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Wavefront shaping allows focusing light through or inside strongly scattering media, but the back-
ground intensity also increases which reduces the target’s contrast. By combining transmission or
deposition matrices for different regions, we construct joint operators to achieve spatially resolved control
of light in diffusive systems. The eigenmode of a contrast operator can maximize the power contrast
between a target and its surrounding. A difference operator enhances the power delivery to a target while
avoiding the background increase. This work opens the door to coherent control of nonlocal effects in wave
transport for practical applications.
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Nonlocal correlations between multiply scattered
waves are a hallmark of mesoscopic transport in diffusive
systems [1–12]. Long-range spatial correlations have direct
consequences for controlling mesoscopic transport with
wavefront shaping [13–15]. Positive intensity correlations
facilitate the total transmission enhancement and power
delivery to an extended target by optimizing a single
incident wavefront [16–21]. Such correlations also increase
the background intensity, thus limiting the target-to-
background contrast [22–27].
For practical applications including optical communica-

tion, photothermal therapy, microsurgery, and opto-
genetics [28–32], it is important not only to maximize
light intensity on a target but also to optimize the target-to-
background intensity contrast. Enhancing the contrast
requires suppressing positive intensity correlations between
the target and background or, even better, introducing
negative correlations between their intensity changes.
This is challenging to realize, given the constraints of
nonlocal correlations. Our aim of this work is to utilize
long-range correlations for power delivery to an extended
target and simultaneously overcome positive correlations to
maximize the target-to-background contrast.
For this goal, we introduce two operators: the contrast

operator and the difference operator. We demonstrate that
the contrast operator’s eigenvectors can maximize the

target-to-background intensity contrast. Strong intensity
attenuation in a chosen surrounding area enables the genera-
tion of high-contrast patterns behind the scattering medium
by shaping the incident wavefront of a coherent beam
(Fig. 1). However, the slight intensity increase on the target
may not be optimal for applications. To enhance the target
intensity as much as possible with little change in the
surrounding intensity, we introduce the difference operator.
Its eigenvectors are used for broad-area focusing behind a
thick scattering sample and for targeted power delivery deep
inside a diffusive waveguide. We identify and theoretically
justify a robust scaling between intensity changes in the target
and background, which explains the superior performance of

FIG. 1. Schematic for the propagation of an eigenstate of the
contrast operator. A high-contrast pattern with a sharp boundary
is created behind a disordered slab by shaping the incident
wavefront of a laser beam with a spatial light modulator. The
high-contrast pattern of the letter Y is generated with an
experimentally measured transmission matrix.
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the difference operator. Experimentally, we demonstrate a
tenfold difference in the relative intensity change between
background and target regions with the same area.
We first investigate the focusing of light onto an extended

area behind a three-dimensional (3D) scattering slab. The
sample consists of ZnO nanoparticles that are spin coated on
a cover slide. The ZnO layer thickness is measured to be
60 μm. The transmittance at normal incidence at the probe
wavelength of λ ¼ 532 nm is measured to be 0.03, which
yields a transport mean free path ∼1 μm [33]. As schemati-
cally shown in Fig. 1, the incident wavefront of a mono-
chromatic laser beam is modulated by a phase-only spatial
light modulator (SLM) before illuminating the ZnO slab.
The illumination spot on the sample surface has a 24 μm
diameter. The number of input spatial channels modulated
by the SLM isM1 ¼ 2048 for two orthogonal polarizations.
A CCD camera is placed at the Fourier plane of the output
surface of the slab to measure the transmitted intensity
patterns. Using a phase-stepping common-path interfero-
metric method, we measure the (partial) transmission
matrix [17,20,34]. More details are given in Sec. I of the
Supplemental Material [35].
In Fig. 2(a), the target region (labeled as “A”) is a square

at the center of the field of view on the CCD camera,

containing MA ≃ 876 speckle grains. The matrix tA maps
the incident fields to the transmitted fields inside area A.
The eigenvector of t†AtA with the largest eigenvalue gives
the optimal incident wavefront for focusing transmitted
light to target A [20]. While the mean intensity within A, IA,
is almost 10 times larger than the intensity hIi under
random wavefront illumination, the intensity outside
A, IB, is more than doubled. The target intensity enhance-
ment, predicted by the theoretical model in Ref. [20],
is IA=hIi ≃ 9.1 (see Supplemental Material, Sec. II for
details) [35]. Such large enhancement is a result of non-
local intensity correlations between different speckles
inside A, as revealed by the approximate expression
IA=hIi ≃ ð1þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M1=MA þM1C2

p Þ2. Here C2 denotes the
weight of nonlocal correlations that can be computed
explicitly from the characteristics of the disordered sample
and illumination condition. As detailed in Supplemental
Material, Sec. II [35], we can also estimate the intensity
increase outside the target region. For a moderate extent of
the target A, the background intensity enhancement is
IB=hIi ≃ 1þM1C2. This gives IB=hIi ≃ 1.9, which agrees
with our experimental data for MA ≲ 200 (Supplemental
Material, Fig. S1), but it slightly underestimates the actual
value for the large target in Fig. 2(a).

FIG. 2. Eigenstates of transmission, contrast, and difference operators. Spatial distributions of transmitted intensity I through a
multiple-scattering slab for eigenstates with maximal power inside the target region A (a), highest contrast of power in A to that in a
surrounding region B (b), largest power difference between A and B (c). All intensities are normalized by the mean intensity hIi with
random illuminations, and averaged over the ten eigenvectors with largest eigenvalues. Lower panels show intensity across a cross
section of the images in the upper panels. The green curve represents the state in (a), purple in (b), blue in (c), and black dashed line for
random input wavefront. The square A is 907 μm × 907 μm, and ring B has an outer dimension of 1580 μm (with twice the area as A).
One camera pixel (px) has a lateral size of 5.6 μm. Enhancement of mean intensity in target A (d), surrounding region B (e) over that
under random illuminations, as a function of the area ratio given by the ratio of the number of specklesMB=MA. The contrast eigenstate
(magenta) has an intensity increase in A and BwithMB=MA ratio, while the difference eigenstate (blue) has an intensity decrease in both
regions. The black dashed line corresponds to random input wavefront.
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To suppress the intensity increase in a surrounding
area [labeled B in Fig. 2(a)], we introduce the contrast
operator ðt†BtBÞ−1t†AtA, where tB denotes the matrix that maps
incident fields to transmitted fields in B (see Supplemental
Material, Sec. III [35] for details). Figure 2 shows an
example with the area ratio of B to A, MB=MA, equal
to 2. As shown in Fig. 2(b), the intensity in B nearly
vanishes, while the intensity in A is slightly above the value
for random wavefront illumination. Such changes are caused
by strong destructive interference of scattered waves in B
and weak constructive interference in A.
There is a sharp transition between A and B: the intensity

changes abruptly across the boundary of A and B. The
opposite changes of intensity in A and B are surprising
because of the widely known positive intensity correlations
of multiply scattered light. This is a result of the wave
interference effect. Hence, the spatial intensity correlations
can be overcome by manipulating interference effects with
wavefront shaping.
The maximal target-to-background contrast in Fig. 2(b)

is achieved mostly by suppressing the background intensity
instead of enhancing the target intensity. Some applications
like photodynamic therapy and microsurgery benefit
more from intensity enhancement of the target than
suppression of background intensity. To keep the back-
ground intensity nearly unchanged from that with random
wavefront illumination while increasing the target inten-
sity as much as possible, we introduce the difference
operator t†AtA − t†BtB. Its maximal eigenvalue is the largest
possible difference in transmission between area A and B,
and the corresponding eigenvector gives the incident wave-
front. Figure 2(c) shows the target intensity is reduced
slightly from focusing to A; meanwhile, the surrounding
intensity barely deviates from that with random wavefront
illumination.
With the target region A being fixed, we vary the

surrounding area B and compare the contrast eigenstates
to the difference eigenstates. As the area ratioMB=MA of B
over A increases, the highest-contrast state features inten-
sity growth in both A and B [Figs. 2(d) and 2(e)]. The
attenuation of surrounding intensity becomes less efficient
for larger B, leading to lower target-to-background contrast.
The largest-difference state exhibits an opposite behavior:
intensity decreases in both regions with increasingMB=MA
[Figs. 2(d) and 2(e)]. At a small MB=MA ratio, the power
difference between A and B is maximized mostly by
enhancing the target intensity because A dominates over
B. For a large MB=MA ratio, the maximal power difference
is achieved by avoiding the increase of background
intensity, as B becomes dominant over A.
We analyze the transmission drops ΔTA and ΔTB, in A

and B, respectively, of the largest-difference eigenstate
from the state with maximum power in A, for various values
of MA and MB. As shown in the inset of Fig. 3, ΔTB
scales linearly with ΔTA: ΔTB ≃ αΔTA, with α ¼ 2.5.

Such scaling results in the intensity variation ΔIB ≃
αðMA=MBÞΔIA in Fig. 3. This relation explicitly shows
that intensity drop in B can be much greater than that in A,
allowing us to maximize target-to-background difference
while preserving high power in A. For example, withMA ≃
876 as in Fig. 2, IA=IB ≃ 4 for the state with maximum
power in A, and the intensity drop of the largest-difference
eigenstate is ΔIB=IB ≃ 10ΔIA=IA for MB ¼ MA. The
above scaling can be predicted theoretically by treating
t†BtB as a perturbation of t†AtA (Supplemental Material,
Sec. IVA–C) [35]. Second-order perturbation theory gives
α ¼ 2, while including the third-order perturbation further
increases α. Experimentally, this scaling holds for MB=MA
up to 5. Using the perturbative approach, we are also able to
link the quick drop of IB in Fig. 2(e) to nonlocal correlation
and to explain the observed linear decrease in IA with the
area ratio MB=MA in Fig. 2(d) (Supplemental Material,
Sec. IV C and Fig. 2) [35].
In addition to controlling power in transmission, targeted

power delivery deep into a multiple-scattering system has
important applications. We show next that the difference
operator is also useful for delivering power to an extended
target deep inside a two-dimensional (2D) diffusive wave-
guide by incident wavefront shaping. The planar wave-
guide structure is fabricated in a silicon-on-insulator
wafer by electron beam lithography and reactive plasma
etching [18,36]. As shown in Fig. 4(a), 100 nm diameter
holes are randomly distributed in the waveguide, which has
photonic crystal sidewalls to reflect light. The waveguide is
15 μmwide, supportingM1 ¼ 55 propagating modes at the
probe wavelength λ ¼ 1.55 μm. The transport mean free
path lt ¼ 3.2 μm is much shorter than the disordered

FIG. 3. Scaling analysis for largest-difference eigenstate. Trans-
mission reduction ΔT and intensity drop ΔI in target region A
and surrounding area B for the largest eigenstate of t†AtA − t†BtB
from that of t†AtA for varying sizes MA and MB (different data
points with the same color correspond to differentMB). All points
collapse to a single curve when the relative variations ΔIB=ΔIA
are plotted as a function of MB=MA. The inset shows the linear
scaling of the power drops in A and B; both are normalized by the
transmission of a single speckle grain T0 for random input
wavefront. Theoretical prediction ΔTB ¼ αΔTA (dashed line)
agrees well with the experimental data (dots) for α ¼ 2.5.
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region length L ¼ 50 μm in the waveguide [37]. Hence,
incident light from one end of the waveguide undergoes
multiple scattering and diffusive transport through the
waveguide. A small amount of light scatters out-of-plane
from the air holes, providing a direct probe of field
distribution inside the disordered region. While the material
absorption is negligible, the out-of-plane scattering can be
modeled as an effective loss and accounted for in the
diffusive dissipation length ξa ¼ 28 μm [18].
Using an SLM, we shape the one-dimensional (1D)

incident wavefront of a continuous-wave laser beam at
λ ¼ 1.55 μm before launching the light through the edge
of the wafer into a ridge waveguide that is connected to
the disordered waveguide. The out-of-plane scattered light
overlaps with a flat-phase-front reference beam, and a
camera records their interference pattern. From the image,
the internal field distribution is reconstructed with a spatial
resolution of 1.1 μm.
In Fig. 4, we choose the target region A to be a 10 μm×

10 μm square centered at depth zD ¼ 40 μm. From the
interferometric measurement, we retrieve the scattered field
everywhere inside the disordered waveguide and construct
the deposition matrix ZA that maps the incident wavefront
to the field distribution within the target region [21]. The
largest eigenvalue of Z†

AZA gives the maximal possible
power (spatially integrated intensity) that can be delivered
to the target area A. As shown in Ref. [21], for a target
of size much larger than the wavelength, the maximum-
deposition eigenstate has an approximate scaling of the
target intensity enhancement as IA=hIi ≃ 3M1C2=2. In a
diffusive waveguide, the long-range correlation C2 has a
very different expression from that of an open slab [17], and
gives a large enhancement, e.g., IA=hIi≃15 at zD ¼ 40 μm,
when controlling all input channels [21]. However, the
intensity outside A is notably higher than that under random
wavefront illumination, as shown by the green curve in
Fig. 4. On one hand, long-range correlation allows a single
input wavefront to enhance intensity everywhere within A.
On the other hand, it also causes an intensity increase
outside A.
To suppress the intensity enhancement right before A,

we select region B as a 10 μm × 10 μm square centered at
depth zD ¼ 30 μm, as illustrated in Fig. 4(a). The depo-
sition matrix from input field to region B is ZB. To prevent
the intensity in B from increasing with that in A, we use
the difference operator Z†

AZA − Z†
BZB. Its eigenstate with

maximal eigenvalue keeps the intensity in B almost equal to
the value of random inputs while dramatically raising the
intensity in A [blue curve in Fig. 4(b)]. We further increase
the length of region B and modify the difference operator
D ¼ Z†

AZA − γZ†
BZB, where γ ¼ MA=MB is equal to the

area ratio of A to B. Incorporating γ to the difference
operator would reduce the contribution from B when its
area exceeds A so that the maximal difference between A
and B is achieved by enhancing power in A (UA) more than

by suppressing power in B (UB). In Figs. 4(c) and 4(d), the
maximal difference eigenstates, for area B equal to twice
and even 3 times area A, feature significant intensity
enhancement in A while the intensity in B barely increases.
Comparing the maximal difference eigenstate to the

maximal deposition eigenstate, we find that the power
reduction in B (UB) is notably larger than that in A (UA).
The largest eigenvalue of D maximizes UA − γUB, while
the maximal eigenvalue of Z†

AZA gives the highest possible
UA. Since it is impossible to increase UA beyond the
maximal deposition eigenvalue, the only way to enhance
the difference between UA and UB is to reduce UB
much more than UA for the largest-difference state.

FIG. 4. Difference eigenstate for targeted power delivery into a
diffusive waveguide. (a) Scanning electron microscopy image of
the disordered waveguide. Shaping the wavefronts of incident
light into a disordered waveguide enhances the power within an
extended target A (shaded cyan) while minimizing the intensity
increase in region B (shaded almond) right in front of A. The
silicon waveguide has a random array of air holes over a region of
length 50 μm and width 15 μm. Target A is a 10 × 10 μm2 square
centered at depth 40 μm. Region B is 10 μm wide and its length
varies from 10 to 30 μm. (b)–(d) Cross-section averaged inten-
sities for MB=MA equal to 1 (b), 2 (c), 3 (d). The deposition
eigenstates (green) increase intensities in both A and B, while the
difference eigenstates (blue) enhance intensity in A with little
change of intensity in B from random input wavefronts (black
dashed). The intensity is normalized by hIAi, the average intensity
in target A by the maximum deposition eigenstate. The arrows
indicate the average intensity difference between the deposition
and difference eigenstates in the region A, ΔIA, and region B,
ΔIB ≃ αΔIA for α ¼ 2.2.

PHYSICAL REVIEW LETTERS 133, 146901 (2024)

146901-4



Thus, the background intensity increase, seen in the
maximal-deposition eigenstate, is suppressed in the largest-
difference state.
A quantitative explanation is obtained by generalizing

the perturbative approach developed for transmission. We
show in Supplemental Material, Sec. II D [35] that the
largest eigenvalue of D, as well as the powers UA and UB
deposited in A and B by the corresponding eigenstate,
can be quantitatively predicted from the knowledge of the
eigenstates and eigenvalues of Z†

AZA only, using third-
order perturbation theory (Supplemental Material [35],
Fig. S3). The mean intensity reductions in B and A are
related by ΔIB ≃ ðα=γÞðMA=MBÞΔIA, with α ¼ 2 using
second-order perturbation and α > 2 including third-order
perturbation. Hence, by choosing γ ¼ MA=MB, the back-
ground intensity drop ΔIB remains constant for varying
areas of B, and the drop power ΔUB increases linearly with
B area, as shown in Fig. 4. We thus combine the advantages
of a much greater relative intensity change in the back-
ground than in the target (ΔIB=IB ≫ ΔIA=IA) and a large
background domain over which the intensity difference
from the target is maximized.
In conclusion, we introduce the contrast operator to

reach the highest possible contrast and the difference
operator to realize the largest possible power difference
between target and background. However, it is impossible
to simultaneously achieve the maximum contrast and
the maximum difference, because the corresponding opti-
mal eigenstates do not coincide. Nevertheless, it is possible
to increase both contrast and difference, e.g., using the
regularized contrast operator as shown in the Supplemental
Material [35] (Sec. V, Fig. S4). The trade-off between the
target enhancement and the target-to-background contrast
can be adjusted for specific applications.
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