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ABSTRACT. Vibrational modes of chemical bonds in organic erbium (Er3+) materials play an 

important role in determining the efficiency of the 1.5 𝜇m Er3+ emission. This work studies the 

energy coupling of the Er3+ intra-4f transitions and vibrational modes. The results demonstrate 

that the coupling introduces enormous nonradiative internal relaxation which condenses the 

excited erbium population on to the 4I13/2 state. This suggests that vibrational modes can be 

advantageous for optimizing the branching ratio for the 1.5 𝜇m transition in organic erbium 

materials. Through control of the quenching effect on to the 4I13/2 state and a reliable 

determination of intrinsic radiative rates, it is found that the pump power for population 

inversion can be reduced by an order of magnitude at high erbium concentrations compared to 

conventional inorganic erbium materials. 
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Silicon photonic integrated circuits (PICs) are set to pave the way for ultra-high-speed optic 

communications, and integrated light sources will play vital roles in producing gain regions on 

these PICs.1–4 Hybrid III-V silicon integration is the current preferred approach, however there 

are still issues regarding their large-scale application in PICs. This inability to integrate optical 

gain effectively limits the complexity of PIC architectures that can be achieved. Rare-earth ion 

containing materials, particularly erbium (Er3+), are obvious candidates as the 1.5 µm emission 

of Er3+ ions matches the low-loss telecommunication window (C-band).5–8. Inorganic erbium 

doped materials have been widely suggested but Er3+ solubility is commonly low and there is 

usually quenching at even modest ion concentrations due to energy transfer up-conversion 

(ETU) between clusters of ions. 9–12 Although efforts have been made to increase the solubility 

for higher gain capacity in a short length,13–16 the weak absorption cross-section (10-21 to 10-20 

cm2) of Er3+ ions remains a drawback as high excitation power are required to reach population 

inversion resulting in high pump power densities on the end facet.12,17–19  

Organic erbium materials contain organic chromophores that strongly absorb visible light 

to sensitize Er3+ excitations so as to reduce excitation power by orders of magnitude,20–22 and 

approaches include polymers23,24, single molecules25–27 and molecular composites/hybrids. 28–

31 This sensitisation means that ideally a cheap and incoherent light source (LED or integrated 

OLED) illuminating from the top can be used to pump organic erbium waveguides on a 

compact scale. In contrast to inorganic erbium materials, where the photoexcitation is into the 

4I13/2 or 4I11/2 states, organic sensitizers usually have exciton energies > ~2 eV which will 

sensitize to energy states of Er3+ ions above the 4I11/2 level. As some of these higher energy 

states are efficient visible emitters themselves, it is unknown what impact this will have on the 

4I13/2 level that is crucial for 1.5 µm emission. We study the dynamic equilibrium of excited 

Er3+ states in an organic erbium molecule by investigating the coupling of vibrational modes 

of the chemical bonds and the Er3+ intra-4f transitions. The result demonstrates that molecular 
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vibrations efficiently condense the excited states down to the 4I13/2 state, which potentially 

reduce pump power threshold of population inversion for 1.5 µm optical gain applications. 

Also, we suggest a reliable approach resulting in a ~35% internal quantum efficiency (IQE) of 

Er3+ 1.5 µm emission in the organic molecule, as the highest ever.  

Organic hosts usually have challenges in producing optical gain because the high 

vibrational energy of hydrogenated bonds (C-H, OH, or N-H) cause serious nonradiative 

quenching of the Er3+ 4I13/2 state that limits the IQE to below 0.1%.32,33 Fully-fluorinating 

organic bonds is a solution to effectively lower the vibrational energy to reduce quenching of 

the first excited state. Erbium (III) tetrakis(pentafluorophenyl)-imidodiphosphinate, Er(F-

TPIP)3
28,34 is used because the rare-earth complexes of this ligand show high thermal stability 

and allow for thermal deposition of thin films, which are vital for the coverage of PIC structures. 

The molecular structure shows a ligand cage keeping the central Er3+ ion at least 1.4 nm from 

any other Er3+ ion and hence reducing ion-ion interactions and the consequent ETU, although 

Er(F-TPIP)3 has an Er3+ ion concentration of ~5 × 1020 cm-3. However, its molecular nature 

makes it a challenge to accurately quantify the optical properties, such as the absorption cross-

section for the Er3+ 4I13/2 state, as large area bulk crystals are difficult to fabricate. This 

parameter relies on the determination of the absorption coefficient with an accurate optical path 

length, integration of the spectra with minimal interference from the background, refractive 

indices at the C-band, molecular concentrations, etc. Furthermore, hydrogenated impurities 

would introduce wavelength-dependent backgrounds which overlap the Er3+ spectral features 

and even distort the local ligand environment to affect the oscillator strength. Measurements 

on thin films are also inaccurate as, because not only the absorption coefficient of Er3+ 

4I15/2→
4I13/2 transition is too small, but also there will be strong thin-film optical interreference. 

Utilizing integrated spheres based on a fluorescence reference is suggested35, however the 
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detection of weak Er3+ 1.5 µm spontaneous emission are likely to have larger uncertainties than 

materials that emit in the visible with larger cross-sections. 

We undertake direct measurements of the Er3+ 4I15/2→
4I13/2 absorption on a series of Er(F-

TPIP)3:KBr pellets varying the weight concentrations of Er(F-TPIP)3. In order to subtract the 

background derived from the (F-TPIP-)3 ligand environment, we use a series of Y(F-TPIP):KBr 

pellets as reference backgrounds that contain similar weight concentrations of Er(F-TPIP)3, 

where Y3+ refers to optically inert yttrium (III) ions. To minimise the effect of KBr powder on 

the Er3+ spectral feature, Er(F-TPIP)3 weight concentrations are employed with 75wt%, 94wt% 

and 100wt% to have the Er3+ signals clearly stronger than scattered backgrounds. An average 

absorption cross-section spectrum is shown in Figure 1a. The integral of the absorption cross-

section spectrum (σ[4I15/2→
4I13/2]) shows a linear response to the Er(F-TPIP)3 concentrations. 

The refractive index at 1.55 µm of Er(F-TPIP)3 was measured using a Prism coupler on 3 µm 

thin-films thermally evaporated on to a silicon wafer. Fitting the data [See Supplementary 

information (SI)] gives a radiative rate (krad[
4I13/2→

4I15/2]) of 354 ± 12 s-1 for the Er3+ 

4I13/2→
4I15/2 transition. This number is larger than that reported on a micro-size crystal of Er(F-

TPIP)3 precipitated from a DMSO solution.36 The inaccuracy for crystal samples can be 

attributed to uncertainties in determining the refractive indices, the measured thickness, the full 

spectral width and the effect on the spectral background due to hydrogenated impurities. 
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Figure 1. (a) The spectrum of the average absorption cross-section of Er(F-TPIP)3 in KBr 

pellets. Error bars on the Y-axis are colour filled. (b) Fitting the integral of the absorbance 

spectra against various Er(F-TPIP)3 densities multiplied by the optical path.

Once the intrinsic radiative rate is known, one only needs to measure the 1.5 µm emission 

lifetime to determine the IQE of the 4I15/2→
4I13/2 transition. As was reported for Yb(F-TPIP)3,

37 

it is vital to keep water vapour in the air from diffusing into the material in order to obtain the 

natural radiative lifetime. Hence, we fabricate thin films in a thermal evaporation system 

pumped by a cryopump to an ultra-high-vacuum (UHV) condition. Under such conditions, we 

minimise the chance of water molecules being trapped in the films during growth. The thin 

films are deposited on to polished silica substrates and a 500 nm thick aluminium layer is 

deposited after as an encapsulation. The encapsulated film sample gives a 1.5 µm PL lifetime 

of 0.97±0.1 ms using direct excitation into the Er3+ 2H11/2 level. Diluting Er(F-TPIP)3 to 20% 

in a Er0.2Y0.8(F-TPIP)3 composite film (with encapsulation) gives a PL lifetime of 1.04±0.10 

ms (Figure 2a). This can be attributed to the fact that the shell of the (F-TPIP-)3 ligands, 

keeping any two Er3+ ions separated by at least 1.4 nm, prevents the Er3+-Er3+ ion pairs from 

concentration quenching, which is a common problem that limit the performance of erbium 

containing glasses. These result shows that we could optimize the IQE for 1.5 µm PL to be 
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~35% with good control of fabrication conditions. Without encapsulation the PL lifetime is 

dramatically quenched and has two components with lifetimes of 0.31±0.07 ms (75% 

component) and 0.65±0.02 ms (25% component). Long term exposure of an unencapsulated 

film to air results in the lifetime becoming single exponential with a lifetime of ~200 µs. As 

this lifetime can be increased if the sample is measured in vacuum, and return to this value 

when exposed to air, we believe that the in-diffusion of water molecules into the film is the 

most likely cause. Assuming Förster energy transfer between the excited 4I13/2 level and a 

random distribution of water molecules in the film we were able to estimate a maximal water 

concentration in the film of ~8 × 1020 cm-3 (in the SI) and a Förster radius of ~0.97 nm. These 

values have a very large uncertainty (and are almost certainly an overestimate) due to the 

approximations used. But, with a Förster radius larger than the radius of an Er(F-TPIP)3 

molecule (~0.7 nm) it implies that there is less than, but of the order of, one water molecule 

present in the film for every Er(F-TPIP)3 molecule. We have used x-ray photoelectron 

spectroscopy (XPS) in the SI to look at the O 1s peak in similar films of Er(F-TPIP)3. These 

results show that there are two environments for the oxygen. The major peak corresponds to 

the P=O bonds in the Er(F-TPIP)3 molecule, whilst a high energy shoulder is consistent with 

the binding energy for water. Taking the ratio of these two peaks we can obtain a water 

concentration that is about 25% of the Er3+ concentration. Given that we have seen that water 

appears to diffuse from the films on exposure to vacuum these results are comparable to the 

Förster calculations and imply that without encapsulation a significant amount of water is 

present in the films and is responsible for quenching. 

To investigate the internal relaxations within these states we use a 377 nm laser to directly 

excite the 2G9/2 state and the Er3+ PL spectrum is shown in Figure 2b. The calculated branching 

ratios for relaxations from the 4G11/2 to the lower states were calculated from a Judd-Ofelt (JO) 

analysis and are listed in Table S2.36,38–40 Figure 2b also shows the calculated theoretical 
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emission intensities of the 2H11/2, 
4F9/2, 

4I9/2 and 4I11/2 states, from the JO analysis and are the 

emissions expected with no internal quenching, normalized to the 4I13/2 emission intensity. The 

emission from the 2H11/2, 
4F9/2, 

4I9/2 have all disappeared (even when the scale is multiplied by 

a factor of 100), whilst the emission from the 4I11/2 level is <0.5% of that expected when 

compared to the intensity of the 4I13/2 emission. 

 

Figure 2. (a) Comparisons of TRPL spectra of Er(F-TPIP)3 thin films with dilution, 

encapsulations, and no encapsulations. (b) The experimental Er(F-TPIP)3 PL spectrum with 

excitation into 2G9/2. The PL spectra below 1200 nm is magnified by 100 times. The theoretical 

normalised intensities of the transitions are indicated as coloured triangles with drop lines. Note 

that these are on the original scale and hence the PL is >100 times weaker than expected.

We attribute this difference in the emission intensities to strong coupling with vibrations of 

the chemical bonds in the molecule. The FTIR spectrum of Er(F-TPIP)3 powder shows 

vibrational features at wavenumbers below 1000 cm-1 and Figure 3 shows that the fundamental, 

1st and 2nd overtones of the vibrational spectra overlap the energy gap of several of the internal 

transitions such as 2H11/2→
4S3/2, 

2H11/2→
4F9/2, 

4F9/2→
4I9/2, 

2I9/2→
4I11/2 and 2I11/2→

4I13/2. This 

overlap suggests that nonradiative or thermal relaxations should be inevitable and hence we 
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have used a Förster analysis to quantify them. Figure 3a shows the simulated molar absorption 

coefficients of the overtone vibrations. The peak absorption cross-section of the C=C stretch is 

between ~5 × 10-20 to ~1 × 10-19 cm2.41–43 Hence, we can evaluate the peak absorption cross-

section of C=C stretch at 1476 cm-1 as within the range,41,44 and convert the number to the 

molar absorption coefficient on the FTIR spectrum of the fundamental overtone. Furthermore, 

we simulate the molar absorption coefficients of the 1st to 2nd overtone spectra, using reported 

empirical results that suggest the amplitude of overtone vibrations will decrease by an order of 

the magnitude. 44 

 

Figure 3. (a) The overlap of the vibrational and overtone (1st, 2nd) spectra and the simulated 

normalized spectra of the 4I11/2↔
4I13/2, 

4I9/2↔
4I11/2, 

4F9/2↔
4I9/2 and 2H11/2↔

4F9/2 transitions. (b) 

Calculated branching ratios for nonradiative transitions. The dashed arrows indicate the 

nonradiative relaxation.
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According to the reported crystallographic data of Er(F-TPIP)3
[34], the molecular radius is 

~ 0.7 nm and it suggests an effective Förster radius between vibrational bonds on the ligand 

and the Er3+ ions would be at most this radius. Therefore, using 0.7 nm as a Förster radius we 

can calculate the nonradiative rates for the 2H11/2→
4S3/2, 

2H11/2→
4F9/2, 

4F9/2→
4I9/2, 

2I9/2→
4I11/2 

and 2I11/2→
4I13/2 transitions. The results, when compared to the corresponding radiative 

transition rates, show that the non-radiative rates are orders of magnitude larger, as listed in 

Table S2. Noteworthily, the actual Förster radius might be significantly smaller than the 

molecular radius so that those nonradiative transition rates could be even higher than the 

simulated results. These simulated values mean the population at these excited states will 

rapidly undergo nonradiative transitions to the 4I13/2 state with the branching ratios (βnr) for 

these non-radiative relaxations of > 99%. This performance shows a clear difference compared 

to inorganic erbium materials such as Er3+-doped nanoparticles, where green ~ 522 nm 

(2H11/2→
4F9/2), red ~ 655 nm (4F9/2→

4I9/2) and NIR ~980 nm (2I9/2→
4I11/2) emission are 

particularly bright. Particularly, the intrinsic high branching ratio for hypersensitive 

2H11/2→
4I15/2 is replaced by a rapid relaxation to 4S3/2 followed by a 99.7% non-radiative 

relaxation towards 4F9/2. It is interesting that we can still observe weak PL at ~ 534 nm and 

~850 nm and their energies match the 4S3/2→
4I15/2 and 4S3/2→

4I13/2 transitions, respectively. 

Due to the strong interaction between the 2H11/2→
4S3/2 transition and the molecular absorption 

there is complete relaxation to the 4S3/2 level. The 4S3/2→
4F9/2 transition is “only” 99.7% 

quenched and hence there is some population on the 4S3/2 which allows the 4S3/2→
4I15/2 and 

4S3/2→
4I13/2 transitions to be experimentally observed with low intensity. 
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Figure 4. (a) TRPL rise time of an encapsulated Er(F-TPIP)3 thin film with photoexcitation 

into 2H11/2 with a 5ns pulsed 522 nm laser. (b) Comparison of the modelling N[4I13/2]/ N[4I15/2] 

with the nonradiative internal relaxation rates (knr) at the photoexcitation into 4I11/2 and 2H11/2.

The nonradiative internal relaxations allow us to concentrate excited Er3+ ions onto the 4I13/2 

state faster than allowed from the intrinsic transitions. Figure 4a gives the measured rise time 

for the 4I13/2 state ~ 0.5 µs, compared to a calculated rise time of ~ 6 ms (see the SI) for 

excitation into the 2H11/2 state. This rapid condensing will dramatically reduce the pump power 

required to obtain population inversion, as shown in Figure 4b, we plot the ratio of the 

calculated population of the 4I13/2 and 4I15/2 states, under excitation into the 2H11/2 level, where 

a value of 0.5 means that population inversion has been achieved. Assuming an IQE of 35% 

we can achieve population inversion at a threshold of ~ 6kW/cm2 compared to ~100kW/cm2 

which is common for inorganic erbium doped gain media (when pumped into the 4I11/2 level). 

However, using an organic chromophore as a sensitizer allows for an ~10,000 times increase 

in the effective cross-section and implies that this power density can be decreased to 

<1W/cm2.45 Another advantage is that it is possible to eliminate losses due to ETU which are 

likely excited-state-absorption (ESA) processes with 4I11/2-
4I11/2 or 4I11/2-

4I13/2 interactions and 
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cooperative up-conversion (CUC) with 4I13/2-
4I13/2 interactions. In Er(F-TPIP)3, the overtone 

vibrations will quench the 4I11/2 state and hence reduce ESA processes and will relax CUC-

induced 4I11/2 excitations to the 4I13/2 state instead of the ground 4I15/2 state, meaning that only 

one excitation is lost instead of two. However, as mentioned for Figure 2 the F-TPIP- shell 

separates any two ions by 1.4 nm and hence the probability for interactions is reduced compared 

to inorganic hosts where clustering can occur even at lower ion concentrations. 

Conclusions 

The diffusion of water molecules from the ambient environment is a sever problem that 

reduces the IQE of Er3+ 1.5 µm emission for organic erbium molecular materials, hence an 

encapsulation is employed and has optimized the IQE to ~ 35%. Meanwhile, molecular 

vibrations play a vital role in condensing excited Er3+ ions to its 4I13/2 level. Our numerical 

simulation suggests this condensation will reduce pump power significantly for the population 

inversion and eliminate possible ETU processes. The results suggest the organic erbium 

material could be a competing alternative to conventionally utilized inorganic erbium materials 

regarding the development of cost-effective 1.5 µm optical gain media on PICs. 

Experimental Methods 

The organic complex Er(F-TPIP)3 is synthesised according to the published methods. The 

chemical products of HFTPIP were supplied by Chromosol Ltd. ErCl3·6H2O was purchased 

from Alfa Aesar. The crude material is purified by using a train vacuum purification system. 

Organic thin films were fabricated in a Chi-Vac UHV thermal evaporation system. The 

photoluminescence signals are collected by a Horiba Triax 550 spectrometer and detected using 

a Hamamatsu R5509-72 nitrogen-cooled photomultiplier.  

Supporting Information 

Details of absorption measurements, calculation of branching ratios, Förster calculation and 

rate equation simulation are included in the supporting information. 
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