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Semiconductor optical waveguide amplifiers deliver high gain 
per unit length (up to ∼1000 dBcm−1),[1,2] enabling light amplifi-
cation over short distances in photonic integrated circuits.[3] In 
contrast, rare-earth ions are regarded as impurities providing 
low gain (up to ∼10 dBcm−1),[4–7] because electronic transitions 
within their 4f subshell are parity forbidden, dictating low tran-
sition probabilities and cross-sections. Nevertheless, devices 
such as fiber amplifiers and solid-state lasers profit from accord-
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ingly long excited-state lifetimes–hence increased excitation  
densities–in rare-earth-ion-doped materials, combined with large 
device lengths. Here we exploit the extreme inversion densities 
attainable in rare-earth-ion-doped microstructures in a host 
material, potassium double tungstate,[8] that provides enhanced 
transition cross-sections and dopant concentrations,[9,10] thereby 
demonstrating a gain of 935 dBcm−1 in channel-waveguide and 
1028 dBcm−1 in thin-film geometry, comparable to the best 
values reported for semiconductor waveguide amplifiers. Fur-
ther improvement seems feasible with larger dopant concentra-
tions. This gain is sufficient to compensate propagation losses 
in plasmonic nanostructures,[11,12] making specific rare-earth-
ion-doped materials highly interesting for future nanophotonic 
devices.

Amplification of optical signals is required whenever the 
optical losses per unit length times the total distance (e.g., in 
long-haul optical communication or plasmonic waveguides) or 
the losses per unit device element times the number of device 
elements (e.g., in very-large-scale-integrated optical circuits), 
requires periodic recovery of the signal strength.

Among the available amplifier types, fiber amplifiers doped 
with trivalent rare-earth ions (specifically Er3+) are a standard in 
optical communication systems due to their low insertion loss, 
low noise, negligible non-linearities, superior characteristics 
at high-speed amplification, and high overall gain (30–50 dB). 
However, this high gain comes at the expense of employing 
several meters of fiber length, making this solution unsuitable 
for on-chip integration. The amplifier length can be shortened 
to typically a few centimeters by increasing the dopant con-
centration of rare-earth ions accordingly, but this approach is 
ultimately limited by the solubility of rare-earth ions in the 
chosen host material as well as the scattering losses and spec-
troscopic quenching processes induced by these high dopant 
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concentrations. The typical gain per unit length reported for 
rare-earth-ion-doped integrated waveguides has hardly exceeded 
a few dB cm−1.[4–7]

Semiconductor optical amplifiers (SOAs), including organic 
semiconductors,[13,14] and III–V semiconductors,[15–19] with 
different gain structures, such as quantum wells (QW),[15,16] 
multiple quantum wells (MWQ),[17] and quantum dots (QD),[18] 
deliver high gain over short distances, which in combination 
with heterogeneous integration techniques, make SOAs suit-
able for providing on-chip gain. However, due to the short car-
rier lifetime in these materials and significant refractive-index 
changes accompanied with the excitation of electron-hole pairs, 
temporal and spatial gain patterning effects limit their perform-
ance. Also dye-doped optical amplifiers (DOAs) can deliver high 
gain per unit length.

The enormous difference in gain per unit length provided by 
these materials originates in their physical properties, as exem-
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plified in Table 1. The relevant performance parameter, their 
modal gain (dBcm−1),

g mod = gmat = 4.34(σem N2 − σabs N1) ≈ 4.34 σem Ninv 	 (1)

is given by the fractional overlap (or mode-confinement factor) 
Γ of the signal beam at wavelength λS with the gain structure 
exhibiting a material gain gmat (dBcm−1) that derives as the 
product of stimulated-emission cross-section σem (cm2) at λS 
times the inversion density Ninv (cm−3); this approximation is 
valid for σem ≈ σabs. In semiconductor waveguide amplifiers, 
Ninv = N2–Nt represents the number of carriers N2 above the 
transparency excitation Nt, while in rare-earth-ion-doped mate-
rials, Ninv = N2–N1 is the difference between the population 
densities of excited state and ground state. These different nota-
tions represent the same underlying physics. The net modal 
gain (dBcm−1) is gnet = gmod–L; the propagation losses L are usu-
ally small compared to the modal gain and can be neglected.

A material gain of several × 103 dB cm−1 is achieved in the 
recombination region of III–V semiconductors due to the 
large stimulated-emission cross-sections of the excited car-
riers of several × 10−16 cm2, while Ninv is in the range of a few × 
1018 cm−3.[1,15,16] However, in QW and MQW SOA waveguides, 
the usually μm-sized signal mode exhibits a poor overlap Γ 
with the few-nm-thin active gain region, reducing accordingly 
the modal gain of QW and MQW SOA waveguides to several ×  
102 dBcm−1.[15–19] Dyes can provide similarly high stimulated-
emission cross-sections. However, their inversion density is an 
order of magnitude lower, resulting in values of the material gain 
up to a few × 102 dBcm−1; due to an excellent overlap Γ, DOAs 
can, nevertheless, provide a modal gain of a few × 102 dB cm−1.  
Rare-earth ions doped into amorphous materials, such as 
Al2O3, silica, and phosphate glass or polymers, suffer from 
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