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Quantum efficiency

The quantum efficiency of a photoluminescence (emission) process is given by the ratio 
between the number of emitted photons and the number of incident (pump) photons.

This ratio is also equal to the ratio between the radiative decay rate and the total 
(radiative + non-radiative) decay rate:

ηQ = Wrad / (Wrad + Wnr) = τmeas / τrad ≤ 1

The non-radiative decay rate can be further divided into multiphonon (MP) decay (due 
to the matrix “phonons”, i.e., intrinsic, or due to impurity vibrations) and concentration 
quenching (due to ion-ion interactions):

Wnr = WMP + WCQ
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(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcel Dekker, 1993)

For gaps much larger than the energy of the phonons involved, the non-radiative MP 
decay rate, WMP, is inversely proportional to the exponential of the energy gap, ∆E:

WMP = C [n(T) + 1]p exp (-α ∆E)

where C and α are host-dependent parameters, p is the number of phonons needed to 
bridge the gap and n(T) is the Bose-Einstein phonon occupation number:

n(T) = [exp(hν/kT)-1]-1

ν → phonon frequency

Electronic energy term 
notation:       2S+1LJ

L, S → total angular  
momentum and spin;

J = L + S  (Russell-
Saunders coupling)
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Due to the [n(T)+1] factor, the MP non-radiative decay rate decreases with decreasing 
temperature. In practice, C, α and p (or hν) are regarded as empirical parameters, which 
are host dependent but insensitive to the particular RE ion and energy levels, obtained 
by fitting the “energy gap law” equation to the measured WMP values obtained for 
different ions (and thus different gaps) in the same host.

(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcel Dekker, 1993)
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This figure was obtained using the parameters in the previous table and the equation for 
WMP. Oxides have larger WMP because of their higher vibrational frequencies, when 
compared to halides and chalcogenides. For glasses, the vibrations causing non-
radiative relaxation are the high frequency, localized stretching modes of their  
fundamental polyhedral structural units.

E.g., the 6500 cm-1 energy gap below 
the 4I13/2 level of the Er3+ emission at 
1.5 µm is large enough that WMP is 
only significant for borates (or also 
phosphates), but the presence of 
impurity OH groups in any host (hν ~ 
3300 cm-1) will significantly increase 
WMP. The first excited state of Tm3+, 
3F4, has low radiative yield even in 
silica glass, but this improves in 
tellurites, germanates and fluorides, 
which have lower vibrational
energies. 

(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcel Dekker, 1993)
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Pr3+ :

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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Possible RE ion dopants for glassy hosts
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2S+1LJ
Laser transitions 
in glass:

∆S = 0   ☺

∆L = 3   ☻

Nd3+

1.3 µm

1.06 µm

865 nm

(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcel-Dekker, 1993)
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Nd3+

1.06 µm

(Adapted from: Glasses for photonics, M. Yamane and Y. Asahara, Cambridge Univ. Press, 2000)
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The absorption and emission transitions between the individual Stark components of 
different J multiplets can usually be observed at room temperature as discrete lines in 
RE-doped crystals, but not in glasses. While crystalline hosts provide high cross 
sections at nearly discrete wavelengths, glass hosts have lower cross sections over a 
broad range of wavelengths. 

(Note: the areas are off-
scale and should be the 
same under both curves).

4F3/2 → 4I11/2

∆S = 0   ☺

∆L = 3   ☻

(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcell-Dekker, 1993)
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The homogeneous broadening of the transitions between the Stark components of 
different J multiplets is caused by lifetime broadening in both crystals and glasses, 
dominated by rapid phonon-induced transitions between the individual Stark 
components within a given multiplet. Such transitions occur on a ~ ps time scale at low 
temperature, but become much faster at room temperature, causing homogeneous 
broadening to increase significantly with temperature.

In addition to homogeneous line broadening, a glass host will also cause the so-called  
inhomogeneous broadening, due to site-to-site variations in the local structure around 
the different RE ions present. 
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Relaxation of the 4F3/2 level of Nd3+ is primarily radiative for all the more common 
glasses, with the exception of the high vibrational energy borates, which have high non-
radiative relaxation rates, leading to 4F3/2 excited state lifetimes as short as 45 µs (ηQ ~ 
10-15 %) . The presence of impurity OH groups can also be a problem, for any glass 
host.

(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcel-Dekker, 1993)



Spring 2005 Rui M. AlmeidaLecture 33

Quantum efficiency of fluorescence, for a given RE-glass system, sets the upper limit 
of the RE concentration, limited by concentration quenching. The figure shows cross-
relaxation between an excited ion A and a neighboring ion B in the ground state, with 
both ions making non-radiative transitions to the intermediate 4I15/2 state, from which 
they decay non-radiatively to the ground state. Cooperative up-conversion (already 
discussed) is another possible mechanism for concentration quenching. 

Concentration quenching 

in Nd3+

(Adapted from: Rare earth doped fiber lasers and amplifiers, ed. M.J.F. Digonnet, Marcel Dekker, 1993)
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