly
show the flow of colored ridges and colorless furrows. On the
other hand, on a light background red-emitting phosphors
will be better suited for exhibiting the detailed features of an
LFP.

Lanthanide (Ln*") ions are bio-compatible and relatively
non-toxic.'® Inorganic nanophosphors, doped with Ln*" ions
and having uniformly sized particles, can act as potential can-
didates for LFP detection by employing the powder dusting
method. CaGdAlO:Eu*",'? La,ZnTiOg:Eu*'*® Ln*":Y,Zr,0,/
Sio, (Ln®** = Eu**,Tb*"),*! Y,Zr;0,,:Eu*",** Cala,ZnOs:Eu*",*
CaZrO;:Tb****  LaoW,,05:E0®",*>  Sr,NaMg,V;0;,:Sm>"/
Eu®*,*° SrAl,O4:Eu*",Dy*",*” GAOF:Eu*"/Tb*",?® etc. are some of
the phosphors that have been reported for fingerprint detec-
tion. Among all the existing host matrices, rare-earth oxyfluor-
ides (REOF) are specifically preferred owing to their simple
synthesis protocols, low toxicity, and low production cost.
Oxyfluorides have low phonon energies and therefore, their
radiative energy transfers are more prominent leading to
intense fluorescence emission.>® YOF is a well-known rare-
earth oxyfluoride host lattice suitable for accommodating the
rare earth ions, with the least structural distortion. YOF has a
wide energy band gap (4.92 eV) (Data retrieved from the
Materials Project for YOF (mp-3637) from database version
v2023.11.1.),>° high chemical and thermal durability,*" and
can be synthesized in various morphologies by adopting
different synthesis routes such as the hydrothermal method,*
sol-gel method,* precipitation synthesis,> pyrolysis,”
vacuum hot-press sintering method,*® etc. However, most of
the synthesis methods previously reported followed a long
reaction time, non-uniform heating of the precursor solution,
or a complicated synthesis process, which in turn, provided
difficulty in controlling the particle size, a low yield of the
phosphor, and non-uniformity in its morphology. Microwave-
assisted hydrothermal synthesis (MWHS) is a rapid approach
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employed for the formation of uniform nano-sized particles.
In this study, YOF:Eu®*, YOF:Tb*", and YOF:Tb*",Eu®*" nano-
phosphors were synthesized by the MWHS method. An energy
transfer scheme from Tb*" to Eu®" was introduced in the YOF
lattice for generating color-tuning from green to red. The vari-
ation of Tb*'/Eu®" ions provided better contrast and color
selectivity, which facilitated high-resolution latent fingerprint
recognition with negligible background interference. Further,
the use of these nanophosphors provided enhanced LFP visu-
alization due to their high photoluminescence quantum yield
(PLQY) close to unity.

2. Experimental
2.1 Chemicals

Y(NO,);-6H,O (99.98%, Sigma-Aldrich), Th(NO5);-5H,0 (99.9%,
Sigma-Aldrich), Eu(NO3);-5H,0 (99.9%, Sigma-Aldrich), and
NH,F (ACS reagent, >98.0%, Sigma-Aldrich) and Polyethylene
Glycol (PEG) - 6000 (Merck) were used as the starting materials
without further purification.

2.2 Synthesis

Y1 (0.01+OF:0.01Tb** xEu®* (x = 0, 0.001, 0.002, 0.005, 0.01,
and 0.02) and Y;_(y+0.01)OF:yTb**,0.01Eu’" (y = 0, 0.001, 0.002,
0.005, 0.01, and 0.02) nanophosphors were synthesized by a
microwave-assisted hydrothermal method. Stoichiometric
quantities of Y(NO3);:6H,0, Tb(NO;);-5H,0, and Eu
(NO3)3-5H,0 were weighed and transferred to a beaker and dis-
solved in double-distilled water. This solution was kept for stir-
ring on a magnetic stirrer. PEG was added to this solution
with continued stirring. NH,F solution (separately prepared in
double-distilled water) was injected into this solution. After
homogeneous mixing of all the precursors, an ammonia
hydroxide (NH,OH) solution (25% in water) was added to
maintain the pH value at 4. This addition led to the formation
of a white slurry-like solution, which was then transferred to
the polytetrafluoroethylene (PTFE) vessels of an Anton Paar
multiwave pro microwave reactor with a microwave frequency
of 2.4 GHz. The reactor system was programmed to attain
90 °C and the temperature was maintained for 30 minutes.
After cooling back to 55 °C, the precipitates were collected
from the reactor, and washed with distilled water and ethanol
in a centrifuge for 15 minutes at 6000 RPM. The precipitates
were dried overnight in a freeze-dryer (Operon, South Korea) at
—94 °C, and the dried samples were calcined at 700 °C for 4 h
in a Carbolite muffle furnace in air atmosphere, which was
operating at a heating rate of 3 °C min~". Finally, the furnace
was allowed to cool to room temperature and the final pro-
ducts were collected for further characterization.

2.3 Instrumentation and characterisation

A D8 Advance diffractometer (Bruker, Germany) producing
Cu-K, radiation (4 = 1.5406 A) from a Cu-anode, operating
at 40 kV voltage and 40 mA current, was used to record the
X-ray powder diffraction (XRPD) patterns. The patterns were
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recorded from 10° to 80° with a step size of 0.02. The morpho-
logical images were recorded with a JEOL, JSM 7800 F field
emission scanning electron microscope (FE-SEM). Energy-dis-
persive X-ray spectroscopy (EDS) and elemental mapping were
also recorded on the same system. Diffuse reflectance spectra
(DRS) were recorded using a PerkinElmer Lambda 950
UV-VIS-NIR spectrophotometer. Fourier transform infrared
(FTIR) spectra were recorded on a Bruker Tensor 27 IR. X-ray
photoelectron spectra (XPS) were recorded on PHI 5000 scan-
ning ESCA microprobe. The details of the XPS measurements
are described elsewhere.’” The photoluminescence (PL) emis-
sion and excitation spectra were recorded on an Edinburgh
FS5 spectrophotometer with a 150 W xenon arc lamp as a
source. PL decay was recorded on the same system using a
pulsed microsecond flash lamp. The PL quantum yield (PLQY)
was measured using the FLS980 spectrometer incorporated
with an integrating sphere. The details of the setup are
discussed elsewhere.”® The photographs of the phosphor-
dusted latent fingerprint images were captured on a Canon
DSLR camera with an EF-S 18-55 mm f/3.5-5.6 III lens
configuration.
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3. Results and discussion

3.1 Structural and morphological analysis

The XRPD patterns of YOF:0.01Tb*",xEu** (0 < x < 0.02) and
YOF:yTb**,0.01Eu”* (0 < y < 0.02) nanophosphors are shown
in Fig. 1(a) and (c), respectively. These diffraction patterns
matched well with the trigonal phase of YOF with space group
R3m, which is specified in the standard JCPDS file No. 071-
2100. There were no impurity reflections observed in the pat-
terns and hence all the nanophosphors were confirmed to be
single phase. The absence of impurity phases provided strong
evidence for the successful incorporation of the Tb** and Eu**
ions in the host lattice. Fig. 1(b) and (d) show the magnified
XRPD patterns in the range from 27.6° to 29.2°. The position
of the reflections slightly shifted towards the 260 angle due to
doping. This shift was found to increase with the doping con-
centrations in both cases, which gave reliable evidence about
the expansion of the unit cell due to the introduction of the
Th*" and Eu®" ions in the host lattice. The YOF lattice is com-
posed of Y**, F~, and O®” ions, which occupy the 6¢ Wyckoff
positions with Cs, site symmetry in the trigonal unit cell. Y** is
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Fig. 1 XRPD patterns for YOF:0.01Tb** xEu®* (0 < x < 0.02) nanophosphors in the: (a) full range, and (b) Magnified in the range from 27.6° to 29.2°.
XRPD patterns for YOF:yTb**,0.01Eu®* (0 <y < 0.02) nanophosphors in the: (c) full range, and (d) magnified in the range from 25° to 33°.
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coordinated to four F~ and four O*>” ions in a bicapped anti-
prism arrangement.>® The Y**-sites (coordination number, CN
= 8) are the only available sites that can accommodate the Tb**
and Eu** ions owing to their similar valency and ionic radii (7).
The eight coordinated Th** (r = 1.04 A) and Eu®* (r = 1.066 A)
ions are slightly larger than the Y*' (r = 1.019 A) ion. The sub-
stitution of such larger rare earth ions at a smaller ionic site
led to the expansion of the unit cell, which resulted in the
shifting of the reflection positions towards a lower angle.*
The FE-SEM images of YOF:0.01Tb**, YOF:0.01Eu®",
YOF:0.01Tb*",0.005 Eu*" and YOF:0.005Tb*",0.01Eu®** nano-
phosphors are shown in Fig. S1.f All the samples exhibited
particles with a mixture of polygonal and ellipsoidal mor-
phology. The nanophosphors showed aggregation of particles
caused by the high calcination temperature (700 °C). The
average particle sizes of the nanophosphors were determined
by plotting the histograms using the log-normal distribution
of the particle sizes as shown in Fig. S2.1 The average size of
the particles ranged between 45 and 85 nm, which renders
these nanophosphors suitable for latent fingerprint detection.
It should be noted that the size of the sweat pores varies from
66 to 287 pm in females and 69 to 284 um in males.*!
Therefore, these materials should provide sufficient resolution
for this specific application. The EDS data for the nanopho-
sphors is shown in Fig. S3.7 EDS showed the presence of Y, O,
F, Eu, Th, Ir, and C elements. The presence of C can be attribu-
ted to the sample grid and the residues formed from the
decomposition of PEG, whereas Ir can be attributed to the
electrically conducting thin layer coating sputtered over the
samples for SEM imaging. Although PEG completely decom-
poses at 700 °C, the residual carbon and oxygen may not be
completely removed from the surface and may lead to the for-
mation of stable carbonaceous residues on the material
surface. The presence of carbon was confirmed from the FTIR
spectra (shown in Fig. S5f), wherein the absorption at 1013,
1054, and 2359 cm ™' can be indexed to the surface carbonate
species.”” No other impurity elements were detected in the
EDS. Fig. S41 shows the elemental mapping of the nanopho-
sphors, wherein the constituent elements were found to be
uniformly distributed over the sample surface.

3.2 Optical properties

The DRS of the prepared nanophosphors is shown in Fig. 2.
YOF:0.01Eu®" nanophosphor showed a strong absorption band
in the UV region peaking at 265 nm, which can be attributed
to the absorption by the host lattice. In addition, certain
narrow absorption bands were observed due to the 4f-4f tran-
sitions of Eu*" at 393 and 467 nm. The samples with only
Eu**-doping appeared bright white and they did not show any
major broadband absorption in the visible region. However,
the samples doped with Tb** ions were ivory-white due to their
absorption in the visible region. In addition to the host
absorption at 265 nm, the samples of YOF:0.01Tb*",
YOF:0.01Tb*",0.005 Eu**, and YOF:0.005Tb**,0.01 Eu®*' nano-
phosphors showed absorption at 380 nm that extended from
UV to the visible region. This additional absorption in the

This journal is © The Royal Society of Chemistry 2024
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visible region cannot be attributed to Tb** ions, but it is due to
Tb*" ions. This absorption occurred due to the low-energy
4f" — 4f"~25d absorption of Tb** ions. This indicates the co-
existence of Thb*" and Tb** ions in the nanophosphor.** The
occurrence of Tb*" ions can be attributed to the calcination of
YOF at 700 °C in an air atmosphere. Although the existence of
optically inactive Tb*" ions is undesirable for luminescence
applications, it is not feasible to avoid their occurrence in the
case of YOF-based nanophosphors due to the mandatory calci-
nation step adopted during the synthesis. One way to restrict
the conversion of Tb*" to Tb*" is by annealing them in a redu-
cing atmosphere. Nevertheless, this can lead to oxygen-
deficient/fluorine-rich YO,_sF;.s phases. Further, reducing the
samples containing Eu®*" ions would have resulted in the
reduction of Eu*" to Eu** and completely changed the lumine-
scence profile of the nanophosphors. Therefore, the samples
were not subjected to any further heat treatment to reduce the
Tb*" ions. The optical band gap (Eop) of the nanophosphors
was calculated using the eqn (1).**

a(hv) = B(hv — Egpt)" (1)

where, a is the absorption coefficient, Av is the energy of the
incident photon (in eV), B is the proportionality constant and
n= % for direct transition. Since the Kubelka-Miink function

(1-Rw)’

F(Rw) = TR (2)

derived from the reflectance (R,) of an infinitely thick
sample is proportional to the absorption coefficient, the
optical band gap was obtained by plotting (F(R,,)-hv)* against
hv as shown in Fig. $6.1 *>*” At the point of inflection of the
curve, a tangent was drawn and extrapolated to the x-axis at y =
0. The optical band gap for YOF:0.01Eu** nanophosphor was
found to be 4.1 eV which is approximately near the energy

Dalton Trans., 2024, 53, 1736-11749 | 11739
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band gap of pristine YOF.*® However, the introduction of Tb**
ions produced a sudden drop in the optical band gap values
for the other three samples and they returned a value of 2.67
eV, which can be solely attributed to the absorption edge in
the visible region due to Th*" ions.*?

3.3 XPS analysis

XPS analyses were performed to confirm the presence of Tb**
ions in the as-prepared nanophosphors. The full-survey scans
of YOF:0.01Tb*", YOF:0.01Eu®", YOF:0.01Tb*",0.005Eu®", and
YOF:0.005Tb**,0.01Eu®" nanophosphors were recorded for
their pristine form and after a sputter removal of 30s, as
shown in Fig. 3. The samples were sputtered using an Ar" ion
gun (2 kV, 2 pA) at a rate of 12 nm per min to obtain the depth
profile of the samples. The spectra were corrected for the
binding energy (BE) charge by adjusting the charge correction
for adventitious carbon to the reference value (284.8 eV).
Although the full-survey scans showed the peaks corres-
ponding to the major constituent elements (Y, O, and F), it
was difficult to detect the peaks corresponding to Tb and Eu.
It is assumed that the low concentrations of the dopants (Tb
and Eu) were not enough to be traceable by XPS. The high-
resolution scans were conducted for the C 1s, Y 3d, O 1s, F 1s,
Tb 3d, Eu 3d, and Tb 4d core levels of the nanophosphors, as
shown in Fig. S7-510.1 However, only Y 3d, O 1s, F 1s and C 1s
core levels were detected with enough counts. Tb 3d and Eu 3d
core levels showed very weak signals due to their lower concen-
trations in the samples. Further, Tb 4d signals were untrace-
able in the high-resolution scans due to their signals being
overshadowed by the Y 3d signals.
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The signals obtained for the core levels of Y 3d, F 1s, and O
1s were fitted using XPSPeak 41 software, as shown in Fig. S11,
S12, and S13.7 However, the data obtained for Tb 3d, Tb 4d,
and Eu 3d were not suitable for the mathematical fitting of
component peaks due to their poor energy resolution and
insufficient signal-to-noise ratios. The Y 3d signal curves were
fitted with two sets of doublet peaks corresponding to the
3d;,, and 3ds, spin-orbit coupling. These peaks showed an
intensity ratio of 3:2 and were separated by an energy differ-
ence of approximately 2 eV. The two sets of doublet peaks can
be attributed to the two different environments experienced by
Y*" ions due to the Y-F and Y-O bonding, respectively.”® The F
1s signals were fitted by a single peak at 685.2 eV corres-
ponding to the lattice fluorine. The signals obtained for the O
1s core levels were fitted with three peaks. The peak at 529.5
can be attributed to the oxygen present in the crystal lattice.
This is evident from the consistent intensity of this peak
before and after the sputter etching of the surface. On the
other hand, the other two peaks (~531.5 eV and 532.5 eV)
showed a decrease in their intensity after sputtering, indicat-
ing that they correspond to the oxygen on the surface. The
peak at 531.5 eV corresponds to the surface oxygen, which may
have been adsorbed by the surface of the nanophosphors. The
peak at 532.5 eV corresponds to the residual oxygen left
behind by the decomposition of the PEG during calcination.

3.4 Steady-state and time-resolved photoluminescence
analysis

Fig. 4 shows the PL excitation and emission spectra of
YOF:0.01Tb*", YOF:0.01Eu®**, YOF:0.01Tb*",0.005Eu®*, and

30000
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Fig. 3 XPS full survey scan spectra for (a) YOF:0.01Tb**, (b) YOF:0.01Eu®*, (c) YOF:0.01Tb3*0.005Eu**, and (d) YOF:0.005Tb>*,0.01Eu>*

nanophosphors.
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nanophosphors.

YOF:0.005Tb**,0.01Eu®" nanophosphors. The PL excitation
spectra of YOF:0.01Tb*" showed an intense band situated at
241 nm that corresponds to the spin-allowed 4f® — 4f”5d tran-
sition. In comparison to this excitation band, the line
strengths for the intraconfigurational 4f-4f excitation bands of
Tb** were very weak. Hence, they were ignored during this
study. YOF:0.01Eu®" also showed an intense broad excitation
band peaking at 241 nm corresponding to the charge transfer
(CT) from O*” to Eu*". In this case, too, the excitation peaks due
to the intraconfigurational 4f-4f transitions were very weak and
negligible compared to the CT band. Due to the spectral overlap
of the 4f-5d transition of Tb®" and the CT band of Eu®* at
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241 nm, it became convenient to obtain the emission spectra for
both cases by maintaining a common excitation wavelength. In
the case of codoped nanophosphors, the samples with dominant
Tb*" concentration exhibited an excitation band resembling the
4f-5d band of Tb**, whereas the samples with dominant Eu®*
concentration demonstrated a prominent CT band in their exci-
tation spectra. Consequently, the excitation band peaking at
241 nm for YOF:0.01Tb*",0.005Eu®" and YOF:0.005Tb**,0.01Eu®"
nanophosphors showed a prominent 4f-5d band and CT band,
respectively.

The PL emission spectra were recorded using excitation at
241 nm. The PL emission spectra of YOF:0.01Tb** showed
several sharp peaks in the blue and green regions located at
419, 438, 488 (peak splitting at 495 nm), 543 (peak splitting at
550 nm), 583, and 611 nm. corresponding to °D; — "Fy, °D; —
"F,, °Dy — "Fg, °Dy — 'Fs, Dy — 'F, and *D, — ’F; (intra-con-
figurational 4f-4f) transitions of Tb*" ions, respectively.’® The
emission centered at 543 nm was the strongest and hence,
YOF:0.01Tb** showed green colour emission. The PL emission
spectra of YOF:0.01Eu®* showed intense emission peaks
corresponding to the °Dy — “F; (592 nm), D, — 'F, (610 and
629 nm), °D, — ’F; (655 nm), and D, — ’F, (709 nm),
transitions of Eu®* ions, respectively. The characteristics
observed in the registered spectra resembled those that
are typically observed for oxyfluorides with the R3m space
group, where Eu®" is situated at a low symmetry Cs, site.”" Due
to the occupancy of Eu®* ions at low inversion symmetry sites,
the induced electric dipole transition (°D, — ’F,) became
dominant in the spectra.®® The emission spectra of
YOF:0.01Tb**,0.005Eu”" and YOF:0.005Tb*",0.01Eu®>* nanopho-
sphors showed the peaks corresponding to both Tb** and Eu**
ions in the green and red regions, respectively. The intensity of
the green and red emission lines varied with the concentration
variation of Tb** and Eu’* ions, as clearly observed in Fig. 5
which shows the PL emission spectra of YOF:0.01Tb*" xEu®*

(b)
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488 /543 | 629
3% 592
419438 495 [\ 5837y ess 709
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Fig. 5 PL emission spectra of (a) YOF:0.01 Tb®*,x Eu®* (0 < x < 0.02), and (b) YOF:y Tb**,0.01 Eu** (0 <y < 0.02) nanophosphors excited at 241 nm.
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Fig. 6 CIE 1931 chromaticity diagram for: (a) YOF:0.01Tb>*,xEu®* (0 < x < 0.02) nanophosphors, and (b) YOF:yTb>*,0.01Eu®* (0 < y < 0.02) nano-

phosphors, excited at 241 nm.

(0 < x £ 0.02) and YOF:yTb**,0.01Eu®" (0 < y < 0.02) nanopho-
sphors. The Commission Internationale de I'Eclairage (CIE)-
1931 chromaticity diagram plotted for the YOF:0.01Tb** xEu®*
(0 < x <£0.02) and YOF:yTb**,0.01Eu®" (0 < y < 0.02) nanopho-
sphors, shown in Fig. 6, reveals the color shift of the emission
as the Tb*>" and Eu’'-concentrations were varied. The corres-
ponding chromaticity coordinates are listed in Tables S1 and
S2.1 The color coordinates traversed across the green, yellow,
orange and red regions, thereby, making them suitable for
multicolor imaging of latent fingerprints on different back-
grounds. The color-tuning of the emissions was primarily con-
trolled by altering the Tb**/Eu’" ratio.

An intuitive evaluation of the performance of the phosphor
material is necessary to judge its suitability for latent finger-
print detection. Photoluminescence quantum yield (PLQY),
which is the ratio of the number of emitted photons to that of
the absorbed ones, acts as a reference standard to assess the
quality of the luminescent materials. High PLQY materials are
always preferred for luminescence applications, but due to the
presence of defects and high phonon energy in phosphor

materials, it is often a daunting task to achieve high numbers
of PLQY from them. However, YOF: Tb** Eu*" nanophosphors
showed exceptionally high PLQY upon excitation at 241 nm, as
shown in Fig. S14.1 The absolute PLQY for the nanophosphors
was recorded on Edinburgh FLS 980 installed with an integrat-
ing sphere using the direct excitation method. The internal
quantum efficiency (IQE) values were recorded to be
100%, 75%, 100%, and 83%, respectively, for YOF:0.01Tb>",
YOF:0.01Eu®", YOF:0.01Tb*",0.005Eu®*, and YOF:0.005Tb*",
0.01Eu** nanophosphors. Their respective external quantum
efficiency (EQE) values were found to be 56%, 44%, 59%, and
43%, respectively. Such exceptionally high PLQY assures effort-
less collection and visualization of latent fingerprints from
surfaces with different contrasts. A comparison has been made
between the internal and external quantum efficiencies of
these nanophosphors with previously reported values of
similar types of phosphors in Table 1.

Fig. 7 represents the proposed mechanism for the energy
transfer process and electronic transitions in YOF:Tb** Eu®*
nanophosphor. When the nanophosphor is exposed to UV

Table 1 Comparison of the IQE and EQE of different phosphors with that of YOF:Tb**,Eu** nanophosphors

Sr. No. Phosphor IQE (%) EQE (%) Ref.

1. YOF:0.01Th** 100 56 This study
2. YOF:0.01Eu*" 75 44 This study
3. YOF:0.01Tb**,0.005Eu*" 100 59 This study
4, YOF:0.005Tb**,0.01Eu** 83 43 This study
5. Ca,ZrSi,0,,:Ce" Th*" 59.2 32.7 53

6. Sr,MgB,06:0.05Ce**,0.05Tb*" 66.39 48.92 54

7. NaBaB0;:0.01Ce**,0.03Tb>" 57 36 55

8. Sr;La(PO,);:Bi*" Eu®” — 25.4 56

9. Ca;LiSb0g:0.04Eu*",0.008Mn** 78.96 68.49 57

10. Ca,LaHf,Al;0,,:Ce*" Tb*" 80 59.2 58

11. NaBaScSi,05:Eu®* 65 — 59

12. Na;Sc,(PO,);:0.03Ce*,0.1Tb* 65 — 60

13. Sr,LiScB,044:0.03Ce**,0.20Tb*" 45.87 — 61

14. Sr4Ceq 1 Tby 4Nay sB;0F 57 — 62

15. LiCa(Yo.76Ce0.01Tho.2)5(BO3)s 89 — 63
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Fig. 7 Schematic representation of the energy level diagram showing the possible energy transfer pathways from Tb** to Eu®** in YOF nanopho-
sphor (ET = Energy transfer, CTB = Charge transfer band, NR = Non-radiative).

radiations (241 nm), Tb®>" ions absorb this energy through
their spin-allowed 4f® — 4f’5d transition. Simultaneously,
Eu®" absorb this energy through their Eu>**~0®~ charge trans-
fer (CT) transition. The excited electrons in the 5d energy
levels of Th** relaxes to the *D5 and °D, states of Tb®", whereas
the excited electrons in the CT band of Eu** ions relax to their
°D, state by non-radiative multistep relaxation. Some of the
excited electrons in the °Dj; , levels of Tb®" radiatively relax to
the 7FJ-=1,2,4,5,6 states to produce their characteristic emissions
in the blue and green regions. However, the radiative emis-
sions in the green region are more intense than the blue emis-
sions indicating that the transitions from °D, to "Fj, 5 are
more prominent in the YOF lattice. While some of the excited
electrons from the °Dj; , levels of Tb*" return to their ground

10°; YOF:0.01 Tb™, x Eu®* | * *=0
e - + x=0.001
© x=0.005
Rexe =241 nm | . x=0.01
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'
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state, some others are transferred to the *D; level of Eu®** by
cross-relaxation. At the same time, the excitation energy
gained by the CT band of Eu®' is also transferred to the *D,
level by non-radiative relaxation. The energy accumulated at
the °D; level relaxes to the °D, level, which acts as the emitting
state for Eu®* ions. The radiative transitions from the °D, to
7Fj=1,2,3,4 levels give rise to the orange and red emissions of
Eu’’. The energy transfer from Tb** to Eu’" is the key factor
responsible for the enhancement of the Eu*" emissions in the
red region. By altering the concentration of Tb*"/Eu®" color
tuning can be achieved from green to red.®*%

The room temperature PL decay curves for the 543 and
610 nm emissions of YOF:0.01Tb*" xEu®" (0 < x < 0.02) nano-
phosphors under 241 nm excitation are shown in Fig. 8. These

103 3 3+ 3+ =
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Fig. 8 PL decay curves and their exponential fits obtained by exciting YOF:0.01Tb** xEu®* (0 < x < 0.02) nanophosphors at 241 hm and monitoring

the emissions at: (a) 543 and (b) 610 nm.
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decay curves demonstrated the energy transfer process
between Tb>" and Eu®" ions. The decay curves showed a mono-
exponential behaviour and were fitted well by a single-expo-
nential function as shown in eqn (3):

I =1Iyexp (%t) (3)

where, I is the radiative decay intensity at time ¢ after the
pulsed excitation, I, is the initial intensity, 7 is the decay life-
time. The estimated decay lifetime values for all the samples
are given in Tables S3 and S4.t From Fig. 8(a), the °D, state of
Tb*" (543 nm emission) rapidly decayed with the increase in
Eu®" concentration. On the contrary, the °D, state of Eu’*
(610 nm emission) slowly decayed with the increase in Eu®*
concentration as shown in Fig. 8(b). This clearly indicates an
obvious energy transfer from Tb’" to Eu®" ions. The energy
transfer efficiency (7) was calculated from eqn (4):

n=1-2 (a)

Ts,

where, 7, and 7, are the corresponding lifetimes of the donor
Tb*" in the absence and the presence of the acceptor Eu®*
ions, respectively. Furthermore, the energy-transfer rate (kgr)
was estimated using eqn (5).%*
1 1
kET = — (5)

Ts Ts

The variation in energy transfer efficiency and rate with the
activator-ion concentration is shown in Fig. S15,1 and their
values are calculated and listed in Table 2.°°~%® It was observed
that the probability and efficiency of energy transfer increased
with the increasing activator ion (Eu®*) concentration and
attained a maximum efficiency value of (20 + 0.03)% at
0.02 mol fraction of Eu*".

3.5 Latent fingerprint (LFP) detection

For the fingerprint detection evaluation, the latent fingerprints
were developed on different kinds of surfaces. The right-hand
thumb of a female volunteer (aged 32) was gently rubbed on
her forehead and then pressed on substrates such as glass
slides, plastic, stainless steel, silicon wafer, glossy paper, and
aluminium foil. Thereafter, the nanophosphors were gently
dusted on the thumb impressions using a round-tip paint-

Table 2 Decay time (z), energy transfer efficiency (7) and rate (kgt)
values obtained from the PL decay curves of YOF:0.01Tb** xEu®* (0 < x
< 0.02) nanophosphors excited at 241 nm and monitored at 543 nm

Decay time, Energy transfer
Eu’" concentration 7 (ms) 1 (%) rate, kgr (ms™)
x=0 2.05 £ 0.003 0 0
x =0.001 1.97 £ 0.003 4.0 £ 0.006 0.020+5x 107
x =0.002 1.92 + 0.003 6.5 + 0.009 0.034 +107*
x =0.005 1.88 + 0.003 8.3 +0.01 0.044 +107*
x=0.01 1.77 £ 0.003 14 + 0.02 0.078 +2 x107*
x =0.02 1.65 + 0.003 20+ 0.03 0.120+3 x107*
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brush (size 6). The excessive nanophosphor powders were
blown away using an air blower that is used for cleaning a
camera lens. The photographs of the LFPs were captured
under a 254 nm emitting mercury-vapour UV lamp. A 550 nm
long-pass filter was adjusted near the lens of the camera to
prevent the NUV and blue emissions of the UV lamp from
interfering with the image quality and contrast.

The color-tunable YOF:0.01Tb*" xEu®" (0 < x < 0.02), and
YOF:0.01Eu”" nanophosphors were selected for developing the
LFPs on non-porous glass substrates, as shown in Fig. 9.
Irrespective of the background color, these nanophosphors
provided high contrast and resolution of the fingerprint ridge
particulars without compromising on any other features of the
LFPs. In fact, these nanophosphors have an advantage over
conventionally used metallic powders as the latter was found
to produce poor visibility over dark background surfaces. On
the contrary, the color-tunable nanophosphors produced high
fluorescence brightness that enabled superior fingerprint reco-
gnition and its analysis with ultrafine details. As shown in
Fig. 9, the ultrafine nanophosphor particles are homoge-
neously distributed along the ridges of the fingerprints produ-
cing clear ridge flow with high contrast and resolution in the
fluorescence images obtained under 254 nm illumination.
Even in the bright-field images, the nanophosphors produced
reasonable contrast for visualizing the patterns in the LFPs
(Fig. S167). Due to the intense color-tunable fluorescence ema-
nating from the nanophosphors, there was a remarkable
enhancement in the contrast which aided in distinguishing
between the bright ridges and the dark furrows. This con-
firmed that the dusted nanophosphors readily stained the
papillary ridges of the LFPs and avoided staining the back-
ground or the furrows. To identify the sensitivity of the LFPs, a
pixel profile of the fingerprint core was recorded across a
segment drawn over a section of one of the LFPs, as shown in
Fig. 10. The ridges and furrows present in the LFPs can be
clearly differentiated from the gray values obtained across this
section. The interference from the background was at its
minimum which added to the accuracy of the LFP recognition.

The sensitivity of the nanophosphors was determined by
enlarging the LFPs and closely examining the minutiae details
as shown in Fig. 11. Three levels of identification describe the
uniqueness of an LFP. The pattern and the ridge flow of the
LFPs are grouped under level 1 features, whereas the level 2
features are inclusive of the ridge bifurcations, ridge endings,
core, lake, island, cross-over, scar and crease. All these features
were clearly identified in Fig. 11 without the need for a micro-
scope. Level 3 features are the most difficult to recognize by
normal identification techniques, and they comprise the sweat
pores on the finger. These are rarely visible in LFPs, but they
carry vital information desirable for the recognition of individ-
uals responsible for this finger impression. By dusting the
YOF:Tb**,Eu®*" nanophosphors on the LFPs, all the major
identification levels were successfully identified. The sweat
pores are also clearly visible in the enlarged image as shown in
Fig. 11, which is vital for the isolation of an individual bearing
this unique fingerprint. Furthermore, the practicality of

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Digital photographs of fluorescence images of LFPs developed on glass substrates using color-tunable YOF:0.01Tb** xEu** nanophosphors
observed under a 254 nm mercury vapour lamp, where (a) x = 0, (b) x = 0.001, (c) x = 0.002, (d) x = 0.005, (e) x = 0.01, (f) x = 0.02 and (g)

YOF:0.01Eu>*.
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Fig. 10 (a) Digital photograph of the latent fingerprint developed on a glass substrate using YOF:0.01Tb**,0.002Eu®** nanophosphor observed
under a 254 nm mercury vapour lamp. (b) Variation of the gray value for the ridges and furrows observed in the fingerprints across the red line indi-

cated in (a).

employing these nanophosphors for LFP detection was con-
firmed by developing the fingerprints on various types of sur-
faces as shown in Fig. 12. The fingerprints were developed on
several non-porous and semi-porous surfaces such as glossy

This journal is © The Royal Society of Chemistry 2024

paper, scratched stainless steel spatula, aluminium foil, a
plastic optical mouse, glass slides, a silicon wafer with (1 1 1)
plane orientation, and plastic blocks. These surfaces were
dusted with YOF:0.01Tb**,0.02Eu®" nanophosphors as a repre-
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Fig. 11 Levels 1, 2, and 3 details of the LFPs developed on a glass substrate using YOF:0.01Tb**,0.002Eu®* nanophosphor observed under a 254 nm
mercury vapour lamp. These images show minutiae details such as (1) scar, (2) crease, (3) core, (4) bifurcation, (5) double bifurcation, (6) cross-over,
(7) ridge ending, (8) lake, (9) island, (10). sweat pores, and (11) spur.
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Fig. 12 Digital photographs of fluorescence images of LFPs developed using YOF:0.01Tb**,0.02Eu** nanophosphors on: (a) glossy papet, (b) stain-
less steel with scratches, (c) aluminium foil, (d) plastic optical mouse, (e) glass slide (f) silicon wafer, and (g) plastic surfaces. The LFPs were observed
under the 254 nm mercury vapor lamp and the images were captured without using any filters.
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sentative specimen and observed under a 254 nm UV lamp.
The details of the LFPs can be easily recognized from these
surfaces even by the unaided eyes, thus, guaranteeing the prac-
ticality of these nanophosphors for LFP detection. Moreover,
the sensitivity, color-tunable fluorescence signals, and ultra-
fine particle size of these nanophosphors add to the accuracy
of LFP identification for forensic studies.

4. Conclusion

Ultrafine YOF:Tb**,Eu®" nanophosphors were successfully syn-
thesized by a microwave-assisted hydrothermal method. X-ray
powder diffraction patterns confirmed the crystallization of
the as-prepared samples into a trigonal crystal system (R3m
space group). The incorporation of the Tb’" and Eu®" ions
caused shifting of the reflection angles to lower diffraction
values, thereby confirming their substitution at the smaller Y**
site. The nanophosphors showed rich color-tuning fluo-
rescence signals ranging from green to red under 241 nm UV
excitation, owing to the variable composition of Th** and Eu**
ions. The ultrafine particles of the nanophosphors proved to
be a perfect agent for detecting latent fingerprints under a
254 nm mercury-vapour lamp. Strong fluorescence signals
were observed from the LFPs developed on different surfaces,
which further benefitted from the high quantum yield values
(close to unity) of the nanophosphors. The observed LFPs
demonstrated a clear distinction between the ridges and the
furrows, as well as the sweat pores that add to the level 3 fea-
tures required for identifying the individuals responsible for
the fingerprints. While dealing with complicated backgrounds
with multicolor surfaces, it was possible to obtain higher con-
trast LFPs in the fluorescence images by employing a suitable
nanophosphor with a rich fluorescence signal from the as-pre-
pared series.

The main advantage of using these color-tunable lumines-
cent materials instead of conventional powders for LFP detec-
tion is the increase in contrast between the ridges and the
background. Conventional powders work because the incom-
ing light (usually in the form of chromatic visible light) is scat-
tered from the rough surface of the powder. However, this is
accompanied by the reflection of the same incoming light
from both the surrounding surfaces and the background of
the fingerprint itself. This becomes a significant issue when
the background surface is very reflective. In the case of the
luminescent material, it could be tailored to be excited by light
outside of the visible range. This has the advantage that the
camera system does not detect the excitation light reflected
from the background, while the visible luminescence from the
luminescent material can be detected. Luminescent materials
can be either excited using ultraviolet or infrared radiation. In
the case of ultraviolet radiation, a down-shifting or down-con-
verting luminescent material could be used, and in the case of
infrared excitation, an upconverting material. However, in the
latter case, there are certain disadvantages since upconverting
materials have a nonlinear response to excitation flux. Also,

This journal is © The Royal Society of Chemistry 2024
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the silicon-based CCD sensors in cameras are sensitive to
infrared radiation (<1100 nm), which leads to the detection of
excitation light. This could be accounted for by adding a filter
in front of the detection system; however, this adds complexity
and cost, and to some extent, makes using a luminescent
material dubious. Therefore, the optimum situation is to use a
material with a broad excitation in the ultraviolet region,
which could be excited by the most economically available UV
lamps. Camera sensors have limited sensitivity in this region.
The luminescent material should then re-emit in the visible
region for detection by the human eye or a camera system. The
human eye and camera sensors have good spectral sensitivity
in the green region (500 to 600 nm). Therefore, tailoring the
material to emit in this region is a good idea. These conditions
are satisfied by the YOF:Tb** Eu®*" nanophosphors, which are
color-tunable and excitable by UV radiation. This suggests the
suitability and practicality of the prepared nanophosphors for
facile and rapid detection of latent fingerprints in forensic
laboratories.
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