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It is well known that waves with frequencies within the forbidden gap inside a crystal are transported
only over a limited distance—the Bragg length—before being reflected by Bragg interference. Here, we
demonstrate how to send waves much deeper into crystals in an exemplary study of light in two-
dimensional silicon photonic crystals. By spatially shaping the wave fronts, the internal energy density—
probed via the laterally scattered intensity—is enhanced at a tunable distance away from the front surface.
The intensity is up to 100× enhanced compared to random wave fronts, and extends as far as 8× the Bragg
length, which agrees with an extended mesoscopic model. We thus report a novel control knob for
mesoscopic wave transport that pertains to any kind of waves.
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Completely controlling wave transport is a key challenge
essential for a large variety of applications. For instance,
classical transport of acoustic waves has enabled sensing,
ultrasound imaging, and navigation [1,2]. In the quantum
regime, control over electron and spin transport has brought
major advances in the operation of nanoelectronic devices
[3–5]. In photonics, control over light transport in the
classical and quantum domains has led to rapid advances in
science and technology such as solar cells, quantum light
sources, optical memories, and microscale to nanoscale
storage cavities [6–11].
An important tool in wave control is to exploit gap

formation as a result of periodic and aperiodic symmetry.
The long range periodic order leads to a band structure in
the dispersion relations of the waves. Forbidden frequency
ranges, stop gaps, emerge in the band structure as a result of
interference between the incident and Bragg diffracted
waves [12,13]. Bragg interference causes incident waves
with a frequency in the stop gap to be exponentially
attenuated, with a characteristic length scale called the
Bragg length LB, as is shown in Fig. 1. The existence of
gaps has seen exciting applications such as control of
spontaneous emission, efficient light harvesting devices,
and biosensing [14,15].
Real crystals feature unavoidable disorder resulting in

broken symmetry due to, e.g., thermal motion and phonons
in atomic crystals, quantum motion down to zero temper-
ature, or unavoidable structural disorder in assembled

photonic or phononic structures [16–18]. The disorder
gives rise to new channels for wave transport due to
multiple scattering, which are typically uncontrolled and
detrimental for applications. Every fabricated piece of
crystal has a fixed microscopic configuration of disorder
[19] and hence the disorder-induced channels do not offer
new control. However, in disordered media without gaps
spatially shaping the phases of incident waves sets inter-
ferences between the channels resulting in new control,
termed wave front shaping [20–22].
In this Letter, we demonstrate the tunable control of

wave transport in real photonic crystals. By spatially
shaping the incident wave fronts as illustrated in Fig. 1,
we steer the waves with frequencies within a gap to any
desired location. The waves reach a remarkable depth of no
less than 8LB with over 30× intensity enhancement.
Remarkably, the shaped intensity at 5LB in the crystal is
10× higher than the incident intensity I0 in the absence of
wave shaping, instead of being Bragg attenuated in the
crystal. We thus report a novel control knob for mesoscopic
wave transport that pertains to any kind of waves, including

FIG. 1. Schematic of wave transport in a 2D photonic crystal
consisting of pores with unavoidable disorder. At frequencies in
the gap, light is quickly Bragg attenuated; by shaping the wave
fronts, light is transported much deeper into the crystal.
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sound, spins, electrons, and electromagnetism, where
similar techniques have been reported [23,24].
Our results stand out from literature on wave front

shaping and disordered media in the following aspects.
(1) In photonic crystals, the energy density distribution
within the crystal is completely fixed by the Bragg length.
The introduction of wave front shaping radically modifies
this distribution and increases the depth to which light can
be steered, thereby increasing the functional volume [25].
Modifying the energy density distribution is also new
compared to disordered media that lack frequency gaps.
(2) In disordered media, the intensity inside the medium
after wave front shaping is everywhere less than at the front
surface before wave front shaping. Here, we strikingly
observe that upon wave front shaping to a location inside
the crystal, the intensity within the photonic crystal is even
greater than at the front surface measured for an uncon-
trolled wave front. (3) We identify that Bragg interference
—typical of periodic media including quasicrystals—take
on a novel role in mesoscopic physics, that of reducing the
number of channels for wave transport.
We realize this physics with light waves in two-dimen-

sional (2D) photonic crystals with large periodic arrays of
pores etched in a silicon wafer [27,28], see Fig. 2(a). The
pores are made using deep reactive ion etching through an
etch mask. The lateral yz extent of the 2D crystal is 10 ×
10 mm2 at the center of the wafer, much larger than the
expected Bragg and scattering length scales. The fabricated

pores are about 6 μm deep, sufficient for the focus to easily
fit within the crystal. The wafers are cleaved in the xy plane
to expose the 2D photonic crystal to the incident light along
the ΓK high-symmetry direction [28].
We developed a versatile experimental setup to perform

optical wave front shaping on silicon nanostructures, which
operates in the near-infrared spectral range (λ > 1100 nm)
where silicon absorption is avoided. The setup consists of
three main components: (1) a broadband tunable coherent
source, (2) a broadband wave front shaper, and (3) a twin-
arm imaging of reflected and lateral (yz plane) scattered
signal from the photonic crystal. The broadband tunable
coherent source was realized by spectrally filtering the
emission from a supercontinuum source using a mono-
chromator. A long pass filter (cut-on wavelength: 850 nm)
rejects the second-order diffraction of shorter wavelengths.
The optical frequencies range from 4700 to 11000 cm−1 (or
wavelengths 900 < λ < 2120 nm) with a bandwidth of
0.6� 0.1 nm and a tuning resolution of 0.2 nm. Since the
spectral bandwidth of the source corresponds to a coher-
ence length of several hundred micrometers, much longer
than the propagation length measured within the crystal, the
pulsed nature of the source does not affect the measure-
ments. The filtered light is collimated and expanded to a
beam diameter of 7.5 mm.
The wave front of the collimated beam is then pro-

grammed employing a phase-only reflective spatial light
modulator SLM (Meadowlark optics), see Fig. 3. The wave
front-programmed light is imaged to the back focal plane of
the large numerical aperture (NA ¼ 0.85) infrared apo-
chromatic objective lens L1. The light reflected from the
crystal is collected by the same objective. The lateral
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FIG. 3. Linearly polarized light from a tunable source is
directed via a spatial light modulator (SLM) onto the sample
through microscope objective M1. The incident polarization is
tuned using the half-wave plate (λ=2). Light reflected by the
crystal is imaged onto an infrared camera using the same
objective and lens L1 (f ¼ 500 mm). A long working distance
objective (M2) images the lateral scattered light onto an infrared
camera using lens L2 (f ¼ 500 mm). Broadband linear polar-
izers are used to analyze the reflected and the lateral scattered
light. The inset shows the image taken on the camera in reflection.
The bright spot in the center (highlighted in red) is the focused
coherent light with a uniform phase pattern on the SLM.
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FIG. 2. (a) Left: scanning electron microscope image of a 2D
photonic crystal. The lower half shows the 2D array of pores in
the yz plane, and the upper half shows the xy cleavage plane with
6 μm deep pores (scale bar: 5 μm). Right: yz plane with the
centered rectangular crystal with lattice parameters a ¼ 695 nm
and c ¼ a=

ffiffiffi

2
p

with a pore diameter 2R ¼ 290 nm (or
R=a ¼ 0.21). Light is incident in the z direction, corresponding
to the ΓK high-symmetry direction. (b) Reflectivity measured on
the photonic crystal (open circles) for TE-polarized light,
compared to unstructured silicon wafer (filled squares). The
prominent photonic crystal reflectivity peaks match well with the
stop gaps in the calculated band structure. The dashed line
highlights the frequency near the gap center where many steering
experiments were performed.
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scattered light from the yz plane of the crystal is collected
using another apochromatic objective L2 (NA ¼ 0.42).
Light collected by either L1 or L2 can be imaged to an
InGaAs camera for aligning the incident beam. The inset in
Fig. 3 shows the image captured in reflection, where the air,
photonic crystal, and the unstructured silicon regions can
be clearly distinguished. The bright spot in the center of the
photonic crystal is the focused laser beam when a constant
phase (ϕ ¼ 0) was programmed on the SLM. Given the
large depth (>6 μm) of the nanopores forming the photonic
crystal, several diffraction-limited spots fit within any
incident area on the crystal. Therefore, in contrast to earlier
wave front shaping on 2D disordered waveguides that
utilized one-dimensional wave front shaping [29–31], we
illuminate a circular area (d ¼ 8 μm, see Fig. 3).
Reflectivity from the 2D crystal was measured following

the procedures described in Ref. [32]. TE-polarized reflec-
tivity spectra shown in Fig. 2(b) reveal two prominent
peaks that correspond to two stop gaps in the calculated
band structures. We estimate the Bragg lengths for both
gaps from the photonic strength S using the relation LB ¼
λ=ðπSÞ [33], where S≡ Δν=ν [34]. In the two stop bands at
ν=c ¼ 6250 cm−1 and 9000 cm−1, respectively, the pho-
tonic strength is S ¼ 0.25 and 0.19, respectively, corre-
sponding to Bragg lengths LB ¼ 2.0 μm that are nearly the
same for both stop gaps [35].
To demonstrate controlled transport of waves, we tune

the frequency of the incident light to the center of the first
stop gap at ν=c ¼ 6250 cm−1 (λ ¼ 1600 nm). The SLM
was initialized with a phase pattern of 340 segments (each
grouped from 32 × 32 pixels) within the beam diameter,
each assigned a random phase within ½0; 2πÞ. The size of
the segment was chosen to limit the illuminated area on the
xy plane of the sample to be confined within the photonic
crystal. The image of the lateral scattered light collected
using L2 is shown in Fig. 4(a), which shows a rapid decay
of light into the crystal. The input edge of the crystal is
clearly discernible as the bright speckles (also marked by
the dashed line).
We target a spot at a depth of 10 μm—or 5LB—in the

crystal and sequentially change the phase of each segment
on the SLM to maximize the intensity at the chosen spot.
Figure 4(b) shows the image of the lateral scattered light at
the end of the iteration over all the segments. A distinct and
bright focus is clearly observed at the targeted location,
thereby demonstrating the first ever steering of waves
inside a crystal, far beyond the Bragg length. Figure 4(c)
shows the intensity around the targeted spot before and
after steering the light, which shows ≈100× higher
intensity with controlled transport.
In the literature, it is common to characterize the quality

of wave front shaping by an enhancement EW that gauges
the intensity increase at the target position [36,37]. The
enhancement is commonly defined as EW ≡ Iopt=hIri,
where Iopt is the optimized intensity in the target spot

and hIri is the intensity at the same spot that was ensemble
averaged over 100 random incident wave front patterns. The
intensity of the lateral scattered light is proportional to the
energy density of the light that has scattered to a depth z in
the crystal. The enhancement at the target location inside the
crystal is substantial, namely EW ¼ 65� 5. Remarkably, in
Fig. 4 we observe that the intensity at the target spot (depth
zopt ¼ 5LB) after steering is even 10× greater than the
intensity at the front surface (z ¼ 0) before steering (that
is, light incident with an unoptimizedwave front), in contrast
to traditional Bragg attenuation of waves inside any periodic
medium. The enhancements observed here are a key high-
light of the steering of waves, which utilizes multiple
scattering in the crystal arising from the unavoidable devia-
tions from perfect periodicity [38]. Themultiple scattering of
waves gives rise to new channels for wave transport within
the crystal even inside the stop gap. We selectively enhance
the coupling of energy to these new transport channels by
shaping the phases of the incident waves with the feedback
defined by the energy density deep inside the crystal. This
selective coupling results in propagationofwaves deeper into
the crystal. The remarkable increase in the total energy
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FIG. 4. Camera images of the lateral scattered light ðν=c ¼
6250 cm−1Þ with (a) an uncontrolled and (b) the controlled wave
front. The red arrow points to the target location for steering the
light, which exhibits as a bright spot. (c) The integrated intensity
in a 5 pixel high (yz plane) strip around the target location shows
a clear increase in the intensity at the target depth of 10 μm. The
dashed gray line indicates the detector dark counts. The gray band
is the intensity expected at z ¼ 10 μm upon wave front shaping
as predicted by our model.
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density while optimizing for a target location is in contrast to
all prior wave front shaping experiments on random media,
which highlights the new physics of light transport
unveiled here.
We explored the maximum achievable depth inside the

photonic crystal at which the intensity could be enhanced.
Figure 5 shows the depth-dependent intensity enhancement
EW at the center of the stop gap (at ν=c ¼ 6250 cm−1). The
error bars represent standard deviations of EW measured at
eight spatial locations along y at the same depth z. An
enhancement EW in excess of 80 was achieved at depths up
to 10 μm, corresponding to 5LB. At a depth of more than
8LB, the measured enhancement is EW ¼ 20.
To interpret the intensity enhancement deep inside the

crystal, we propose a new model that extends mesoscopic
physics typical of disordered media [22,39] to periodic
crystals. The disorder-assisted multiple scattering of light
inside the crystal is described using a transmission matrix T
over the N transport channels. The transmission matrix T
can be decomposed as T ¼ UDV†, where U and V are
unitary matrices of size N × N and D is a diagonal matrix
with values τ drawn from the Dorokhov-Mello-Pereyra-
Kumar (DMPK) distribution PDMPKðτÞ ¼ hτi=ð2τ ffiffiffiffiffiffiffiffiffiffi

1 − τ
p Þ,

where hτi is the mean transmission [39–42]. The reflec-
tivity measurements of the photonic crystal, cf. Fig. 2(b),
were used to extract the fraction of light transmitted into the
crystal. We neglect the material absorption of waves within
the crystal given the near-zero absorption coefficient of
silicon in the telecom wavelength range. The wave front
shaping enhancement EW is proportional to the largest
eigenvalue of the matrix T, with the proportionality
constant set by the wave front shaping method [21].
Typically, the local energy density within a disordered
slab decreases approximately linearly with depth inside the
slab. In contrast, we observe from Fig. 4(c) that the local

energy density decays exponentially with depth inside the
crystal. We interpret this exponential attenuation to arise
from the presence of Bragg interference at frequencies
within the stop gap and the surface losses, with the Bragg
interference being the dominant factor. The Bragg inter-
ference results in a reduction of the number of transport
channels with increasing depth inside the crystal, thereby
allowing us to extend mesoscopic transport models devel-
oped for disordered media in the presence of absorption
[43,44] to periodic systems.
Mathematically, the reduction in the number of transport

channels is modeled as a truncation of the transmission
matrix T, i.e., a reduced matrix size M < N. The reduced
number of channels M with increasing depth in the crystal
is modeled as MðzÞ ¼ Nð1 − αzÞ, where α is an amplitude
attenuation constant [45]. The depth-dependent enhance-
ment EWðzÞ is the maximum eigenvalue of the truncated
transmission matrix. At a given α and N, we employ a
numerical algorithm to generate an ensemble of random
transmission matrices and compute the depth-dependent
enhancement EW . The fit to the measured enhancement EW

is shown in Fig. 5 with α ¼ ð0.05� 0.002Þ μm−1 and
N ¼ 300, and is seen to agree very well with the data. To
put our model in perspective, the number of control
parameters (segments) on the SLM is Nexp ¼ 340, which
agrees remarkably well with the number of channels in the
model. The deviation could arise from the nonuniform
intensity incident at each segment of the SLM due to the
Gaussian profile of the incident beam. From an indepen-
dent measurement of the attenuation within the crystal, we
extract the intensity extinction length lext ¼ 6.5� 0.2 μm
(see Supplemental Material) arising from the multiple
scattering of waves. The intensity attenuation length and
the amplitude attenuation constant are related as
lext ¼ 1=

ffiffiffi

α
p

. From the fit to EW in Fig. 5, we estimate
lext ¼ 4.9� 0.5 μm, which is smaller than the measured
value. The underestimation of lext is expected as the model
effectively accounts for the attenuation due to the Bragg
interference and multiple scattering of waves within the
crystal, while the measured value is primarily due to the
multiple scattering of waves. We note that lext extracted
from the model fits is greater than the Bragg length, as the
disordered-induced transport within the crystal is polari-
zation averaged, whereas the Bragg length pertains strictly
to TE-polarized light.
In summary, we have demonstrated controllable

enhancement of wave propagation at much greater depths
than a Bragg length, even at frequencies within a band gap
[46]. We take advantage of transport channels that are
introduced in the crystal by unavoidable disorder, and
address these by spatially shaping the wave fronts. The
large depth to which waves are enhanced, even within a
gap, broadens the range of applications feasible with
photonic band gap crystals, both 2D and 3D. From the
outset, photonic band gaps have been pursued for their
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FIG. 5. Measured wave front shaping enhancement EW versus
penetration depth z into the crystal at a frequency at the center of
the stop gap ν=c ¼ 6250 cm−1. The calculated enhancement
using a model that accounts for the Bragg interference and the
random multiple scattering agrees well with the measurements.
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radical control over spontaneous emission [47,48], lasing
[8], shielding of vacuum noise for qubits [49], and for
ultimate 3D waveguiding [50,51]. Based on our observa-
tions and modeling, we project that studies with embedded
emitters could resolve the density of states around the gap
of the real crystal [52,53]. Furthermore, light can be
reconfigurably steered to resonant and functional features,
including Anderson localized states [54] or “Cartesian”
light states [55], that are otherwise hidden inside a complete
2D or 3D photonic band gap.
Recently, combinations of gaps and tailored disorder are

enjoying fast-growing attention [56], notably in phononic
and photonic quasicrystals [57], and hyperuniform [58,59]
and biomimetic structures [60]. It is intriguing to speculate
whether our crystals may reveal extremal transmission near
a Dirac point and pseudodiffuse behavior as predicted by
Sepkhanov et al. on 2D crystals [61]. Therefore our results
open new avenues to increased wave control in many
different classes of metamaterials [62,63].
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