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Coherent control of photocurrent in a disordered photovoltaic system
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Optical absorption is commonly considered an intrin-  function as an optical element such as a I@2—14], a phase
sic property of a medium, independent of the details of the plate ] or a spectral fiItEJl8]. A particularlyadr
illumination source. However, for a spatially coherent illu- matic form of control is to enhance the total transmission
mination of a disordered medium, interference effects can through a lossless opaque medium; this is more challenging
modify the spatial distribution of light inside the medium, than simple focusing or beam steering because it involves lo
allowing the global or local absorption to be tuned by ad-  range correlations of the input fields, but recently sigaifitc
justing an input beam’s spatial characteristics. Here we progress has been made toward the goal via WFS of the inci-
demonstrate the coherent control of absorption by using dent laser beanﬂ[ﬂE—IZZ].
the wavefront shaping technique to modulate photocur-
rent in a dye-sensitized solar cell. The incident wave-
front of a laser beam is optimized to concentrate light near
the front side of the porous photoanode where the collec-
tion efficiency of photo-generated electrons is highest. De
structive interference reduces light leakage through open
boundaries, facilitating light absorption and conversionto
current. This technique provides a powerful tool for prob-
ing and controlling photochemical processes inside nom-
inally opague media by manipulating the internal spatial
distribution of light intensity.

WEFS can enable CEA by delivering light deeper into a dis-
ordered medium, allowing weak bulk absorptivity to have a
much larger effect than it would if most of the flux were re-
flected diffusively. However, the concept of coherent cointr
of the interaction of light with a complex medium is more
general and flexible than simply enhancing uniform absorp-
tion. We demonstrate here for the first time that WFS can
be used to coherently control absorption in a space-depénde
manner, both to enhance and suppress local absorption in a
multiple scattering medium. For certain applicationsgyéaed
absorption of light in local regions of a random medium is

The absorption properties of a medium do not depend solelgreferred. For example, we study here a dye-sensitized so-
on the medium’s bulk attributes but also on the coherencéar cell (DSSC) that utilizes a highly scattering layer okedy
and spatial distribution of the input light. One recent ex-sensitized Ti@ nanoparticles. Its photocurrent increases if
ample confirming this is the demonstration of nearly perfeclight is preferentially absorbed near the front side of ti@sT
absorption of light in a silicon wafer by tuning the relative layer, where the collection efficiency of photo-generated-e
phase of two counter-propagating incident beams [1]. Thidrons is higher. Enhancing this local absorption close to an
phenomenon, known as coherent perfect absorption (CPA), ispen boundary is potentially more challenging than increas
the time-reversed analog of laser emissidn [2]. Similaa® |  ing global absorption because light can easily leak out ef th
ing, this effect is narrow-band and requires tuning of bath t medium.

frequency of the input light and absorptivity of the materia

. . . In this paper, we enhance or suppress the short-circuit cur-
to achieve 100% absorptloﬁ B_S]' A related but distinct aPyent of aprSSC by tailoring the !Dnrz:ident light's wavefront

g;c;?g: dlg’nioatzk; ggvfi?t;g?t.ogii;irgfnnu.nmzelggé dzgr?eﬁith a genetic optimization algorithm. When the incident
val utip ng 1 Y €W hoam is optimized to concentrate light near the front por-
ronment to vary the absorption at any frequency. It has bee

shown theoreticallyﬂd] 7] that a suitable coherent Superpoﬁon of the scattering Tl@layer_, the collection efficiency of
o : ; S . photo-generated electrons is improved, and the photaturre
sition of input fields significantly enhances the coupling of

light into the entire scattering medium or into local absorb 'S |r_1creased. e demgnstrate via numerical modeling tImF th
: . : . . X optimal wavefront excites the modes of the random medium
INg regions, thus Increasing the absorption either glg_lmll in such a way that their destructive interference reducgs li
locally. This effect is termed coherently enhanced absampt leakage throuah the onen boundary. The buildun of liaht in-
tensity inside the random medium, despite the proximity to

In the past decade, advances in wavefront shaping (WFS3he open boundary, facilitates light absorption and ccsiger
techniques using spatial light modulators (SLMs) have ento electrons. Alternatively, we show that WFS can suppress
abled the generation of arbitrary wavefronts at the inparof absorption by enhancing light reflection via constructiver-
optical system. It not only drives the development of optica ference. This work demonstrates the great potential of WFS
imaging techniques through scattering media such as biologn depositing energy into targeted regions inside highbt-sc
ical tissue and fogﬂ@.l], but also makes a random mediuntering media.
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Control of DSSC photocurrent shown in Fig[dLb. The two linear polarizations are modulated
independently{EZ] (see Methods) and recombined into a sin-
gle beam, which is projected onto the scattering mediumen th

solar cell using a microscope objective (NA = 0.95). We mea-
surel,. generated by the DSSC for each input phase mask.
We use a genetic algorithm to find the wavefronts that maxi-
mize or minimizel,.. Such algorithms are known to be robust

against noise in WFS experime[, 29]. We define a cost
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FIG. 1: Experiment se.tup. @ Schemqtic of the dye-sgnsitized s0- where(I,.) and(P,) are the average short-circuit current and
lar cell (DSSC) used in this study, which employs a thinnesoab- input optical power, respectively, measured for a set of ran

ing layer and a different electrolyte from the conventioD&SC to d hase maskg is the small dark current measured at
demonstrate coherent control of photovoltaic current.Sghematic ompha dark | u u

of the experimental setup (see Methods). A laser beam at Po = 0puW [@]-
532nm is split to two orthogonal polarizations and projectedioon
the SLM. The phase front of both polarizations are modulatedi 25

then recombined at a beam splitter. The shaped wavefromisiged 2 % 0.5
onto the surface of the porous electrode in the DSSC using@mi ‘50.4
scope objective. The illuminated area is a disk of diametes.3 B 1.5 203

light
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nanoparticles covered by a molecular dye, in this case the

ruthenium-based N719 dye [23], deposited on a conductivgg 2. control of the DSSC current and power by shaping the

glass substrate. It functions as the light-absorbing wayki input wavefront of a laser beam. (a) The measured cost function
electrode of the solar cell, while a platinum-loaded conduc, for the short-circuit current, normalized to the value withdom

tive glass slide acts as the counter electrode. An eledgroly input wavefront (green dashed line), increases (blue okl or de-
fills the gap between the two electrodes and shuttles charg&geases (red dotted line) during the optimization of theiinpave-
between them. The working electrode of a DSSC constructefiont by a genetic algorithm. The photo-induced currenisanced

in this manner can be considered as a scattering sample wi y| times or suppresseti( times by wavefront shaping. (b) Output
9 P lectrical power of the DSSC illuminated by a random phasepa

homogeneous absorptidn [24]. Figlife 1a presents a sclemaflashed green line), and the two optimized wavefronts foimal
of the solar cells created in this study. Light is incidentoon ;. (solid blue line) and minimai. (dotted red line). The incident
the porous TiQ layer through the glass substrate coated withlaser power is fixed at00uW. The asterisk indicates the maximal
transparent conducting oxide. After light absorption, ¢éxe  power, which is enhanced 4.7 times or reduced 5.7 times.
cited dye molecules rapidly inject electrons into the FiO
These electrons diffuse through the sintered particle owdw We constructed the DSSC using standard procedures (see
to be collected at the front side electrode, while the dye isMethods and Supplementary Information). The transport
regenerated via reduction by a redox mediator in the elecmean free path of light in the0 &= 1 um thick TiO, layer,
trolyte, in this case the iodide/triiodide redox couple. eTh ¢, is measured in a coherent backscattering experiment to be
photo-induced current from a DSSC is typically measured.2 um [31]. To shorten the response time of the solar cell in
without applying a bias voltage, and is known as the shorterder to perform WFS experiments on reasonable time scales,
circuit current/,.. Not all photo-generated electrons can dif- we use a concentrated non-volatile iodine-based eletgroly
fuse through the Ti@layer and reach the electrode, becausehat also absorbs light at 532 nm. The ballistic absorption
electrons may recombine or get trapped on the \EMES 26)ength/, is about 65um, and the diffusive absorption length
The farther the electrons are generated from the electtioele, (the typical distance light will travel via multiple scariey
lower their probability of reaching it and contributing teet  prior to being absorbed),, = \/¢¢./3, is 8.4um [31,32).
current. Hence/,. depends not only on the amount of light Without absorption, the total transmissi®rof the TiO, layer
being absorbed but also on the position where the light is abis estimated to b&6%, and the reflectiol® = 74%. In the
sorbed inside the TiQlayer E‘}’]. presence of absorptioff; is reduced td/%, and R to 47%,

In the WFS experiment, the solar cell is excited by a narrowwith the remainingt6% being absorbed (in the absence of
band laser beam at wavelengthx 532 nm. The input wave- wavefront optimization). These estimations agree welhwit
front is modulated using the experimental setup schemligtica the experimental measuremdn_1|[30].
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By optimizing the incident wavefront, the absorption costinto account the spatial variation of the electron colletef-
function . is gradually increased or decreased as shown ifficiency D(x) = exp|—z/¢], whereg is the electron diffusion
Fig.[2a. With the optimal wavefronts, the photocurrent is en length, we define a new cost functiegg which models the
hanced by a factor of 2.1 or suppressed by a factor f3.0. relative change of the short-circuit current similarly;to
We are thus able to coherently vary the energy conversion effi
ciency by a ratio of- 6.3. To quantify the variation of the out- [ D@)|E(x,y)|*dxdy @
put power due to the modification of the input optical pattern * [ [ D(z)|Eo(z,y)2dx dy)’
we measure the current-voltage’) curves for the two opti-
mized wavefronts Corresponding to maximum and minimurﬂNhereE(.T, y) is the electric field distribution in the scatter-
ne, as well as for a random illumination pattern. Figlie 2bing medium for the optimized input wavefronk (z, y) is
displays the light-induced electrical output power, gilsn the field distribution for a random input wavefront, ahd
(I — Iia) V, as afunction of bias voltage for each scenario.represents the average over random input wavefronts. As in
The maximum output power is enhanced 4.7 times or reducee solar cell, the absorption of light that occurs far fréra t
5.7 times, leading to total variation by a factor of 27. front surface of the random medium contributes littlento

Since approximately6% of the light is absorbed in the so- We used both a genetic algorithm and a sequential algorithm
lar cell for a random illumination, the highest possible en- [35] to maximize or minimize),, and found similar re-
hancement of the absorption would be a factor of 2.2. IfSults, although the sequential algorithm converges faiséer
I,. were proportional to the total amount of light being ab- t_he genetic algorithm due to the absence of noise in simula-
sorbedlL_2|7], the experimental enhancement of 2.1 of thet shoHON.
circuit current would correspond to an almost perfect gpsor
tion of light in the absorbing medium. However, achieving 2
the maximum absorption requires complete control over the
amplitude and phase of the light in all input channéls [6]- Ex
perimentally we control only a limited fraction of the input 15

(b)  —=pw=1
15 — D(x) = e7*/3
=+=» Random input

channels due to the finite numerical aperture of the objectiv -—— DX =1 051 My '
lens and the fact that the probe beam is incident only onon 4 — D(x) = e */% ’ s
side of the scattering sample. Moreover, our SLM setup only 0 200 400 % 5 10 15 20
modulates the phase and not the amplitude of the incider Generations ; *(pm)
light, as would be necessary to achieve the global optimurr (c) _— D) oy (d)  —=pw=1
Consequently, the enhancement of total absorption thdticou 0.8 — D(x) = /% 5‘ — D(x) = e™*/%
be achieved with WFS is significantly reduced [7, 22]. \" +++= Random input
20.6
< \ \
0.4 e
Manipulation of local absorption
02 200 400
To investigate the cause for such a high enhancement fac Generations

tor measured experimentally, we perform numerical model- _ ) _ )
ing. Without loss of generality, we simulate the scattering’'C- 3: Numerical simulation of WFS experiment. (a) The cost
functionn,, defined in Eq.(2), increases and then saturates when the

medium confined in a 2D waveguide with reflecting S|dewallsinput wavefront is optimized fob () — exp|—z/¢] (red solid fine)

to reduce the computation load; the system dimensions, ag,q D(z) = 1 (blue dashed line) using a sequential algorithgn.
well as the amount of scattering and uniform absorption, args taken to be 3:m (see Methods). (b) The cross-section integrated
chosen to be near to the experimental values (see Method$jtensity in the random system illuminated by random inpavev
Light with transverse-magnetic polarizatiof field perpen- fronts (black dotted line) and the optimized wavefront ot with
dicular to the waveguide plane) is injected from one endef th the non-uniform cost function fob(z) = exp[—z/¢] (red solid
waveguide, and its propagation in the random system is calcline) and the uniform cost function fdp(z) = 1 (blue dashed line).

. . , . The light is concentrated near the front side of the randostesy
lated with the recursive Green'’s function methﬂdE,@,. 34] for D(z) = exp[—x/€], but penetrates deeper into the system for

The trgnsmission an_d reflection of light for the systems WithD(m) — 1. (c,d) Same as (a,b) for the minimization mf. For
and without absorption, averaged over random input wavep(z) = exp[—z/¢], the light intensity in the front side of the ran-
fronts, match the measured values of real samples. To modabm system is reduced, but increased deeper into the system.
the effect of WFS in our experiment, we use the empty wavegd(z) = 1, the light intensity is reduced in the interior of the system
uide modes as the basis to shape the input field. During theut remain almost the same near the front surface.

optimization process, we modulate the phase of each empty

waveguide modes while keeping their amplitude constant. Figure[3a shows the enhancement of the cost funation
The (linear) space-dependent absorption of light is proporin the random medium with a uniform absorption coefficient.
tional to the local intensityE (z, y)|?, and the total absorption For comparison we also simulate the cas®¢f) = 1, which

is proportional to the spatially integrated intensity. Bke  corresponds to a uniform cost function similar to the statda
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CEA [€,[7]. Both the non-uniformip(z) = exp[—z/¢]) and  medium can be expressedBs(y) = >, amum(0,y). The
uniform cost functions increase continuously in the optami  total intensity of reflected waves B = [ |E,(y)|*dy =
tion process and eventually saturate; however as expehted, > ., Wherea,, = an, [ E} (y)um(0,y)dy represents the
final enhancement factor fd»(z) = exp[—x/&] significantly  contribution of then-th mode to the reflection. While,, is a
exceedsthatfob(z) = 1. Figure3b represents the integrated complex numberR is a real number, and the contributions of
intensity I (z) = [ |E(x,y)|?dy inside the random medium. different modes taR interfere with each other. The interfer-
With random wavefront illumination/(z) decays exponen- ence effect can be quantified by= | > a.n[?/ >, lom|?
tially in the disordered system, as expected for light diifun [@]. If C > 1(C < 1), the modes interfere constructively
in the presence of absorpti32]. When the input wavefronfdestructively) at the front surface to enhance (suppness)
is optimized for uniform cost function{(x) = 1), I(x) is  flection.

peaked in the interior of the random system. The buildup of

energy deep inside the scattering medium enhances the t 0.2/(a) (b) (c) -
tal absorption fromi6% to 82%. Meanwhile, the reflection ~; 0.1 ‘
decreases from7% to 9%, and the transmission slightly in- % 0 }’ ‘
creases fronT% to 9%. This result confirms that the global ~= g 4 '
absorption is enhanced by WFS through causing the light tt

penetrate deeper into the lossy disordered medium. e e

In contrast, the optimization for the non-uniform cost func Re{a,}
tion (D(z) = exp|[—x/&]) leads to a significant increase of
light intensity close to the front surface of the random metdi  FIG. 4: Modal analysis of the wavefront optimization. Contri-
[Fig. 3b], since only this region contributes significartthe ~ butionsa,, of individual modesn supported by the random system
cost functiony,. Naively, the proximity to the open boundary to the total intensity of reflected waves. The modes are exdiy a

- . random input wavefront (a), the optimized wavefront for imzed
would be expected to facilitate light escape from the absorb . (b) and minimaly, (c) with D(z) = expl—x/€]. In (a) the

ing medium, thus reducing the absorption and increasing th%uodes have random phases and their interference is aveoaged
reflection. Instead, for the optimal wavefront, the total ab ¢ — 1.05. In (b) the modes interfere destructivety, = 0.21 < 1,

sorption is increased frot6% to 67%, and the reflection de- to reduce reflection and enhance absorption. In (c) the mioters
creased fromi7% to 28%. This result suggests some partial fere constructively” = 1.47 > 1, to enhance reflection and reduce
trapping of the light near the surface, leading to a buildfip o absorption.

its intensity in the vicinity of the open boundary where the

front side electrode is located. Hence, the numerical @mul  To reduce the computing time for the full modal analysis,
tion illustrates that our experimental procedure, whicleslo the length and width of the of the system in the simulation is
feedback optimization based on the short-circuit cur@oes  reduced by a factor of two. The scattering and absorption pa-
not simply optimize total absorption, but optimizes absiorp  rameters are adjusted so that the total transmission, tiefiec
locally, near the working electrode, so as to prefereptiefi-  and absorption for random input wavefronts are essentially
hance the collected current. The measured currentincbyase unchanged. We use the finite-difference frequency-domain
a factor 2.1 does not imply perfect absorption of all inciden (FDFD) method to calculate the quasi-modes whose frequen-
light and can be realized with the incomplete experimentaties are close to the frequency of the input light. The calcu-
control. lated values ofv,, for the different scenarios witl(z) =
exp[—x /] are plotted in the complex plane in FigEl 4a-c.
The modes have uncorrelated phases for random wavefront
illumination and their interference is averaged out (aredeh
fore C is close to 1). We see that the optimized wavefront
To understand how the leakage rate of the light close tqor enhanced local absorption causes a destructive interfe
the open boundary is reduced, we investigate the contribuspce among the modes, makiagmuch smaller than 1, and
tion of different quasi-modes in the system to the reflectegnore importantly, that reflection is minimized and absamti
light. It has been shown previously that light propagation i js maximized at the front surface. Despite the complexity of
random media can be well explained in terms of the interferthe medium, WFS expoits intereferences to efficiently con-
ence effects of quasi-modes [361-39]. We take this approacfentrate light in the targeted region of the system.
by decomposing the electric field inside the random medium Similarly, we show that WFS can also reduce the energy
in terms of the quasi-modes of the system: in a chosen region by minimizing the cost functign[Figs.
Bc and d]. ForD(x) = 1, the reflection is greatly enhanced,
E(z,y) = Z At (2, y) + Z bnvm(z,y),  (3) decreasing the Ii(grzt intensity deep inside the system amsi th
" " the total amount of absorption. Fér(z) = exp[—xz/¢], the
wherewu,, (v,,) is them-th mode with purely outgoing (in- minimization of the cost function is less efficient as it rega
coming) wave boundary condition, amgl, = v}, [40]. The to simultaneously increase the reflection and decrease the ab-
reflected field at the front surface (= 0) of the disordered sorption close to the front surface. By decomposing thedield

Modal interference effects
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into the quasi-modes of the system, we confirm that the inattached to a right-angle prism (P) separates the two patéis of the laser
crease in reflection is caused by the constructive intantere beam, which are modulated by different areas of the SLM. Tiea@nd the

- . . P ; prism are mounted in the same holder to eliminate fluctuatioom indepen-
of excited modes [Fld:MC]’ which facilitates |Ight escapd a dent reflective elements in the two paths. A second half-vpdat (\2) ro-

suppresses absorption. tates the polarization to match that of the SLM. The two ilinated areas on
the SLM corresponding to the two polarizations of the injght are divided
into 1740 macropixels. The modulated wavefronts are then recombaned
projected onto the pupil of a microscope objective (MO) wittmerical aper-
ture0.95. A beam splitter (BS) along with a photo-detector (PD) are used to
measure the optical pow&l, impinging on the solar cell. The photo-induced
In summary, we have experimentally demonstrated controgurrent of the DSSC is measured by a potentiostat (Digi-IV2 DL6b).

. . . Numerical simulation. In the 2D model, dielectric cylinders with radius
of _phOtOCL_”rem in a dye-sensitized solar cell (DSS_C)_by tai 50 nm and refractive index 2.5 are randomly positioned msidvaveguide
loring the input wavefront of a laser beam. To maximize theof width W = 20 um and refractive index 1.5. The length of the random
short-circuit current, the input |ight is concentrated twe t structure isL = 20 um, and the effective index of refraction is 1.9. The
front side of the porous electrode where the photo-gerratgvavelength of input light is\ = 532 nm, and the number of transverse

. . o guided modes in the waveguide is 114. The transport meanphtrel is
electrons are most eff|C|entIy COHeCt.ed'_DeSplte the proby 3.7 pm. Without absorption and wavefront optimization, the sraission is
to the open boundary, the destructive interference of the exr = 26% and the reflection ig2 = 74%. A uniform absorption coefficient
cited quasi-modes at the front surface minimizes |ightd@( is introduced via the imaginary part of the refractive inttethe random sys-
and facilitates absorption. Although in the current WFSeaxp M- The diffusive absorption length &5 um. T is reduced ta7%, and
. . reflection t047%, thus the absorptiodl = 46%. These numbers match the
iment a narrow-band laser is used for coherent control of rS‘br'neasured values of our DSSC. The electron diffusion legggrchosen to be
sorption, recent theoretical study suggests that thiscgmbr 3 um, close to the value of DSSCs similar to olrd [25, 26].
is applicable to a relatively broadband |ig|E|[41]_ More gen In the modal analysis to decompose the field distributiorh random
edium with the quasi-modes, we keep the wavelengthe same, but re-

a"y’ this approach Opens new pathways to prObe and Charag‘ﬂce the number of waveguide modes to 87s reduced to 2um, and the

terize photo-induced processes inside opaque media _SUf:h @fusive absorption length to 4.2m. Without absorptionT = 24% and
solar cell materials. Our study shows that WFS and optimizar = 76%; with absorptionT = 7%, R = 46%, andA = 47%. The

tion allows coherent control of absorption by causing light electron diffusion lengt is also shortened to 1/5m.
be concentrated into arbitrary local regions within an open
random medium, including regions very close to the open
boundaries. Using this method one may investigate photo-
chemical processes in targeted regions inside a denserscatt
ing medium. Such studies will provide physical insight into
the behavior of photovoltaic and photoelectrochemicat sys
tems, which may lead to the development of methods to im-
prove their performance.

Conclusion
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SYNTHESIS AND CHARACTERIZATION OF THE DSSC

The DSSC in this study was modified to demonstrate coherent control of photovoltaic current, we made the TiO9
layer thicker than in the common DSSC to ensure multiple scattering and used a concentrated non-volatile iodine-
based electrolyte to shorten the response time of the DSSC. Degussa P25 TiO5 nanoparticles were made into a
terpineol-based screen printing paste containing ethyl cellulose, using the procedure outlined by Ito et al. ﬂ] The
paste was doctor bladed on to a 175 um thick ITO-coated glass coverslip 5 times, which was heated to 200°C for
10 min then cooled to room temperature between each application of a layer of paste. The thin substrate was used
so that the incident light could be coupled by a high-NA objective lens with short working distance into the DSSC.
After application of the screen-printing paste, the working electrodes were heated in a tube furnace to 450°C for one
hour, with a 4°C per minute heating and cooling rate. Figure 9Ia) is a representative SEM image of the resulting
20 pm thick TiO9 layer. The thickness of the working electrodes was confirmed using a profilometer (KLA Tencor
Alphastep 200).

(a) z (b)

Output current (nA)

Dark current [ 350 ~4.8nA 1

0 20 40 60 80
Input optical power (LW)

Supplementary Figure 1: Characterization of the DSSC. (a) Scanning electron microscope (SEM) image of photoanode
TiO2 film, with thickness 20 pm + 1 pm. (b) Measured short-circuit current Is. as a function of the input optical power Py
for a fixed random input wavefront. The Experimental data (blue dots) are well fitted by a linear function (solid red line) with
a dark current Igq,1 ~ 4.8 nA.

Since strong absorption would suppress the interference of multiply scattered light, we lowered the loading of dye
by reducing the time that the working electrodes were immersed in a low molarity N719 (Dyesol) solution (0.05 mM in
dry ethanol). The dye-coated TiOs film was then assembled into a device, with a Pt-coated FTO cathode hot-pressed
to the anode with a 25 pym Surlyn spacer (Meltonix Solaronix SA, Switzerland). The DSSCs were filled, through holes
drilled into the cathode, with Mosalyte TDE-250 (Solaronix SA, Switzerland), which is a highly viscous, non-volatile,
and stable ionic liquid electrolyte, before being sealed shut via hot-press with Surlyn. The conductive copper tape
was attached to the working and counter electrodes separately to improve electrical contact with the potentiostat.

Due to the slow diffusion of charges through the liquid electrolyte and the relatively long charge carrier lifetime,
the response of the solar cell is slow (typically on the order of 10 seconds). With a large number of degrees of freedom
to optimize (quantified by the number of SLM segments), the search algorithm needs at least tenth of thousands
of iterations to reach an optimal value. To shorten the response time, we replace the volatile electrolyte by the
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non-volatile one. However, the conversion efficiency of the DSSC is reduced due to the lack of efficiency-enhancing
additives such as 4-tert-butylpyridine.
The transmission and reflection of the TiO4 layer in the DSSC can be estimated with the following formula E, ]

sinh(zinj/La) + (2e1/Lq) cosh(zinj /L)

T = AT 220/L2) sinb(L /L) + (ze1 + 2e2)/ La) cosh(L/ L) °

(1)

and

sinh((L — zinj)/La) + (2e2/La) cosh((L — zinj)/La)

R = A 222 /12) sinh(L/ L) + (21 + 2e2)/La) cosh(L/La) °

(2)

where L, = +/0,/3 is the diffusive absorption length, z.; and z.2 are the extrapolation lengths on the front and rear
surfaces of the sample M, B] In addition, zisj is the injection length estimated using the formula in Ref. ﬂa] Using the
measured values of £ = 3.2 um , we obtain T = 26%, R = 74% if there is no absorption, and T = 7%, R = 47% for
the DSSC with absorption. After taking into account the reflections from the surfaces of the glasses, the measured
values for the fabricated DSSC are T = 7%, R = 42%, in good agreement to the above estimation.

The short-circuit current I, of the DSSC can be written as:

Isc = Idark + BP07 (3)

where I, is the dark current, Py is the incident optical power, and g is a constant. The I,k is independent of the
incident wavefront, and its value is obtained experimentally. As shown in Fig. JII(b), the measured I. scales linearly
with Py for a fixed input wavefront. The dark current is about 4.8 nA.

Even though the short-circuit current is lower than the that of the standard DSSC, it still exceeds the measurement
noise and ensures the convergence of the optimization algorithm. Figure 92 shows the phase masks produced by the
SLM to maximize or minimize the short-circuit currents. As expected, the patterns look completely random.

2m

Supplementary Figure 2: Phase masks to produce the optimal wavefronts. The optimal phase masks for the two
orthogonal linear polarizations when the cost function 7. is maximized (left two patterns) or minimized (right two patterns) in
the DSSC, as shown in Fig. 2 of the main text.

NUMERICAL SIMULATION OF WFS EXPERIMENT

We use the recursive Green’s function method to calculate light transport in a two-dimensional (2D) random
system with a uniform absorption coefficient. The scattering and absorption parameters are close to the experimental
values. Tables [[al and [[H gives the values of the transmission, reflection, and absorption for random incident wavefront
(averaged over 500 random wavefronts), and the numerically optimized wavefront to maximize or minimize the cost
function 7, for D(z) = exp[—x/¢] and D(xz) = 1, where £ = 3um.



Supplementary Table la: Values of the transmission, reflection, and absorption for random incident wavefront,
and the optimal wavefront to maximize the cost function ns for D(z) = exp[—z/£] and D(z) = 1, where £ = 3um.

Random wavefront (averaged)|Optimized wavefront D(z) = exp[—z /]| Optimized wavefront D(z) =1
Transmission 0.07 0.05 0.09
Reflection 0.47 0.28 0.09
Absorption 0.46 0.67 0.82

Supplementary Table 1b: Values of the transmission, reflection, and absorption for random incident wavefront,
and the optimal wavefront to minimize the cost function 7, for D(z) = exp[—z/¢] and D(z) = 1, where £ = 3um.

Random wavefront (averaged)|Optimized wavefront D(z) = exp|—z/€]|Optimized wavefront D(z) = 1
Transmission 0.07 0.05 0.01
Reflection 0.47 0.70 0.82
Absorption 0.46 0.25 0.17

MODAL ANALYSIS

To decompose the electric field distribution inside the random system on the quasi-modes basis, we used the finite-
difference frequency-domain (FDFD) method to calculate the quasi-modes of the random system. There are two types
of such modes: (i) uy, - the eigenmodes of the Maxwell equations which satisfy the boundary conditions that there
are only outgoing waves to the infinity; (ii) v, - the eigenmodes for the boundary conditions of only incoming waves
from infinity. In the absence of absorption, u,, = v},. Tables2al and 2D gives the values of the transmission, reflection,
and absorption for random incident wavefront, and the optimal wavefront to maximize or minimize the cost function
ns for D(x) = exp[—x /€] and D(x) = 1, where { = 1.5um. The values are close to the ones in Table 1, despite of the
reduction in the system parameters.

Supplementary Table 2a: Values of the transmission, reflection, and absorption for random incident wavefront,
and the optimal wavefront to maximize the cost function 7, for D(z) = exp[—z/¢] and D(z) = 1, where £ = 1.5um.

Random wavefront (averaged)|Optimized wavefront D(z) = exp[—z /]| Optimized wavefront D(z) =1
Transmission 0.07 0.05 0.08
Reflection 0.46 0.31 0.13
Absorption 0.47 0.64 0.79

Supplementary Table 2b: Values of the transmission, reflection, and absorption for random incident wavefront,
and the optimal wavefront to minimize the cost function 7 for D(z) = exp[—z/¢] and D(z) = 1, where £ = 1.5um.

Random wavefront (averaged)|Optimized wavefront D(x) = exp[—xz/&]|Optimized wavefront D(z) = 1
Transmission 0.07 0.05 0.01
Reflection 0.46 0.69 0.80
Absorption 0.47 0.26 0.19

Figure 3l shows the spatial distribution of the electric field amplitude |E(x,y)| inside the random system with the
optimized wavefront for maximal cost function 1, with D(x) = exp[—xz/1.5um] (a) and D(x) =1 (b). In Fig. $Bla),
the field intensity near the front surface of the random system is increased to enhance the absorption at the front
side, while in Fig. S8I(b) light penetrates deeper into the system to maximize the global absorption.

Figure 9 compares the spatial distribution of the electric field amplitude |E(z,y)| inside the random system with
the optimized wavefront for minimal cost function ns with D(z) = exp[—z/1.5um] (a) and D(z) = 1 (b). While
in Fig. $l(a) the field intensity near the front surface of the random system is reduced to suppress the absorp-
tion at the front side, in Fig. S4i(b) the intensity deep inside the system is decreased to minimize the global absorption.

In Fig. 90 the electric field inside the scattering system for a random input wavefront is decomposed by the quasi-
modes. After the decomposition, the reconstructed field distribution in Fig. 95(b) matches well the original one in Fig.
$5i(a). The good agreement is further shown in the cross-section integrated intensity I(z) = [ |E(z,y)|*dy as well as
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Supplementary Figure 3: Spatial field distribution for enhanced local or global absorption in the random medium.
FDFD simulation of spatial field distribution for the optimized wavefront for maximal cost function with D(z) = exp[—z/£], £
= 1.5pum (a), and D(z) =1 (b).
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Supplementary Figure 4: Spatial field distribution for suppressed local or global absorption in random medium.

FDFD simulation of spatial field distribution for the optimized wavefront for minimal cost function with D(x) = exp[—x/£], &
= 1.5um (a), and D(z) =1 (b).

the phase of the electric field E(x,0) in Figs. I5c) and 95(d). The error between the original field amplitude |Eg(x, y)]
and the reconstructed one |Ec(z,y)| is computed by [ [ |Ec(x,y) — Es(x,y)*dzdy/ [ [ |Es(z,y)|*dzdy = 0.005.
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Supplementary Figure 5: Decomposition of the spatial distribution of electric field by the quasi-modes of the
random system. The spatial electric field profile inside the random medium for a random input wavefront |Es(x,y)| (a) and
after reconstruction |Ec(z,y)| (b). The cross-section integrated intensity I(x) = [ |E(w,y)|*dy and phase of the electric field
E(z,y = 0) between the original and reconstructed field profiles are shown in (c) and (d) respectively. The error, given by the
relative difference between the two field profiles, is [ [ |Ec(z,y) — Es(z,y)|*dzdy/ [ [ |Es(z,y)|*dzdy = 0.005.

Supplementary Table 3: Coherent and incoherent sums for the optimized wavefronts to maximize or minimize
the cost function for D(z) = exp[—xz/¢] with £ = 1.5 um.

Random input | Enhancement | Suppression
Se 0.24 0.095 0.47
Si 0.23 0.45 0.32
C=5./S; 1.05 0.21 1.47

As given in the main text, the total intensity of the reflected waves is R = )" «,,, where a,, is the contribution
of the m-th mode to the reflection. ., = |a,,|e?’™ is a complex number, where 6,,, represents its phase.

2
Se= > am| =D laml>+ > laillag| cos(0; — 0;) = Si + Sy, (4)
m m 15,771
— 2 . _ 9 :
where S = [>, am|” is called the coherent sum, S; = > |ap,|® is the incoherent sum, and
Sp = > jzilcillaj| cos(@; — 0;) is the interference term. Thus the ratio of coherent sum to the incoherent

sum, C' = S./S; =14 S/, describes the effect of modal interference on the reflection.

Table [3 gives the values of the coherent sum and incoherent sum, as well as their ratio for the random input
wavefront and the optimized wavefronts to maximize or minimize the cost function n, for D(z) = exp[—2/£] with £ =
1.5 pm. With random wavefront illumination, the coherent sum is nearly equal to the incoherent sum, indicating the
interference term is almost zero. With the optimized wavefront for maximal 75, the coherent sum is significantly smaller
than the incoherent sum, and the interference term is negative, thus the modes interfere destructively to suppress
reflection. With the optimized wavefront for minimal 75, the coherent sum becomes larger than the incoherent sum,
and the interference term is positive, thus the modes interfere constructively to enhance reflection.
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