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The development of nanoscale optical devices for classical and
quantum photonics1–5 is affected by unavoidable fabrication
imperfections that often impose performance limitations.
However, disorder may also enable new functionalities6, for
example in random lasers, where lasing relies on random
multiple scattering7–13. The applicability of random lasers has
been limited due to multidirectional emission, lack of tunability,
and strong mode competition11 with chaotic fluctuations14

due to a weak mode confinement. The regime of Anderson
localization of light15 has been proposed for obtaining stable
multimode random lasing16, and initial work concerned macro-
scopic one-dimensional layered media17. Here, we demonstrate
on-chip random nanolasers where the cavity feedback is pro-
vided by the intrinsic disorder. The strong confinement
achieved by Anderson localization reduces the spatial overlap
between lasing modes, thus preventing mode competition and
improving stability. This enables highly efficient, stable and
broadband wavelength-controlled lasers with very small mode
volumes. Furthermore, the complex interplay between gain, dis-
persion-controlled slow light, and disorder is demonstrated
experimentally for a non-conservative random medium. The
statistical analysis shows a way towards optimizing random-
lasing performance by reducing the localization length, a
universal parameter.

In a strongly scattering random medium, light can be trapped by
concurrent multiple scattering events leading to the formation of
localized cavity modes that prevail after averaging over all statistical
configurations of disorder. Such Anderson localization is found to
occur in state-of-the-art photonic-crystal waveguides where una-
voidable intrinsic fabrication disorder is sufficient to induce loca-
lized cavities in the slow-light regime of waveguide propagation6.
(For further details see Supplementary Section 1.) Adding gain to
such a waveguide enables the study of the formation of the lasing
modes that were attributed to disorder in previous work18.
Figure 1a illustrates lasing cavities, which are spatially distributed
along the waveguide and appear spectrally in the slow-light
regime19. In the present experiment, quantum wells were embedded
as a gain medium in the photonic-crystal membrane and were opti-
cally pumped. In a conservative one-dimensional single-mode
waveguide, the Anderson localization criterion requires that the
average distance between random scattering events, the localization
length j, is shorter than the sample length L, and their ratio univer-
sally determines the confinement of the localized modes. The pres-
ence of absorption or gain changes this simple picture, beacuse they
will respectively damp or enhance the localized modes20, and may
give rise to nonlinearities21. In the present experiment, for low

excitation pump power, the fluorescence emitted by the excited
region of the quantum wells is multiply scattered along the wave-
guide, but is damped due to the strong absorption of the unpumped
surrounding gain material, as shown in Fig. 1b. By increasing the
excitation power, the light amplification compensates loss and the
lasing threshold is reached. At the threshold, the system resembles
a conservative waveguide. Here, we record a localization length
that is more than ten times shorter than the sample length, thus
confirming Anderson localization. Increasing the excitation power
further leads to random lasing, as shown graphically in Fig. 1c.
Figure 1d presents the emission spectrum of a single Anderson loca-
lized lasing mode below and above threshold, while Fig. 1e shows
the peak output emission intensity versus input excitation power.
A distinct lasing threshold is observed, accompanied by a decrease
in the cavity linewidth with excitation power, both of which are sig-
natures of laser oscillation. Two important figures of merit of a
nanolaser are its b-factor (the fraction of spontaneous emission
that couples to the lasing mode) and the cavity mode volume (the
spatial extension of the lasing mode). These can be determined by
modelling the laser input–output curves with microcavity semicon-
ductor laser rate equations22 (cf. Fig. 1e). The saturation observed at
high excitation power is attributed to thermal effects (for details see
Supplementary Section 4). For this particular lasing mode we obtain
a b-factor of 0.31, which, interestingly, is significantly larger than
previous values reported in photonic-crystal lasers with quantum-
well gain media23. A mode volume of 4.53(l/n)3 is obtained,
where l¼ 1,587 nm is the lasing wavelength and n¼ 3.4 is the
refractive index of InGaAsP, which is consistent with the
mode extent found for Anderson localized modes in cavity
quantum electrodynamics experiments in similar structures
without the gain material24,25.

Determined by the size of the pumped area on the waveguide,
multifrequency lasing can be observed (Fig. 1f,g). As shown in
Fig. 1f, the onset of multimode lasing tends to be sequential; that
is, with increasing excitation power the laser peaks grow one by
one, each displaying the characteristic input–output lasing curve
(Fig. 1g). A recent theoretical study predicted the strong suppression
of interactions in multimode random lasing in the Anderson local-
ization regime16. As shown in Fig. 1h, very stable lasing wavelengths
are indeed observed, even for spectrally close lasing modes. This is
attributed to the fact that the lasing modes overlap very weakly due
to their (on average) exponential confinement16. In diffusive
random lasers, in contrast, the extended lasing modes imply that
different modes overlap spatially, inducing strong mode compe-
tition and chaotic lasing emission and therefore spectrally broad
averaged emission14. In our case, the very narrow lasing linewidths
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indicate the absence of chaotic operation. This linear non-interact-
ing behaviour of lasing modes has been proposed as a tell-tale signal
of Anderson localization in random lasing16.

In diffusive random lasers the lasing wavelength is primarily
determined by the spectral peak of the gain medium7, while only
weak dispersion is incorporated into the multiple-scattering
medium, enabling modest tunability of the random laser10,26. A
photonic-crystal waveguide, in contrast, is highly dispersive, which
suggests that the Anderson localized random lasers can be spectrally
shifted over an unprecedented wavelength range by varying the
photonic-crystal lattice, with the only limitation given by the band-
width of the quantum-well gain medium (almost 300 nm). Figure 2a
demonstrates spectral control of the lasing modes over 50 nm when
varying the ratio r/a, where r is the hole radius and a the lattice con-
stant of the photonic-crystal waveguide. This broad wavelength
control is due to a particular characteristic of Anderson localized
modes in photonic-crystal waveguides: the modes appear solely in
the slow-light regime of the waveguide near the band-edge cutoff,
where the density of optical states (DOS) associated with the

waveguide mode is large27. Figure 2b shows how the high-DOS
region of the waveguide can be controlled by varying the photonic-
crystal parameters, establishing the wavelength-shifting mechanism
for the Anderson localized modes.

A main goal of statistical physics is to establish general concepts
and equations applying to macroscopic physical systems, despite
differences in their microscopic details. Anderson localization is
an example of such a concept; in essence it is a statistical phenom-
enon and therefore the statistics of the lasing parameters are the key
quantities describing Anderson localization. The Q-factor distri-
bution for all modes observed in the experiment, at lasing threshold,
is shown in Fig. 3a, where the Q-factor is obtained as the ratio
between the cavity centre wavelength and the cavity linewidth.
From these data, the localization length and the loss length are
obtained24. A localization length of j¼ 6.0 mm and loss length of
l¼ 800 mm are extracted, with the latter determined by out-of-
plane scattering and absorption in the unpumped region of the
quantum well, which is likely to be biased towards low loss
because, preferentially, the very localized modes will lase. At
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Figure 1 | Single-mode and multimode random lasing in the Anderson localization regime. a, Illustration of a random laser in a disordered photonic-crystal

waveguide formed from Anderson localized modes, where the different colours indicate that multifrequency lasing can occur. b,c, Illustration of multiple-

scattering process, where arrows represent optical feedback below (b) and above (c) threshold, respectively. Below threshold, loss dominates and Anderson

localized cavities do not build up. Above threshold, gain compensates loss and Anderson localized random lasing sets in. d, Measured photoluminescence

spectra of a single Anderson localized lasing mode below (black curve) and above (red curve) the lasing threshold under 240mW and 600mW excitation

power, respectively. e, Output intensity (black squares) and linewidth (blue squares) measured versus excitation power (full width at half maximum, FWHM).

The solid line represents a fit to semiconductor laser rate equations and black circles represent the background quantum-well fluorescence displaying no

lasing. Black and red arrows indicate the excitation power of the spectra below and above the threshold shown in d. f, Photoluminescence spectra versus

excitation power in multimode operation, where the different coloured curves are fits with Lorentzian functions representing different lasing modes. The curves

are offset for clarity. g, Output intensity versus excitation power corresponding to the different lasing modes in f. Solid lines represent fits to semiconductor

laser rate equations for each lasing mode. h, Central wavelength obtained from a Lorentzian fit of all the measured modes versus excitation power.
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threshold excitation power, light amplification compensates loss and
the criterion for one-dimensional Anderson localization in a passive
waveguide applies. Indeed, the obtained localization length is very
similar to the value measured in photonic-crystal waveguides
without gain24, and it is significantly shorter than the sample
length of L¼ 100 mm, so the sample is found to be deeply in the
Anderson localization regime. Figure 3b presents the distribution
of lasing thresholds observed experimentally. An asymmetric
threshold distribution with a long tail extending to high threshold
values is obtained, as predicted by theory28, in contrast to the sym-
metric threshold distributions observed for diffusive random
lasers29. The average threshold of 418 mW is comparable to the
typical threshold of standard photonic-crystal lasers pumped in a
similar geometry23,30 and is 20 times lower than the threshold
measured for a macroscopically structured one-dimensional disor-
dered medium in the localized regime17. The b-factor and mode-
volume distributions are plotted in Fig. 3c,d, respectively. Large
b-factors ranging from 0.28 to 0.38 are found for all lasing
modes, in conjunction with small mode volumes ranging from
4 to 6(l/n)3. The mode-volume distribution enables another esti-
mate of the mode-length extension along the waveguide (see
Supplementary Information), which is plotted as the top horizontal
axis in Fig. 3d. The average mode length of 4.3 mm is very similar to
the localization length (j¼ 6.0 mm) extracted by modelling the
Q-factor distributions. This remarkable agreement confirms the val-
idity of the two independent models applied to analyse the different
experimental data, and illustrates that important microscopic

parameters of Anderson localized random lasers can be
extracted reliably.

An interesting question is to what extent the performance of the
Anderson localized random laser could be improved even further.
Figure 3e,f and g,h show the measured lasing threshold and
b-factor versus Q-factor and mode volume. The correlation
between these parameters is quantified by the Spearman’s rank
correlation coefficient rS (for details see Supplementary Section 6),
which demonstrates how a high Q-factor and a small mode
volume improve lasing performance. The key to improving these
cavity characteristics of Anderson localized lasers even further
would be to shorten the localization length. This may be feasible,
for example, by combining random disorder with correlated
order. Indeed, a shorter localization length could be beneficial in
two ways, as it would increase the laser Q-factor while simul-
taneously decreasing the mode volume25. We note that the perform-
ance of the Anderson localized laser is not expected to be dependent
solely on the universal parameter j/L, as this would determine only
the propagation of light in the cavity; the emission of photons has
been found to be non-universal, that is, dependent on the local
dielectric topography of the sample. Such non-universality has
been found to play a role in quantum optics effects on single
quantum emitters31 and is expected to have a minor effect in the
broadband-emitter case of a random laser with quantum wells as
the gain material (Supplementary Section 5). The current explora-
tion of light emission and propagation in random media reveals
the exciting prospects of disordered nanostructures for lasers and
cavity quantum electrodynamics experiments.

Anderson localization was originally proposed for electronic
transport where the total number of particles is conserved, but
was later extended to non-conservative bosonic fields such as
light. Any amount of absorption or light leakage from the structure
reduces the confinement due to Anderson localization. Although
the inclusion of large amounts of gain inevitably modifies the prop-
erties of the underlying ordered structure32, moderate optical gain
can compensate the effect of loss, thereby recovering the confine-
ment of light. The effect of gain on Anderson localization can be
further investigated by extracting the probability distribution of
the intensity fluctuations, P

(
Î ; I/kIl

)
, where kIl denotes the inten-

sity obtained after ensemble averaging over configurations of dis-
order. The photoluminescence speckle pattern intensity I was
measured while raster-scanning the sample, as shown in Fig. 4a
(see Methods), and is displayed for different excitation powers in
Fig. 4b. For low excitation power, the strong absorption from the
quantum wells damps long interference paths, resulting in the
normal distribution of P(Î ) shown in Fig. 4b. Increasing excitation
power implies that gain compensates loss, and localized random
lasing is observed. This behaviour can be qualitatively reproduced
with a one-dimensional multiple scattering model24 where the
effect of gain is modelled by increasing the loss length (Fig. 4c).
The experimentally recorded variance of the intensity fluctuations,
var(̂I), is found to increase monotonically with excitation power,
as shown in Fig. 4d. The corresponding threshold for the variance
of the intensity fluctuations for a passive sample that marks the
onset of the Anderson localized regime is var(Î ) = 1.37
(Supplementary Section 3), which is surpassed at high pump
powers. The relatively small intensity fluctuations observed here
compared to passive samples6 are attributed to the fact that in
recording the statistics, some of the modes are below threshold
and therefore damped, and only for parts of the modes is the loss
compensated by gain. The ability to manipulate loss and gain in a
one-dimensional random system opens the possibility of exploring
the rich phase space of Anderson localization in bosonic systems,
which has been studied only theoretically so far33. Controlling the
interplay between gain and loss may offer exciting possibilities of
fine-tuning the Anderson localized modes.
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Figure 2 | Controlling the Anderson localized random lasing wavelength.

a, Photoluminescence spectra (shifted vertically for visual clarity) above

lasing threshold collected for r/a¼0.237 (orange curve), 0.243 (pink),

0.250 (red), 0.257 (green) and 0.263 (blue), where r is the hole radius and

a the lattice constant of the photonic crystal. The black line plots the

quantum-well emission spectrum for comparison (fully shown in the inset).

b, Calculated DOS of a photonic-crystal waveguide without disorder where

the different colours correspond to the different values of r/a in a. Vertical

dashed lines indicate spectral positions of the slow-light regime where the

DOS is large and lasing occurs.
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Embedding light emitters in Anderson localized random media
provides a promising new route to an enhanced light–matter inter-
action relying on the natural occurrence of cavities in random media
rather than nano-engineering. This rich and intricate physics is cur-
rently being explored. The potential applications of low-threshold
nanolasers and highly efficient single-photon sources are very
attractive because the relevant figures of merit for these applications
match engineered systems, with the added value that random struc-
tures could be much easier to fabricate. The fundamental limits of
the disordered media are yet to be explored, but their performance
is likely to be improved even further by deliberately mixing the
amount of order and disorder in the structures. An important
issue for applications of an Anderson localized nanolaser will be
the ability to couple light from the randomly positioned laser to a
well-defined single mode. This could easily be implemented on-
chip by positioning another photonic-crystal waveguide, tailored
to the non-localizing ‘fast-light’ regime, next to the Anderson
localizing waveguide, which would enable a highly efficient and
stable multi-colour random laser with directional output.

Methods
The semiconductor heterostructure used for the fabrication of the photonic-crystal
waveguides was grown on a (100)-oriented semi-insulating InP substrate by metal–
organic chemical vapour deposition. The structure consisted of a 340-nm-thick
In0.77GaAs0.503P membrane, grown on a 100-nm-thick InP, 100-nm-thick InAlAs
and 800-nm-thick InP sacrificial layer, incorporating ten layers of In0.75GaAs0.86P
quantum wells at the centre with a thickness of 5 nm and a separation of 5 nm
between adjacent quantum wells. The total refractive index of the structure was
n¼ 3.4. The photonic-crystal waveguides were fabricated by electron-beam
lithography using an electron-beam writer (JEOL JBX-9300 FS), reactive-ion etching
and wet etching using HCl and HF acid solutions. Samples with a lattice constant of
a¼ 380 nm and a range of different hole radii (0.237a , r , 0.263a) were
fabricated. Finally, 340-nm-thick suspended membranes were formed by removing
the sacrificial layer.

Microphotoluminescence measurements were carried out at room temperature.
A 120 fs pulsed Ti:sapphire laser operated at 800 nm with a repetition rate of
80 MHz was used for optical pumping. An excitation beam was focused to a spot
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with a diameter of 1.5 mm on the surface of the sample using a ×50 microscope
objective lens (numerical aperture of 0.65), and aligned to the photonic-crystal
waveguides using piezoelectric nanopositioners. The photoluminescence signal was
collected by the same objective lens within a diffraction-limited region in a wide
wavelength range of 1,500 nm , l , 1,600 nm, dispersed by a 300 mm grating
spectrograph with a spectral resolution of 0.1 nm, and detected using a liquid-
nitrogen-cooled InGaAs charge-coupled device camera.

We measured a total of 25 input–output curves by varying the excitation and
collection position along the photonic-crystal waveguide. The laser threshold was
obtained by extrapolating each input–output curve in a linear scale to zero power.
The Q-factor was extracted by fitting the cavity mode with a Lorentzian at the
threshold power. Two of the 25 input–output curves also show the cavity mode
below laser threshold (Fig. 1b shows one example). For the rest of the measurements,
the excitation power at which the cavity mode appeared matched the threshold
power extracted from the input–output curve fitting. Based on this fact, we could
increase the statistics of threshold and Q-factor distributions by gradually increasing
the excitation power and recording the power at which the mode appears and
its corresponding spectrum. By doing so, 25 extra data points for the laser threshold
and Q-factor were added without recording the full input–output curve. The full
data set is plotted in Fig. 3c,d.

The intensity probability distribution P(Î ) was measured by collecting the
intensity Ilx,y while scanning the excitation and collection objective along a photonic-
crystal waveguide with r/a¼ 0.24 at each spatial position (x, y) with a spatial binning
size of 0.25 mm and at different wavelengths with a binning size of 1 nm.
Subsequently, an average over the wavelength range 1,580–1,595 nm was performed.
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