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Abstract: We have synthesized a series of near-infrared rare-earth doped organic materials for 
nanophotonics applications and studied their absorption and emission properties. The developed 
materials show promise as research tools and (meta)device components. 

     
OCIS codes: (160.5690) Rare-earth-doped materials; (160.3918) Metamaterials; (250.5403) Plasmonics. 

 
Many active nanophotonic meta-devices and research tools critically depend on availability of emitters that can be 
brought to close vicinity of resonating plasmonic nanostructures or other electric and magnetic hot spots. Trivalent 
Rare Earth ions are particularly attractive in many photonics applications because of unparalleled richness of their 
energy spectra, availability of metastable states with millisecond life-times, and co-existence of both electric-dipole 
and magnetic-dipole absorption and emission transitions. The latter property, found in the visible part of the 
spectrum in Eu3+ ions, allowed the authors of Ref. [1] to study electric field and magnetic field enhancements in 
arrays of plasmonic nanoholes. Availability of both magnetic-dipole (λ≈590 nm) and electric-dipole (λ≈614 nm) 
emission transitions stimulated the development of a series of Eu3+ doped organic materials, including 
Eu(NO3)3·Bpy2, Eu(TTA)3(L18) and Eu(TTA)3(L1a) complexes, and multiple related studies [2-6]. 

Many photonic applications (e.g. optical fiber communication) and unique photonic environments (e.g. epsilon 
near zero transition in conductive transparent oxides [7,8]) lie in the near-infrared part of the spectrum. Therefore, in 
the present study, we have synthesized and optically studied several Rare Earth organic materials doped with Yb3+, 
Nd3+, Er3+ and Tm3+ ions. 

To	 synthesize Rare Earth (or lanthanide) doped 2,2’-Dipyridyl crystals (also known as Ln(NO3)3·Bpy2), 
ethanol solutions of the 2,2’-Dipyridyl and lanthanide nitrate Ln(NO3)3·6(H2O) were mixed in the 2:1 molar ratio 
and sonicated. Small transparent crystals (of ≈ 1 mm in size) precipitated and grown over course of several hours or 
several tens of hours. Samples consisting of several tens of small crystallines were pressed between two microscope 
cover glasses and used in the absorption and emission studies discussed below. In order to fabricate thin films, two 
solutions were prepared: (A) 6 mg of grown Ln(NO3)3.Bpy2 crystals was dissolved in a mixture of 0.2 ml ethanol 
and 0.1 ml of deionized water and (B) 6 mg of PVP (8k) was dissolved in 1 ml of ethanol. The solutions A and B 
were mixed in the 6:1 to 3:1 ratios and vigorously sonicated in an ultrasonic bath for 1 hour. The resultant mixed 
solution was spin coated onto a glass substrate (Specialty Coating System’s 6800 Spin Coater Series).  The film 
thicknesses were measured using the DektakXT stylus profilometer (from Bruker). 

Transmission spectra of the crystalline and thin film samples studied were measured using the Lambda 900 
spectrofluorimeter from PerkinElmer and the emission and excitation measurements were carried out using the 
Flurolog fluorometer (Horbia). The spectra consisted of distinct lines, many of which were easy to identify [9]. As 
an example, the spectra of Er(NO3)3.Bpy2 and Tm(NO3)3.Bpy2 are depicted in Figs. 1a and 1b, respectively. They 
show strong emission lines ranging between ≈1100 nm and ≈1900 nm. The emission can be excited by pumping 
directly into the absorption lines of Rare Earth ions or the strong absorption band of Dipyridyl located at ~325 nm 
[5]. The emission signals were stronger in crystalline samples than in ≈100 nm films, primarily due to larger volume 
of the material. The emission kinetics excited with tunable 4 ns laser (Surelite III OPO and Panther Ex Plus from 
Continuum) were rather short. Thus, the emission lifetime of Yb3+ was ≈10 µs, instead of expected ≈1 ms [10], 
suggesting the quantum yield of ≈1%. Therefore, the emission intensity and the emission quantum yield have room 
for improvement through systematic optimization of the synthesis procedure. 

We believe that the developed series of Rare Earth doped organic materials emitting in the near-infrared range 
of the spectrum will benefit applications and fundamental studies of metamaterials and metadevices. 
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Fig. 1. Absorption (1), emission (2) and excitation (3) spectra of Er3+:2,2’-Dipyridyl crystals (a) and Er3+:2,2’-Dipyridyl crystals (b). 

The authors acknowledge NSF grants 1345215, 1646789 and 1830886, ARO grant W911NF-14-1-0639, AFOSR grant FA9550-
18-0417, and DoD grant # W911NF1810472. 

[1]  R. Hussain, S. S. Kruk, C. E. Bonner, M. A. Noginov, I. Staude, Y. S. Kivshar, N. Noginova, D. N. Neshev, “Enhancing Eu3+ magnetic 
dipole emission by resonant plasmonic nanostructures”, Opt. Lett. 40, 1659-1662 (2015). 

[2]  N. Noginova, G. Zhu, M. Mayy, and M. A. Noginov, “Magnetic dipole based systems for probing optical magnetism”, J Appl. Phys. 103, 
07E901(1-3) (2008).  

[3]  N. Noginova, Yu. Barnakov, H. Li, M. A. Noginov, “Effect of metallic surface on electric dipole and magnetic dipole emission transitions in 
Eu3+ doped polymeric film”, Optics Express 17, 10767-10772 (2009). 

[4]  R. Hussain, D. Keene, N. Noginova, M. Durach, “Spontaneous emission of electric and magnetic dipoles in the vicinity of thin and thick 
metal,” Opt. Express 22 (7), 7744-7755 (2014). 

[5]  N. Noginova, R. Hussain, M. A. Noginov, J. Vella, A. Urbas, “Modification of electric and magnetic dipole emission in anisotropic 
plasmonic systems,” Optics Express 21 (20), 23087-23096 (2013). 

[6]  C. Yang, L. Fu, Y. Wang, J. Zhang, W. Wong, X. Ai, Y. Qiao, B. Zou, and L. Gui, “A Highly Luminescent Europium Complex Showing 
Visible-Light-Sensitized Red Emission: Direct Observation of the Singlet Pathway,” Angew. Chem. Int. Ed. 43, 5009 (2004). 

[7]  A. Boltasseva, H. A. Atwater, “Low-Loss Plasmonic Metamaterials” Science 331, 290-291 (2011). 
[8]  M. A. Noginov, L. Gu, J. Livenere, G. Zhu, A. K. Pradhan, R. Mundle, M. Bahoura, Yu. A. Barnakov, and V. A. Podolskiy, “Transparent 

conductive oxides: Plasmonic materials for telecom wavelengths”, Appl. Phys. Lett. 99, 021101 (2011). 
[9] Laser Crystals: Their Physics and Properties, A. A. Kaminskii, Springer (1990).  
[10] J. Dong, M. Bass, Y. Mao, P. Deng, and F. Gan, "Dependence of the Yb3+ emission cross section and lifetime on temperature and 

concentration in yttrium aluminum garnet, JOSA B 20, 1975-1979 (2003). 
 

0	

0.2	

0.4	

0.6	

0.8	

1	

1.2	

1.4	

1.6	

1.8	

2	

0	

50000	

100000	

150000	

200000	

250000	

300000	

350000	

400000	

450000	

250	 450	 650	 850	 1050	 1250	 1450	 1650	 1850	

A
bs
.,	
Em

.,	
Ex
c.
	(r
el
.	u
ni
ts
)	

Wavelength	(nm)	

4I13/2	

4I11/2	

4S3/2	

4I9/2	

4F9/2	

Er3+	

1	

2	

3	

a	

0	

1	

2	

3	

4	

5	

6	

7	

8	

9	

0	

200000	

400000	

600000	

800000	

1000000	

1200000	

250	 450	 650	 850	 1050	 1250	 1450	 1650	 1850	

3H4	

3H5	

3F4	

3F2,	
3F3	

1G4	

1D2	

A
bs
.,	
Em

.,	
Ex
c.
	(r
el
.	u
ni
ts
)	

Wavelength	(nm)	

Tm3+	

2	

3	

1	

b	


