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Abstract This paper reports on the comparative investiga-
tion of nanocrystal structure and luminescence properties of
Er’*/Yb* -codoped gadolinium molybdate nanocrystals
Gdy(MoOy); and Gd;MoOg synthesized by the Pechini
method with citric acid and ethylene glycol. Their crystal-
lization, structure transformation, and morphologies have
been investigated by X-ray diffraction, thermogravimetric/
differential scanning calorimetry, and transmission electron
microscopy. It is noticed that Er’*/Yb**-codoped mono-
clinic Gd>(MoOy); nanocrystals have shown an intense
upconversion through a sintering of the organic complex
precursor at 600°C. Furthermore, it transforms to ortho-
rhombic Gd;(MoO,); when the precursor is sintered at
900°C. In counterpart of monoclinic Gd,MoO¢, however,
the monoclinic structure remains unchanged when the
precursor is sintered at a temperature ranging from 600°C
to 900°C. Intense visible emissions of Er’" attributed to the
transitions of Hyy, *S3o—1;5,» at 520 and 550 nm, and
*Fon—1;5,» at 650 nm have been observed upon an exci-
tation with a UV source and a 980 nm laser diode, and the
involved mechanisms have been explained. It is quite
interesting to observe obvious differences both in the
excitation and the upconversion emission spectra of Er’*/
Yb* -codoped Gd,(Mo0O,); respectively with monoclinic
and orthorhombic structure. The quadratic dependence of
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fluorescence on excitation laser power has confirmed that
two-photons contribute to upconversion of the green—red
emissions.

Keywords Nanophosphor- Gadolinium molybdate -
Upconversion luminescence

Introduction

Over the past several years, rare earth ion doped nano-
crystals have attracted a considerable attention for their
fascinating optical properties compared to bulk materials
and their potential applications in lighting and display.
[1-4] In particular, Er*" doped infrared-to-visible upcon-
version luminescent (UL) materials have extensively been
investigated for various applications such as display,
infrared inspection and pretending, and optical storages,
thanks to the availability of high-power laser diodes (LD)
[5-10]. Recently, nanosized UL materials have been found
to be a good biological probe in immunoassaying,
diagnosing, and therapy by tracking and determination the
locations of biological molecules such as DNA, RNA, and
protein [11, 12]. Crystallized UL particles as small as
possible are required to be dispersed in a solution and form
a stable suspension since the joint reaction between biochip
and DNA molecules are often realized in a solution [13,
14]. The excitation wavelength at 980 nm is outside the
luminescent absorption range of biological molecules,
which is favorable for deeper penetration of excitation,
easy escape of emitted light, and minimizing deleterious
effects on biomaterials [15].

UL was observed in some Er’* doped oxides, such as
Gd,05 [5, 6], Y205 [7, 8], ZrO, [9], fluorides [12], and
lanthanum molybdate [18, 19]. It was reported that the
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sharp decrease of the UL intensity of the Er’* doped lan-
thanum molybdate was due to the formation of bulk
materials at 1,000°C [18]. However, the influence of phase
transformation of Er’* doped tetragonal lanthanum molyb-
date on UL intensity at a high temperature should have
been considered. It is well documented that single crystals
of gadolinium molybdate Gd;(MoQO,); possessing mixed
ferroelastic and ferroelectric properties have been applied in
electric and mechanical field [20, 21]. By far, however, the
photoluminescence of rare earth ions doped gadolinium
molybdates with different structures has not systematically
been investigated.

To obtain desired rare earth ions doped luminescent
nanocrystals, wet chemistry such as sol-gel method [4, 5,
9], hydrothermal synthesis [6, 12], combustion [7], copre-
cipitation [8], and the Pechini method [16, 17, 22], at a
relatively low temperature, have been extensively adopted.
The starting materials in these methods can be mixed at
molecular-level and the temperature for nanocrystal crys-
tallization is relatively lower than that needed in the solid
state method. It is worthy to note that the Pechini method is
based on the polyesterification between citric acid and
ethylene glycol and producing nanomaterials at a low
temperature [16, 17]. Metal atoms are dispersed and mixed
uniformly in a rigid polyester network. The size of
nanocrystal could be tailored by sintering the precursors at
different temperatures but the structure of nanocrystals
remains unchanged [22].

The main objective of this work is to carry out a detailed
study on the nanocrystal structure and luminescence proper-
ties of Er /Yb**-codoped gadolinium molybdates with high
upconversion efficiency, chemical and physical stableness,
and sensitivity for potential application in bioassays. It is the
first time that Er’* and Yb*" codoped gadolinium molybdate
nanocrystals with different structures have been synthesized
by means of the Pechini method.

Experimental section

Synthesis of Er’* and Yb** codoped gadolinium molybdate
nanocrystals

Rare earth oxides Gd,O5; (99.99%), Er,O; (99.99%),
Yb,035 (99.99%) were dissolved in HNO;3 (A.R.) to form
rare earth nitrates solutions. To prepare the mixture solution
of ammonium molybdate and organic components, ammo-
nium molybdate (NH4),MoO, (A.R.) and citric acid (A.R.)
were dissolved in mixture solvent of ethylene glycol (A.R.)
and distilled water. The previously prepared rare earth
nitrates solutions were added dropwise to the mixed solu-
tion of ammonium molybdate and organic components with
a molar ratio of (2-x-y) Gd*": xEr*": yYb>": 3 [M0O,4]* for

sample Gdy(M0O4);:Er**, Yb*" and (2-x-y) Gd*>*: xEr’™:
yYb>": [MoO4]* for Gd:MoOg:Er’’, Yb*" (x=0.01, 0.02,
0.04, 0.06, 0.1, 0.14, 0.18 and 0. 22; =0, 0.1, 0.2, 0.3, 0.4,
0.6 and 0.8) respectively. The mixture was then heated in
an induction heating plate with temperature range from
100-250°C for 10 min with vigorous stirring. The solution
was concentrated by evaporating the solvent, and its color
changed from a pale yellow to a bright yellow, and then to a
brown. After further heating, a dark ash-like solid was
achieved. Ultrafine white gadolinium molybdate UL pow-
ders were obtained by sintering the precursors at above
600°C for 5 h.

Characterization

The crystallization and phase transformation behavior of
gadolinium molybdates were monitored by both thermog-
ravimetric analysis (TGA)/different scanning calorimeter
(DSC; Netzsch STA 449C, at a heating rate of 10 K/min)
and X-ray diffraction (XRD; Philips Model PW1830 dif-
fractometer, Cu K«). Transmission electron microscope
(TEM; JEM-1010 electron microscope) was used to char-
acterize the morphology of gadolinium molybdates. Room
temperature excitation and emission spectra of the samples
were recorded on a TRIAX320 spectrofluorimeter (Jobin-
Yvon, France) with xenon and 980 nm LD as excitation
sources. Emitted light was focused onto the monochromator
and was monitored at the exit slit by a photon-counting
R5108 photomultiplier tube and InGaAs detector for light
in the visible and infrared region respectively.

Results and discussion
Structural and morphological characterization

The thermal decomposition of the precursors of Gd,(M0QO4)3
(G1) and Gdy;MoOg (G2) in the Pechini method could be
roughly divided into three stages according to the TGA/
DSC curves as shown in Fig. 1. We confirm the weight loss
of about 5% in the first stage at the temperature lower than
205°C is mainly attributed to the adsorbed moisture since a
weak endothermic peak presents in DSC curves in this
temperature range. The speed of weight loss arrives at the
maximum shown in DSC curves and the total weight loss
arrives at 43% at about 736°C in the second stage as shown
in both TG curves. In this stage, the strong exothermic peak
at 284°C in the DSC curve of Gl and two strong exo-
thermic peaks at 380 and 458°C in that of G2 are due to the
combustion of the organic components such as citric acid,
citrate, and ethylene glycol. Also, in the third stage, an
intense exothermic peak at 726°C presents in DSC curve
accompanied with further weight loss in TG curve of Gl1,
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Fig. 1 TG-DSC graphs of the precursors of a Gd;75YbgErg o2
(MOO4)3 and b Gd1'7ng0_2Er0_02MOO6

which is due to the structural transformation of G1 crystals.
In the counterpart of G2, a strong exothermic peak is not
observed in the DSC curve and the trend of weight loss of
the TG curve becomes slow at a temperature higher than
681°C. This indicates that the combustion of the organic
components has been completed and no phase transition
occurred in G2. The results will be further confirmed by
XRD patterns in the next section.

Figure 2b shows that 500°C is not high enough to
remove organic components and crystallize nanocrystals.
Pure monoclinic Gdy(M0QO,4); (m-G1) phase with space
group C2/c (15), which is in good agreement with JCPDS
Card (No. 25-0338; Fig. 2a), is achieved by sintering the
G1 precursor at 600°C (Fig. 2c). The orthorhombic
Gdy,(M00O,); (0-Gl) phase accompanied with a small
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Fig. 2 XRD of the Er’" and Yb*" codoped gadolinium molybdate
nanocrystals obtained by sintering the precursor of Gd; 75YbgErg 02
(Mo0Qy); at b 500°C, ¢ 600°C, e 800°C, f900°C; and by sintering the
precursor of Gd; 75Ybg,Ergo:MoOg at & 600°C, i 900°C; JCPDS
Cards of monoclinic Gd,(MoQy);, orthorhombic Gd,(MoOy); and
monoclinic Gd;MoOg are shown as a, d, and g respectively
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quantity of m-G1 is obtained at 800°C (Fig. 2e). Pure
phase 0-G1 with space group of Pba2 (32) matching well
with JCPDS Card (No. 2520-0408; Fig. 2d) is achieved at
900°C (Fig. 2f) and it is ascribed due to a negative thermal
expansion from monoclinic to orthorhombic structure with
a temperature rise [23]. The phase transformation indicated
in XRD pattern is in accordance with an exothermic process
in DSC curve of the precursor of G1 in Fig. 1b. Single phase
monoclinic Gd,MoOg (m-G2) with space group 12/a (15)
matched well with JCPDS Card (No. 24-0423; Fig. 2g) is
obtained by sintering the G2 precursor at 600 and 900°C
(Fig. 2h,i). Stoichiometric doping Yb*" and Er’" has a
negligible influence on the resultant structure which is due
to the similarity of the ion radii and also due to existence of
the equal electric charges between Gd*>* and dopants Yb**
and/or Er*".

In Fig. 3, Low magnification TEM images show that as-
prepared gadolinium molybdate nanocrystals are of uniform
sphere-like shape, with narrow size distribution and mean
sizes in the range from 50-70 nm. This is larger than
calculated from Debye-Scherre’s equation indicating that
these particles are composed of nanosized polycrystalline.
High-resolution TEM (HRTEM) images of the nanopar-
ticles show well-resolved and clear fringes demonstrating
complete crystallinity of these nanoparticles. The selected
area electron diffraction patterns further demonstrate that
the as-prepared gadolinium molybdate nanocrystals are
polycrystalline.

Luminescence properties
Luminescence spectra in visible region

The excitation spectra and the corresponding emission
spectra of monoclinic Gdy(MoO,)5:Er*”,Yb*" (m-G1-YE),
orthorhombic Gdy(M0O4);:Er*",Yb*" (0-m-G1-YE), and
monoclinic Gd;MoOg:Er'",Yb*>" (m-G2-YE) nanocrystals
excited by xenon source are shown in Fig. 4. It should be
noted that the luminescent intensities in the spectra of m-G2
have been magnified for the purpose of comparative
investigation. The locations and shapes of the peaks in the
excitation spectra of m-G1-YE and o-G1-YE are almost
similar except that the peaks in former excitation spectrum
are much more intense than those in later one. Three peaks
at 365, 378, and 406 nm are attributed to the transitions from
ground state “T; 5/, to excited states *G7p, *Gy1/0, “Hopp of Er**
directly excited by xenon source. In the region from 300 to
420 nm, no excitation peak is observed in the excitation
spectra of m-G2-YE. The peak group at 450 nm is attributed
to the transitions “I; 5/2—2F5/2, 3 and the intense excitation
peaks at 487 nm are due to the transition Nisp— *Fyp. The
features of the three excitation curves indicate that Er’" in
m-G1 and 0-G1 could be excited both at the UV wavelength
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Fig. 3 TEM images of the
a m-G1, b 0-G1 and ¢ m-G2
nanocrystals, and high-resolu-
tion TEM images of the nano-
crystals: d m-G1, e o-G1,

f m-G2 and the corresponding
selected area electron diffraction
pattern

378 nm and at the blue light of 488 nm, while Er** in G2
could only be efficiently excited by a blue light.

From the overall observation, an intense green emission
accompanied with very weak red emission which are re-
spectively originated from the transition Hy1, *S30-"T152
and *Fo/,—*1;5/» as shown in Fig. 4b. The multi-peaks of a
transition are ascribed to the stark splitting of 4f states of
Er'" by the crystal field. It is interesting to note that the
integrated emission intensity ratio of the transition *H/—
s to *S30—"11555 is 0.87 in m-G1-YE decreases to 0.39
in 0-G2-YE. The luminescence intensities of Er’ " in m-G1-
YE and o-G1-YE are obviously much higher than that in
G2-YE.
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Fig. 4 a Excitation and b emission spectra of Er*" and Yb** codoped
(a) monoclinic Gd,(MoOy4); (Aem=550 nm, Aex=378 nm), (b)
orthorhombic Gdy(MoOy); (Aem=550 nm, Aex=378 nm), and (c)
monoclinic Gd;MoOg (Aem=544 nm, Aex=487 nm)

Upconversion luminescence

Upconversion visible emissions are produced when excited
with 980 nm LD through multiphoton absorption process
including ground-state absorption (GSA), excited-state
absorption (ESA), usually accompanied with non-radiative
relaxation, and a multiphoton relaxation process (MRP). In
Er*" doped upconversion phosphors, the Er** ion is pro-
moted from ground state 1,5/ to intermediate *1,;» through
GSA by absorption of one photon as depicted in the
schematic energy level diagram in Fig. 10. The second
photon promotes the Er*" ion from “I;;), to *F5, or from
35 to *Fop through ESA. The populated level *F;,
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Fig. 5 a Upconversion luminescent spectra of Er*” and Yb*" codoped
nanocrystals (a) monoclinic Gdy(MoOy);, (b) orthorhombic
Gdy(Mo00y)3, (¢) monoclinic Gd,MoOg upon excitation at 980 nm
with 38 mW
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relaxes non-radiatively to *H;,, due to narrow energy gaps
between them. The processes are illustrated here:

GSA : Er’" (*I;52) +a photon — Er’* (*1;;2)
ESA1 : Er’" (*1}2) 4 a photon — Er** (°F;),)
ESA2 : Er’* (*I;3/2) + a photon — Er** (*Fy),)

As shown in Fig. 5, a green emission at 550 nm and a
red emission at 660 nm are produced by radiative transition
of Er¥" jons from 2H” »» and 4F9/2 to ground state 4115/2,
respectively. The levels *Hy,/, and *Ss/, with narrow gap of
800 cm ' are in thermal equilibrium and MPR could occur
consequently from 2H,,,» to *S3,,. Radiative transition from
4S5 to M5 gives rise to intense emission at 520 nm.
Quantitatively, the integrated emission intensity ratios of
the transition 4S3/2—4115/2 to 2H11/2—4115/2 is 0.87 in the
emission spectrum of m-G1-EY but 0.39 in that of 0-G1-
EY, which are in accordance with the results in Fig. 4. In
addition, the integrated emission intensity ratios of green
emission to red one (Iyed/Igreen) are 19.8, 27.9 and 0.115 for
m-G1-YE, 0-G1-YE and m-G2-YE respectively.

Pump power effects

In order to understand the involved mechanism how the
excited states of *Hyin, *Ss» and *Fo, are populated,
the dependence of UL intensity of these samples upon the
pump power of LD are displayed in Fig. 6. An obvious
increase of both red and green emissions with the pump
power is observed due to promotion of the population in
levels Er*" (*I;1) and Yb®" (°Fsp). It is well established
that the upconversion emission intensity (Iyc) is propor-
tional to the n™ power of the intensity of IR excitation

10° F
F| green emission
B (a)slope=1.74
® (b) slope=1.87
A (¢)slope=1.65
10° |
10* £
red emission
O (a)slope=2.15
10° O  (b) slope=1.84
A (c)slope=2.13
1 1 1 1 r—

100 Pump Power (mW) 1000
Fig. 6 Dependence of upconversion emission intensity of (a)
monoclinic Gdy(MoQy)3, (b) orthorhombic Gd,(M0O,);, (¢) mono-
clinic Gd;MoOg on pump laser power
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(Ily), where the integer n is the number of photons
absorbed for per upconversion photon emitted. [24] A plot
of loglyc vs log (I?R) yields a straight line with slope n. The
values of n of green emissions are 1.74, 1.87, and 1.65
those of red emissions are 2.15, 1.84, and 2.13 for samples
m-G1-YE, o-G1-YE and m-G2-YE respectively. These
results indicate that either green or red emissions of these
Er’" and Yb*" codoped gadolinium molybdate nanocrystals
are originated due to a two-photon process as has been
described in the previous paragraph. The Er*" ion is excited
into *I;,» by absorption of one photon through GSA, and
arrives at *F,, by absorption of second photon via ESA.
Thus, the UL is produced when the excited ions could
decay non-radiatively to the lower levels and subsequently
transitions radiatively to ground state.

Luminescence spectra in IR region

The excitation spectra (monitored at 1,530 nm) and the
infrared emission spectra (excited by 980 nm LD) of Er**
and Yb*" codoped gadolinium molybdates are presented in
Fig. 7. The attributions of excitation peaks at the wave-
length lower than 500 nm are similar to those when
monitored at 550 nm as shown in Fig. 4a. The intense
peaks at 523, 544, 658, 757 nm originate from the
transitions 41]5/2 to 2H1]/2, 4S3/2, 4F9/2 and 419/2 of EI'3+. A
broad excitation band between 870 and 1,000 nm might be
originating from the several transitions such as Mrs—1112,
*L2-"Hiin, “Ti30—"Fop, and *Fo—Hgp, which can
explain why Er’” ion could emit intense upconverted
visible light when excited by 980 nm LD. In addition, the
absorption band of Yb®" ion is also located in this
wavelength region, which provides a basic proof of energy

3.0x10”"

944 nm|

2.7x10°"

H 2.4x10”

>
T
523 nm

g
=]
S + 2.1x10™
bt
1.8x10”

1.5x10”"

Intensity (a.u.)

DD
@f@
Db
e
.ﬁ%
K

1.2x10”

"2 9.0x102

6.0x107

N Ly s
400 600 800 1000 1450 1500 1550 1600 1650

Wavelength (nm)

Fig. 7 a excitation (Aem=1,530 nm) spectra of monoclinic
Gd; 738Ybg2Erg.02 (M0Oy4); and b IR emission spectra (Aex=980 nm
with 47 mW of excitation power) of Er’" and Yb*" codoped (a)
monoclinic Gdy(MoOQy)3, (b) orthorhombic Gd,(M00O,);, (¢) mono-
clinic Gd;MoOg nanocrystals
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transferring from Yb>" ion to Er’" ion. A broad emission
band presented at the wavelength from 1,450 to 1,650 nm is
attributed to the radiative transition from excited state *I;3,
to ground state 411 5 of Er** when pumped at 980 nm as a
consequence of the non-radiative relaxation from higher
energy states. The radiative transition M130-"Ty5 in Er*"
and Yb>" codoped gadolinium molybdates are split into
four peaks by crystal field, and which show some differ-
ences in these samples.

Dopant concentration effects

The influence of dopant concentration on both down-
conversion infrared and upconversion visible luminescence
of m-G1-YE excited by 980 nm LD with 38 mW excitation
power upon are investigated as shown in Fig. 8 and Fig. 9.
The experimental conditions such as excitation power and
detectors are identical for all the samples. The value of
emission intensity is calculated by the integer of an energy
range. The luminescence is enhanced by increasing the
concentration of Er*" for an interactive energy transfer (ET)
to take place between the neighboring Er’” ions as
explained below:

EI‘3+ (4111/2) + EI'3+ (4113/2) — EI‘3+ (4115/2) + EI'3+ (2F9/2)
Er3+ (4111/2) + EI'3+ (4111/2) — Er3+ (4115/2) + Er3+ (2F7/2)
The maximum luminescence intensity is achieved when the

concentration of Er*" arrives at 2 mol% of Gd*". Both
probability of energy transfer among neighboring Er*" ions,

. 3
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Fig. 8 The intensity of upconversion luminescence emission excited
by 980 nm LD with 38 mW excitation power upon the concentration
of (a) Er" (mol% of Gd*") and (b) Yb*" (mol% of Gd**) in m-
Gdy(Mo00Oy)3, the concentration of Yb*" was kept at 10 mol% of Gd**
in samples of () curve and that of Er*" was kept at 2 mol% of Gd*" in
those of (b)

. 3
Concerntration of Yb~*
0 10 20 30 40

0.24 - B
0.22 |-

0.20 |-

Intensity (a.u.)

4 ® 5

0 2 4 6 X 8 10 12
Concerntration of Er”*

Fig. 9 The intensity of infrared emission excited by 980 nm LD with
38 mW excitation power upon the concentration of () Er*™ (mol% of
Gd*) and (b) Yb** (mol% of Gd*") in m-Gdy(MoO,);, the
concentration of Yb®" was kept at 10 mol% of Gd*" in samples of
(a) curve and that of Er** was kept at 2 mol% of Gd*" in those of (b)

where Er*" ions in proximity are coupled by a MRP process
in which one ion returns to the ground state and the other is
excited to an upper level, and the UL centers increase with
the concentration of Er’" increasing. However, concentra-
tion-quenching affect becomes a predominant factor leading
to a decrease in the luminescence intensity while the
concentration of Er’" is higher than 2 mol% of Gd*".
Yb*" jon is frequently used as a sensitizing ion to
increase the UL of the Er’" ion for energy matching of the
gap (between ’F,, and 2F5/2) of Yb**, and the excitation
wavelength at 980 nm as illustrated in Fig. 10. One photon
promotes Yb*" ion from °F,), to *Fs) through GSA, and
then transfers the energy to Er’” ion and promotes it to a
higher level through ET processes as illustrated here:

Yb*t (2FS/2) + Bt (4115/2) — FPRt (41“/2) +YbH (2F7/2)
YU (*Fsj0) + B (*Lnn) — Ef(*F7p2) + YO (°F; )
Yo' <2F5/2) + Er3+(4113/2) — Er't (4F9/2) +Yb™ (2F7/2)

The population in levels H,150, *S3/5, and *Fo), of Er**
are increased due to energy transfer from Yb**. The lumi-
nescent intensity of m-G1-YE is much higher than that of
m-G1-E, and it arrives at maximum when the doping con-
centration of Yb>" is 20 mol% of Gd>*. However, the lumi-
nescent intensity decreases when the concentration of Yb**
is larger than 20 mol% of Gd*'. Similar concentration
quenching of dopant is observed in 0-G1-YE and m-G2-YE.

With an overall comparison, it is found that the intensity
of both the down-conversion and UL of Er'" is much
higher in m-G1-YE than 0-G1-YE, which could possibly
due to the lower structural symmetry of m-G1, and hence

@ Springer



450 J Fluoresc (2007) 17:444-451
Fig. 10 Schematic energy level
diagram of Er** and Yb** 4G
codoped gadolinium molybdates 2H1/2
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the electronic transition is not so restricted by the parity
selection rule in m-G1 as that in 0-G1. Further, it has been
found that the green UL of both m-G1-YE and o-G1-YE
are bright enough to be observed by the naked eyes at a
pump power as low as 38 mW and the emission slits kept at
0.1 nm.

Conclusion

We conclude that Er'*/Yb*"-codoped gadolinium molyb-
date nanocrystals Gdy(MoO,4); and Gd;MoOg have been
synthesized by the Pechini method with citric acid and
ethylene glycol. Their structures and luminescence proper-
ties have been investigated. The average nanocrystals sizes
are 50-70 nm. Phase transition from monoclinic to
orthorhombic structure occurred while sintering the pre-
cursors of G1 at 726°C. Three intense emissions at 520,
550, and 650 nm have clearly been observed and the
involved mechanisms have been explained. The green
emissions at 520 and 550 nm are due to the transitions
H,1-"1,55, and *S3—"T15, respectively. The red upcon-
version emission at 650 nm is associated with the *Fo/,—
4115/2 transitions of Er’" ions. The quadratic dependence of
fluorescence on excitation laser power confirms that two-
photons contribute to upconversion of the green and red
emissions. It is interesting to notice that predominant green
emissions have clearly been observed both in down-
conversion and UL spectra of m-G1 and o0-G1, whereas,
the red emission has been more intense than the green
emission in m-G2. The optimal dopant concentration of

@ Springer

Er** and Yb*" are 2 mol% and 20 mol% of Gd>" in m-Gl1,
respectively. The novelty of this optical material has been
its promising optical properties, which strongly encourage
their further development as the rare-earth doped UL
nanocrystals for biological labels.
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