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Solar sails are of great promise for space exploration, affording missions that push the limits of the possible. They enable
a variety of novel science missions ranging from ultrafast interstellar travel to imaging the poles of the sun—missions that
are beyond the reach of current propulsion technology. Here, we describe requirements and challenges associated with
optical materials and photonic designs facing the next generation of solar sails. A technology development roadmap is
outlined to guide researchers in pioneering the space faring future. © 2021 Optical Society of America under the terms of the
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1. INTRODUCTION

Sixty years of space exploration have led to breakthrough discov-
eries in a broad range of disciplines, from cosmology to particle
physics to plasma physics to geology. Presently, missions to planets
and other bodies in the solar system further our understanding of
planetary birth and shed light on the origins of life. Nonetheless, a
number of envisioned space missions are beyond the reach of cur-
rent propulsion technology, including such missions as fast-transit
probes to interstellar medium [1–5] and solar polar imaging [6–
10]. Indeed, only two probes, Voyager 1 and Voyager 2, launched
in 1977, have just recently crossed the heliopause (the boundary
separating our planetary system from the interstellar medium), in
2012 and 2018, respectively (see Fig. 1) [11–13]. It took Voyager
1 nearly 35 years of flight at 17 km/s to reach the interstellar region
[12]. Clearly, a more accessible and sustainable way of exploring
distant objects of our solar system and of interstellar medium are
needed.

Solar polar imaging is another example of a mission that is
beyond the reach of current propulsion technology [6–10]: due to
a limited fuel budget of current spacecraft it is extremely difficult
to leave the orbital plane of the planets (the ecliptic) to travel across
the poles of the sun (see Sec. 2). The recently launched Parker Solar
Probe [14] utilized multiple gravity assists from Venus to become
the closest manmade object to examine the sun, yet reaching only
a modest 3.4◦ inclination above the ecliptic. Whereas Voyager
and Parker Solar Probe missions push the boundaries of space
exploration, further advances in spacecraft design and propulsion
are necessary to enable a more efficient pathway for space travel.

Solar sails, unlike regular chemical and electrical rockets, make
use of solar radiation pressure for propulsion and offer a concep-
tually different approach to space exploration [15–24]. Without
a need to carry onboard propellant or heavy engines, even minute
radiation pressure forces may be continuously harnessed to accel-
erate lightweight solar sail spacecraft to unprecedented velocities
and destinations [16–22]. One of the key performance metrics for
solar sailing is the characteristic acceleration—radiation pressure
force per solar sail spacecraft mass, a0 = 2 S1 AU

c (A/m) [20], here
S1 AU ' 1,360 W/m2

= standard air mass zero (AM0) solar flux
at Earth, A= sail area, m = overall solar sail spacecraft mass, and
c = speed of light (normal incidence and unity reflectance are
assumed). Lightweight solar sails, that is, with a large A/m ratio,
have a potential to open a new chapter for space exploration with
a particular promise for interstellar flight. Hence, it was suggested
that by performing a slingshot (the so-called powered gravity assist
or Oberth maneuver) in close proximity to the sun [Fig. 1(a)],
lightweight solar sails may be accelerated to unprecedented veloc-
ities [16–19] (see Sec. 2 for a detailed discussion on basic principles
of solar sailing and Oberth maneuver). In Fig. 1(b), we plot an
expected solar sail velocity versus area-to-mass ratio, A/m, after a
powered slingshot maneuver with perihelion distance [i.e., clos-
est distance to the sun, see also Fig. 1(a) and Sec. 2] [17,18,22].
Velocities well in excess of 20 AU/year (i.e., >100 km/s) are pos-
sible, that is, more than five times that of Voyager 1. We note that
whereas laser propulsion can potentially accelerate a spacecraft to
even higher, near relativistic, velocities [25–27], solar sails do not
require capital infrastructure associated with large aperture high
power laser arrays [27] and can carry kilograms of useful load. The
velocities that may be achieved by solar sails exceed those of other

2334-2536/21/050722-13 Journal © 2021 Optical Society of America

https://orcid.org/0000-0002-4662-1158
https://orcid.org/0000-0003-3513-2225
mailto:davoyan@seas.ucla.edu
https://doi.org/10.1364/OA_License_v1#VOR-OA
https://doi.org/10.1364/OPTICA.417007
https://crossmark.crossref.org/dialog/?doi=10.1364/OPTICA.417007&amp;domain=pdf&amp;date_stamp=2021-05-14


Review Vol. 8, No. 5 / May 2021 / Optica 723

1 AU 10 AU 100 AU 1000 AU

Kuiper belt

Interstellar mediumHeliosphere
Oort cloud

Sail area to spacecraft mass ratio (m2/kg)

V
el

oc
ity

 (
A

U
/y

ea
r)

Mercury

Earth

Neptune

100m

100m

d0

g/m2

v>25 AU/y

(a) (b)

Heliopause

Solar gravity
lensVoyager 1

Voyager 2

Voyager 1: 3.6 AU/y, 142 AU

Voyager 2: 3.3 AU/y, 120 AU
0 200 400 600 800 1000

0

5

10

15

20

25

30

35
0.05 AU

0.1 AU

0.2 AU

0.3 AU

Fig. 1. Solar sails for interstellar space missions. (a) Conceptual illustration of a solar sail interstellar probe. By making use of a powered gravity assist
in close proximity to the sun, a sail-craft may be propelled to over 25 AU/year. Key solar sail parameters, including size and aerial density are shown. Inset
shows velocity and current distance from the sun for Voyagers 1 and 2—the only two probes that have left the heliosphere. (b) An estimate of the solar sail
velocity with sail-area-to-spacecraft-mass ratio for different perihelion distances. Shaded region highlights the span of velocities for other proposed propul-
sion technologies, including solar thermal, nuclear electric, and chemical rockets with several gravity assist maneuvers. Dashed line shows the velocity of
Voyager 1 for comparison. The inset below panels (a) and (b) illustrates the scales in the solar system, shows the positions of Voyagers 1 and 2 and the helio-
sphere boundary. A solar sail probe discussed in this perspective would be able to reach interstellar space in less than 5 years and solar gravity lens in less than
20 years.

proposed propulsion concepts, including solar thermal [28], large
chemical rockets utilizing solar and Jovian slingshot maneuvers
[29–31], and nuclear electric propulsion [5,29,32]. With such
high velocities, solar sailing may pave the way to a new era of solar
imaging, deep space and interstellar exploration. Regular space
missions to Pluto [33] within a year, reaching the heliopause and
overtaking Voyager 1 [12,13] in less than 5 years, placing exoplanet
observatories at the solar gravitational lensing point at ∼550 AU
[22] and potentially exploring Planet Nine [34] (400 AU–800 AU)
within 10–20 years of travel all become feasible.

Demonstrations of solar sailing over the last decade proved
unique capabilities of this technology for near-Earth and inner
solar system operations (Fig. 2). Most notable missions include
IKAROS (interplanetary kite-craft accelerated by radiation of
the sun, launched in 2010 [35,36] —the first interplanetary solar
sail demonstration mission; NanoSail-D2 (2011), LightSail 1
(2015), and LightSail 2 (2019) [37,38]—cube satellite based
solar sail technology demonstration missions; near-Earth asteroid
scout—the first science mission to perform reconnaissance of a
small asteroid (2021 planned launch date) [39]; and Solar Cruiser
—the first heliophysics mission (2025 planned launch date) that
will demonstrate the capabilities needed for a solar sail to observe
the sun from vantage points not accessible before [40,41], includ-
ing imaging of the solar poles. Unlike these early-stage missions,
journeys to interstellar space present significant scientific and
engineering complexities, which challenge the frontiers of current

technology. Indeed, to propel just a 10 kg payload carrying instru-
ments, deployment mechanisms, controls, and communications
to 25 AU/year, a 100× 100 m2 sail with less than 1 g/m2 aerial
density, that is, less than 1 µm thick, would have to perform a
powered flyby maneuver as close as∼20 solar radii from the sun’s
surface [Figs. 1(a) and 1(b)] [19–22]. While Solar Parker Probe
will fly as close as 9 solar radii from the sun [14], stringent require-
ments on sail optical properties, its mass and area pose a significant
challenge and require a dedicated research and development effort.
Solar sail-based interstellar precursor missions would need to push
the boundaries of materials science, photonic design, structural
engineering, controls, and communications.

In this perspective, we outline challenges and key design crite-
ria facing future solar sail interstellar missions and missions that
benefit from a close approach to the sun, with a particular focus
on sail optical properties and photonic designs. Specifically, we
begin our discussion with Sec. 2 that provides a brief survey of
conventional propulsion technologies and their limitations. Sec. 2
also highlights basic principles of light sailing and solar sailing, in
particular. We conclude the section with a discussion of key figures
of merit for interstellar solar sailing.

We then provide an overview of photonic materials needed for
such future solar sail missions in Sec. 3. Efficient sail propulsion
necessitates materials that are lightweight, have high reflectivity,
low solar absorptivity, and are capable of withstanding high tem-
peratures. With radiative cooling being the sole mechanism for
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Fig. 2. Illustration of solar sail missions flown and planned arranged
by their area, A, and sail area to spacecraft mass ratio, A/m. For ultra-
fast solar system exploration and interstellar travel solar sails with
A/m≥ 200 m2/kg are needed.

thermal regulation, in Sec. 3 we highlight the importance of pho-
tonic design to balance sunlight absorption and heat load caused by
the solar plasma on one hand and thermal emissivity on the other.
We show that with a reasonable design, sail operation temperature
may be sustained at less than 1000 K (for comparison, the anneal-
ing point of fused silica is ∼1420 K). We further discuss possible
nanostructures and materials that can provide high propulsive
force at this temperature range.

A spacecraft requires not only propulsion, but also attitude and
navigational control by use of force and torque. With sunlight as a
propellant, active and passive control of the radiation pressure force
and its distribution over the sail structure becomes increasingly
important. In Sec. 4 we show that by making use of nanophotonic
design and dispersion engineering novel opportunities for tailor-
ing propulsive force and sail attitude emerge. Recent advances
in diffraction gratings and metasurfaces enable passive control
of angular distribution of the radiation pressure forces beyond
capabilities of regular mirrors. For active control, liquid crystals
provide an attractive mechanism for active electro-optical materials
with adjustable optical properties [24].

Extreme environmental conditions (Sec. 5) that might be
encountered by a solar sail interstellar probe, particularly during
its active propulsion phase, pose another design constraint. Hence,
a sail on its small perihelion approach (≥20 solar radii) will have
to sustain interaction with solar corona and high energy photon
and elementary particle fluxes. In addition, the large surface area
of the sail (>10,000 m2) increases the probability of collision with
dust particulates orbiting the sun at very high velocities (100 s of
km/s) and micrometeorites over the course of active propulsion
within the inner solar system. Understanding the solar and space
environment over the active phase of sail propulsion is therefore
critical to minimizing materials degradation.

In Sec. 6 we make a very brief overview of other challenges that
may face interstellar solar sailing. Finally, Sec. 7 provides a compari-
son between solar sailing and laser sailing.

In this perspective, we review the aforementioned issues and
show that the challenges of future solar sail interstellar probe
missions can be met with a development of novel nanophotonic
materials. We believe that further progress in photonics and mate-
rials science will enable a new generation of solar sails that will
transform deep space exploration in the near future.

2. INTERSTELLAR SOLAR SAILING PROPULSION:
BACKGROUND

We begin our discussion with an overview of conventional chemi-
cal and electrical propulsion technologies, and an outline of funda-
mental advantages solar sails may offer.

Chemical and electric engines are the two major means of
propulsion in space. Chemical rockets are the backbone of manned
and interplanetary missions, whereas electric engines, such as
plasma and electrospray thrusters, are used for station keeping and
efficient orbital maneuvering [42,43]. While these propulsion
methods are conceptually different, they are based on the same
fundamental principle: producing thrust by expelling fuel car-
ried on board a spacecraft [42,43]. The amount and the velocity
of fuel expulsion directly determine the range of velocities and
destinations a spacecraft may reach. As a measure of spacecraft
capability for acceleration, a velocity gain parameter,1v, governed
by Tsiolkovsky’s rocket equation, is introduced [42]:

1v = vex ln

(
m0

m f

)
, (1)

where vex is the exhaust velocity, i.e., velocity at which propellant
is expelled out of the rocket, m0 is the initial mass of the spacecraft
including the on-board fuel carried, and m f is the final mass of
the spacecraft after fuel is expended to reach a desired velocity.
Evidently, the higher is the fuel exhaust velocity, vex, the more
velocity gain, 1v, a spacecraft may obtain. For chemical rocket
engines, the exhaust velocity is limited by the average kinetic
energy of its reacting species and vex ≤ 5 km/s. Electric engines can
yield more than an order of magnitude higher fuel exhaust velocity,
however, at a cost of smaller thrust and, therefore, much longer
acceleration time [42]. For instance, the recently launched Dawn
spacecraft has vex ' 31 km/s and provides 90 mN thrust [44].
While Dawn set a record velocity gain of 1v ' 11 km/s, it took
∼4 years to reach Vesta, one of the largest objects in the asteroid
belt. The fundamental limitation of conventional propulsion for
fast solar system exploration and interstellar flight becomes readily
evident from the rocket equation Eq. (1). For instance, to achieve
20 AU/year ('95 km/s) cruise velocity for interstellar flight (cf.
with Voyager 1 at '3.6 AU/year or 17 km/s, see also Fig. 1), a
chemical rocket with vex = 5 km/s would need m f ≥m0 × 10−6.
That is, to propel just a 10 kg spacecraft� 104 ton of fuel would be
needed! For comparison, the mass of Falcon heavy rocket is∼1400
tons. Similarly, to perform inclination change maneuvers such as
leaving the plane of ecliptic also requires a very high velocity gain
[40,41]:1v = 2v sin(ψ/2) for a change of a plane of circular orbit
by an angle ψ by a chemical rocket (here v is the orbital velocity;
e.g., v = 29.78 km/s is Earth’s orbital velocity about the sun).
A simple calculation shows that changing an orbital plane of a
spacecraft by just 60 deg. would require a velocity gain 1v = v,
which by far exceeds the capability of any of current spacecraft.
Interplanetary plane change maneuvers at present are accom-
plished only with the use of gravity assists, which add complexity to
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mission planning and significantly limit the range of possible des-
tinations. The search for more efficient and advanced propulsion
methods is currently an active area of research [28–32].

Solar sails make use of solar radiation pressure, they do not
carry propellant on board , and as such are not subject to the rocket
equation limitations [5,20,41]. The ability to utilize external
power sources for propulsion fundamentally differentiates solar
sails (and laser sails [26,27], for that matter) from other propulsion
techniques. Figure 3(a) illustrates basic principles of solar sail
propulsion. For the sake of simplicity, we assume an ideal flat sail
model and a plane wavefront of incident solar radiation. Solar sail
dynamics is governed by an interplay of solar radiation pressure,
F p , and solar gravitational attraction, F G (gravitational pull by
planets can be neglected in the context of interstellar and inter-
planetary missions). Solar radiation pressure force acting on an
idealized flat sail may be found as [19]:

F p =
2r cos(θi )n̂+ αd̂

c
S A, (2)

where cos(θi )= n̂d̂ defines the angle of incidence, d̂ is the
radial unit vector along the sunlight direction, and n̂ is a nor-
mal to the sail surface, S = S1 AU(((1 AU)2)/d2) is the solar
irradiance, d is the radial distance from the center of the sun
to the sail, r is the sail reflectivity across the solar spectrum
(r = (1/S1 AU)

∫
∞

0 rλS1 AU,λ(λ)dλ, here S1 AU,λ(λ) is a solar
spectral power density, rλ is spectrally resolved reflectivity), and α
is the coefficient of solar absorptivity indicating the fraction of the
solar flux absorbed by the sail (α = (1/S1 AU)

∫
∞

0 αλS1 AU,λ(λ)dλ,
hereαλ is spectrally resolved absorptivity). The equation of motion
is then found from Newton’s second law [42]:

d2d
dt2
=−

µs

d3
d+

2r n̂d̂+ α
c

(1 AU)2

d2
S1 AU

A
m

n̂, (3)

where d is the radius vector pointing from the center of the sun
to the solar sail spacecraft, d = |d|, and µs = G Ms is the solar
gravitational parameter with G denoting gravitational constant
and Ms solar mass, respectively. Note that here we ignore second
order corrections, such as gravitational attraction by other celestial
bodies and radiation pressure due to thermal emission.

Traditionally solar sails are viewed as slow and cumbersome
spacecraft that have a very limited range of applications. Indeed, as
the radiation pressure drops as 1/d2 with distance from the sun, the
propulsive force becomes weaker, which necessitates large struc-
tures to gain desired momentum. For example, at Earth orbit the
solar radiation pressure creates about 1 mN force per every 100 m2

of solar sail (cf. with Dawn spacecraft having 90 mN thrust [44].
However, as solar sails do not necessitate fuel on board and can
propel continuously, light-weight structures (i.e., with large area to
mass ratio, A/m) can get to trajectories and vantage points that are
beyond the reach of conventional spacecraft, including halo orbits
and high inclination orbits [6–10,20,41].

For even closer solar approaches (e.g., within an orbit of
Mercury or at <0.3 AU), where radiation pressure becomes
even stronger, the advantage of solar sailing becomes even more
pronounced. In particular, by performing a powered slingshot
maneuver the sail may be put onto fast hyperbolic trajectories
that can quickly reach distant planets and interstellar space. Such
fast-speed interstellar flight was considered in a number of pre-
vious works [19–22] [see also Figs. 1 and 3(b)]. In this case, a
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Fig. 3. Principles of solar sail propulsion. (a) A schematic diagram
of forces at play for an ideal flat sail: Gravity, FG , pulls solar sail inward
toward the sun, whereas radiation pressure, F p , creates a force normal to
the sail in the outward direction. Balance of the two forces places a sail
onto trajectories and orbits beyond the reach of conventional propulsion
methods. (b) An illustration of a powered slingshot maneuver placing a
solar sail onto a fast-speed hyperbolic trajectory. During the first phase,
the solar sail is brought close to the sun, reaching perihelion d0 at its closest
approach; the solar sail velocity at this point is v0. Once at perihelion,
the sail is oriented normally to the sun to perform a powered slingshot.
Orientation of the sail during maneuvering is schematically shown. Both
panels (a) and (b) are not to scale.

sail originally deployed at an Earth orbit is brought to its closest
approach about the sun—perihelion, d0[Fig. 3(b)]. This maneuver
is performed by gradual spiraling in, which is achieved by orienting
the sail at an angle to the sunline direction d̂ [similarly to the case
shown in Fig. 3(a)]. In this case, the tangential component of
the radiation pressure force is directed against the velocity vector
causing the sail to lose energy and gradually fall toward the sun.
Once at perihelion, the sail is oriented perpendicular to the sun
to attain a maximum possible propulsive action that puts it onto
a hyperbolic escape trajectory Fig. 3(b). This phase is known as
a powered slingshot or Oberth maneuver, where gravitational
attraction and the radiation pressure interplay to create a strong
propulsive force. For a normally incident sunlight (θi = 0, n̂= d̂),
Eq. (3) is substantially simplified:

d2d
dt2
=−

µeff

d3
d, (4)

where µeff =µs − (2r + α) S1 AU
c (1 AU)2 A

m plays the role of an
effective gravitational parameter. Equation (4) is a familiar orbital
dynamics equation describing standard Keplerian circular, ellip-
tical, and hyperbolic orbits [42]. In the absence of solar effects
(i.e., for r → 0 and α→ 0) µ→µs = G Ms and Eq. (4) reduces
to a conventional orbital dynamics equation about the sun.

Once placed onto a hyperbolic trajectory, the solar sail will
asymptotically reach a cruise velocity that may be approximated
as [43]:

v∞ '

√
v2

0 − 2
µeff

d0
, (5)

where v0 and d0 are velocity and position of the solar sail at the
perihelion, respectively, right before the powered slingshot is per-
formed [Fig. 3(b)]. The velocity at the perehelion, v0, depends on
prior phases of the mission (i.e., the way the solar sail is brought
from Earth to the perihelion). However, its upper bound may be
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approximated as v0 '
√

2(µs /d0)(1 AU/(1 AU+ d0)) (here we
assume a Hohmann transfer [43]). For example, for d0 = 0.1 AU
perihelion (i.e., three times closer to the sun than Mercury)
v0 ' 127 km/s. The bound on the maximum cruise velocity that a
solar sail may reach is then found as

v∞ '

√
−

2µs

1 AU+ d0
+ 2(2r + α)

S1AU

c
(1 AU)2

d0

A

m
. (6)

Evidently, the solar sail velocity depends on its optical properties
(i.e., solar reflectivity and absorptivity), sail area to total spacecraft
mass ratio, A/m, and the perehelion, d0. Smaller d0 and higher
A/m ratio yield higher cruise velocities. In Fig. 1(b), we plot the
sail cruise velocity with area to mass ratio for different perihelion
approaches for a perfectly reflecting sail (i.e., r = 1 and α = 0).
Velocities in excess of 20 AU/year, that is, faster than any other
near-term propulsion methods under consideration [28–30],
can be reached for close perihelion approaches (d0 < 0.2 AU)
and high sail area to mass ratios (A/m> 200 m2/kg). The closest
range of solar approaches [i.e., min(d0)] is limited by availability
of materials capable of handling harsh solar environment and mis-
sion requirements, such as controls, communications, navigation
precision, and environmental predictability [22]. Previous mul-
tiobjective mission trade-off studies [22] and proposals [17–21]
indicate that the perihelion approaches as close as d0 = 0.1 AU
(∼20 solar radii) from the sun are optimal for near-term missions
to interstellar space. We note that determination of an optimal
perihelion pass (0.1 AU or smaller) follows from a costly and labo-
rious multiyear mission design process that takes many diverse
factors into account, including among others science objectives,
instrumentation, reliability, mission cost, solar environment,
navigation, communications, and precision of spacecraft controls.
We take the proposed [17–22] 0.1 AU perihelion as a guideline for
a subsequent discussion of photonic materials design challenges
(Sec. 3 and Sec. 5). However, we stress that the discussion below is
applicable to even closer solar approaches (i.e., smaller perihelia).

3. MATERIAL AND DESIGN CHALLENGES

Flying as close as 0.1 AU (∼20 solar radii) from the sun [17–22]
[Fig. 1(b)] a sail would experience more than 100 times the solar
irradiance at Earth (S1 AU ' 1,360 W/m2). It is this high-power
flux combined with a slingshot maneuver that enables high cruise
velocities [17,18,22]. However, high sunlight flux also implies
that even minute absorption might lead to excessive sail material
heating. Furthermore, interaction with space plasma [45]—solar
wind and other energetic particles—and high energy photons,
can serve as an additional source of heat deposition [see Fig. 4(a)].
With radiative cooling being the sole mechanism for temperature
regulation in space, it is of a critical importance to keep the balance
between the heat generated due to optical absorption and inter-
action with space plasma on one hand (i.e., Pin = αS + P ), and
thermal radiation emission on the other (i.e., Pout = σεT4). At
equilibrium sail’s temperature, T, at perihelion, d0, may be found
from a simple power balance as

T '
(
α

ε

S1 AU

σ

(1 AU)2

d2
0

+
P
σ

) 1
4

, (7)

where ε is the thermal emissivity of the sail material, σ
is the Stefan-Boltzmann constant, and P is the heat flux

deposited by solar wind and high energy particles emanat-
ing from the sun [see also Fig. 4(a)]; the emissivity is due to
thermal radiation from the front and back sides of the sail:
ε = 1

σT4

∫
∞

0 (εb,λ + ε f ,λ)IBB(T, λ)dλ, here for an ultrathin
film sail a uniform temperature, T, across the sail is assumed, εb,λ

and ε f ,λ are back and front side hemispherical spectral emissivities,
respectively, IBB(T, λ)= (2hc 2/λ5)(1/(exp(hc/λkB T)− 1)) is
the spectral power density of the black body at a temperature T, h is
the Plank constant, and kB is the Boltzmann constant.

In a case when effects of solar plasma are negligible
(i.e., P → 0), thermal response is governed by the absorption
of the incident solar flux, Pin ' αS, and thermal radiation emis-
sion into the free space, Pout = σεT4. An optimal structure would
therefore imply minimizing sunlight absorption, α, and maxi-
mizing sail thermal emissivity, ε, to keep sail temperature as low
as possible. In addition to passive thermal regulation, sail mate-
rials should be reflective to ensure efficient transfer of photon
momentum for radiation pressure propulsion [20]. Optimal pres-
sure is achieved for r → 1 and α→ 0 [Eq. (5) and Sec. 2]. In this
case, propulsive efficiency of the sail, η= r + 1

2α, is maximized.
Minimizing sail temperature (i.e., by increasing sail emissivity) and
maximizing its reflectivity set design constraints for sail materials.

Current solar sails are made of aluminized polymer films with
∼50−100 nm thick aluminum atop of a few micron thick polymer
(e.g., CP1, Mylar, or Kapton) support layer [20,39–41] [Fig. 4(b)].
On average the aluminum facing side absorbs 8%–10% of sunlight
reflecting the rest [46]. To illustrate the limitation of the current sail
materials in Fig. 4(c) we plot the variation of the sail temperature at
equilibrium with perihelion distance for two different solar absorp-
tivities (α = 0.05 and α = 0.15) for thermal emissivity varying
in a range from 0.1 to 1. A relatively low melting temperature of
polymer substrates used in current solar sails limits the range of
distances that a sail can reach (∼250 K for Mylar and CP1, and
≤670 K for Kapton, as indicated with dashed lines in Figs. 4(c)
and 4(d) [47,48]. While Kapton-based sails owing to their higher
melting point [47] can get closer to the sun, Kapton films are
≥5 µm thick, which makes them too heavy for advanced solar sail
missions. For this purpose, thinner CP1 polymer films (2.5 µm
thick) are presently used for solar sailing [39–41]. The emissivity
of thin standalone polymer films used in present day solar sails
is low. Thus, CP1 is nearly transparent across the infrared band
[49] (ε = 0.45 for a 1 mm thick film [48]), whereas emissivities of
Kapton and Mylar films are ε < 0.25 and ε < 0.15, respectively,
for 25µm thick aluminum backed films [46]. Even lower values are
anticipated for few micron thick films. Low emissivity of polymer
films used in present day sails limits their use to missions with
>0.4 AU perihelion (i.e., outside of Mercury orbit).

This is where engineering the solar sail backside emissivity
may offer new opportunities for missions with smaller perihelia.
Hence, by increasing backside thermal emissivity to εb > 0.8
while retaining low overall aerial density, aluminized polymer sails
may potentially enable missions with up to ∼0.2 AU perihelion,
i.e.,∼40 solar radii. Such emissivity enhancement may be attained
by carefully tuning infrared spectral properties of polymer mate-
rials [49–55], which are currently under development for a range
of applications, including radiative cooling and thermal manage-
ment. For example, [52] reports hierarchical polymer coatings
with room temperature emissivity ε > 0.97, whereas [49] demon-
strates an ultrathin CP1 polymer-based film with an emissivity of
ε = 0.65 and an aerial density of 3.3 g/m2. Use of carbon fillers
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in a polymer matrix is also examined for creating high emissivity
films [54,55]. Further study of pathways to fabricating even lighter
films (<1 g/m2) with a near-unity infrared thermal emissivity
that are suitable for high operating temperatures is needed. If such
engineered polymer materials prove to be space qualified, these
materials may become candidates for near-Sun solar sail missions.

For even closer approach to the sun (i.e., with perihelion
d0 ≤ 0.2 AU), where propulsion to higher excess velocities is
expected [see Fig. 1(b)], novel high temperature sail materials are
required. The need for high temperature materials was highlighted
in several of previous works, where such options as graphene, beryl-
lium, and dielectric sails were proposed [19,56,57]. We identify
two conceptual approached to high temperature solar sail material
design: metalized sails and dielectric sails [Fig. 4(b)]. Metalized sail
designs resemble presently used aluminized polymer sails, where
a front, sun-facing side is coated with a thin layer of metal that
reflects most of the sunlight, whereas the backside serves as a high
temperature support film, which also aids with thermal regulation
via radiative cooling. For example, by substituting low temperature
polymers with higher temperature (e.g., >1000 K) inorganic
substrate materials, the operation temperature of aluminized sails
increases to ∼900 K (limited by the melting point of Al itself ).
To obtain high backside emissivity, resonant infrared plasmonic
structures and materials with strong phonon-polariton resonances
in the midinfrared can be utilized [58–65]. For instance, many
polar dielectrics, including SiC, SiO2, and TiO2, exhibit reso-
nant absorption at 7–10 µm range [66]. A wide variety of designs
have been discussed recently in the context of radiative cooling
[58,63,65] and for spacecraft thermal management [49,61,62].

With a near-unity backside emissivity, εb→ 1, such sails may
get as close as 0.06 AU from the sun, thus satisfying objectives
of near-term missions. Further studies would require design of
nanophotonic structures stable at high operation temperatures
(∼1000 K and above) and design of ultralight and ultrathin films
(i.e.,<1 g/m2).

Sail interaction with the solar wind and high energy particles
[45] may result in a further increase of sail temperature [Fig. 4(d)]
[67]. Such interaction may be described by an additional non-
radiative heat deposited into a sail material, P . For thermal load
P ≥ 1 kW/m2 sail interaction with space plasma has a noticeable
effect on sail temperature. Additional consideration in ther-
mal power balance and design of thermal emissivity is therefore
needed. For a higher heat flux, P ≥ 100 kW/m2, which is com-
parable to a heat load observed in many of commonly used plasma
systems [67,68], the temperature of a sail may exceed 1500 K,
implying that only a limited number of refractory materials with
high melting points should be used [69–78]. Only a handful
of dielectrics and metals survive these extreme temperatures,
further limiting a sail materials design space. Candidate optical
materials suitable for these high operation temperatures include,
among others, HfO2, TiO2, SiC, TiN, TiC, W, and Mo [71–78].
Photonic nanostructures made of TiN and W are actively studied
for demanding nanophotonic applications, such as heat assisted
magnetic recording [71] and thermophotovoltaics [76–78]. A
standalone 100 nm-thick W film would reflect less than ∼60%
and absorb more than 40% of sunlight [46], implying η= 80%
propulsion efficiency. However, as any metal, planar tungsten films
possess relatively low thermal emissivity (tungsten has ε ' 0.03 at
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T= 300 K and ε ' 0.25 at T= 2000 K [76], implying elevated
operating temperatures (e.g., at 0.1 AU a standalone W film will
have T ≥ 1400 K ). Engineering thermal emissivity, for instance
by structuring tungsten and other refractory metal films [76], or
by back-coating with high-temperature thermally emissive layers
[59], thus would be needed to decrease the operating temperature.
Importantly, the high density of many refractory metals (e.g., for
W mass density is 19.3 g/cm3) contributes to the sail weight and
challenges design of lightweight solar sails (i.e., leads to small A/m)
that can be propelled to high velocities [Fig. 1(b)]. Lightweight
refractory materials, e.g., TiN, might be more preferable [73]
in this case. Noteworthy, that in practice, choice of sail materials
would be governed by tradeoff studies for a given mission.

All-dielectric sails offer a conceptually different approach to
highly reflective and low-loss sail materials [Fig. 4(b)]. Many
optical dielectrics (e.g., SiO2, Al2O3, TiO2, HfO2, MgF2) are
high-temperature low-loss transparent materials, making them
ideal for solar sails. By structuring and patterning dielectric mate-
rials at the dimensions comparable with the optical wavelength
(∼200 nm) resonant photonic metamaterials with a desired optical
dispersion (i.e., angular and spectral reflectances) may be cre-
ated [79–81]. Planar all-dielectric Bragg mirrors offer a simple
approach to reflectance engineering [Fig. 4(b)]. Mirrors with
very broad band and very high reflectivity (>90%) with a wide
acceptance angle (up to 30%) are commercially available [82,83].
However, such mirrors require multilayer stacking, more than 10
layers, resulting in relatively thick films (few microns) and, hence,
higher sail aerial density and weight [84]. Patterned dielectric
nanostructures, such as high contrast gratings [85], photonic crys-
tal membranes [86,87], and all-dielectric metasurfaces [88–90]
can be fabricated within a single layer of material providing a path-
way to thinner (< 1 µm) and lighter reflectors [Fig. 4(b)]. Being
resonant in nature [81], these structures, however, typically tend
to exhibit narrower reflectance bands as compared to planar Bragg
gratings and are sensitive to the angle of incidence. Hybrid designs
that combine different types of nanostructures (e.g., Bragg stacks
and metasurfaces) and materials (e.g., dielectrics and refractory
metals) may offer a more optimal solar sail performance, i.e., larger
A/m ratio and while maintaining broad band reflectivity. Inverse
design of photonic structures and sophisticated optimization tech-
niques might be needed for obtaining desired performance metrics
[91–94].

At the same time, thermal regulation of ultrathin dielectric
sails differs conceptually from the metalized ones. Whereas for
metalized sails front and back sides are decoupled (as ∼100 nm
thick metal films are nearly impermeable for visible and infrared
radiation), in the case of dielectric sails the entire volume of
material is interacting with the incident radiation. Therefore,
the spectral response of dielectric sails should be chosen as a
careful balance between solar absorptivity in one part of the
spectrum (i.e., αλ = ελ→ 0) and thermal emissivity in the
other (i.e., ελ = αλ→ 1). An idealized spectral response is
described by step functions for rλ and ελ (αλ), as schematically
shown in Fig. 4(e). In particular, r = 1

S1 AU

∫ λc
0 S1AU,λ(λ)dλ and

ε = 2
σT4

∫
∞

λc
IB B,λ(T, λ)dλ, where crossover wavelength, λc , is

found as a result of minimizing for sail temperature, T, and maxi-
mizing for its reflectivity, r (here factor 2 is due to εb,λ ' ε f ,λ for
ultrathin dielectric sails). This is where nanophotonic metama-
terials [58,59] may offer a unique opportunity to independently
engineer both visible and infrared spectral responses and optical

dispersion (i.e., create thin film structures with sharp spectrally
selective features that enable simultaneously high solar reflectivity
and high thermal emissivity). In recent years, a number of struc-
tures with such spectrally selective properties have been shown in
the context of radiative cooling [60,63–65]. With further design
and optimization, such nanophotonic structures may enable solar
sail missions with small perihelion approaches (<0.1 AU).

Mechanical strength of fabricated sail materials is another
important design factor to consider. At 0.1 AU perihelion, one
may expect at most 1 N load per every 1000 m2 of sail material. By
properly distributing the load with booms and spars, mechanical
stresses across the sail materials may be further optimized. The
minimum sail thickness can be estimated as w= F

σUTS L , where F
is the mechanical load, σUTS is the ultimate tensile strength of the
sail material, and L is a characteristic dimension of a free-standing
sail segment (e.g., sail length along the boom). For F = 1 N
force acting on 1000 m2 sail (i.e., L ' 31.6 m) with an ultimate
tensile strength of σUTS = 10 MPa (for comparison, the tensile
strength of currently used CP1 polymer is 87 MPa [48]) we obtain
h ' 3.16 nm, which suggests that∼100 nm films can easily with-
stand anticipated loads during the perihelion pass. However, other
considerations may emerge during film fabrication, sail packaging
and assembly on Earth, and subsequent deployment in space.
To ensure mechanical stability, delicate ultrathin films may be
reinforced with the use of ultralight-weight microarchitectured
scaffolds, such as nanocardboards [95] or cellular materials [96].
Notably, many materials that exhibit desired optical properties
are naturally strong as well. For instance, TiN and SiO2 have ten-
sile strength >5 GPa [97,98], which suggests that large area thin
free-standing films may be fabricated.

Finally, to attain sufficient acceleration of an instrument-laden
sail, an area exceeding 10,000 m2 may be needed [Fig. 1(b)]. The
need for large area implies that designed photonic materials and
structures should be compatible with very large-scale fabrication
and/or assembly techniques. While large area thin film deposition
is presently widely utilized for planar and layered materials growth
[99], advances in scalable nanolithography, such as roll-to-roll
nanoimprint lithography [100] would be needed to define desired
photonic patterns over a large area. Self-assembly and solution
processing may provide an alternative route [101]. However, these
techniques would need to be optimized to enable high quality
photonic structures with well-defined properties over large areas.
Assembly and integration of smaller scale, e.g., wafer-sized struc-
tures, into a single film may be another possible solution. Laser and
electron beam welding may be used for this purpose [102,103].

4. ACTIVE AND PASSIVE PHOTONIC CONTROL

In addition to a need for low-mass and high-reflectivity materials,
taming the directionality and intensity of sunlight scattering is
of great importance for controlling solar sail attitude, Fig. 5. At
present, radiation pressure forces and associated sail dynamics
are controlled by mechanical systems, such as x−y translation
tables that actively manage the center of mass versus the center of
pressure [104]. These systems are rather bulky, adding to overall
mass and complexity. Metamaterials [79–81] with their ability
for agile control over light reflectance and transmittance provide
a different approach [105–109]. Hence, by making use of passive
and active structures that alter local optical properties, a desired
distribution of radiation pressure may be attained to control overall
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sail spin.

sail dynamics [Figs. 5(b)–5(d)]. Electrically tunable metasurfaces
and devices are gaining interest due to their ability to manipulate
optical phase and amplitude [110–114]. These semiconductor
[110,111] and liquid crystal [112–114] devices are of a particular
interest. Liquid crystal structures offer very high contrast switching
of reflectance and are of a great promise for solar sail actuation
due to their broadband and low power operation (<1 mW/cm2)
[114]. To maximize the effectiveness of such variable reflectance
materials, they will likely be embedded within the sail along its
outermost edge, requiring either localized power generation and
wireless control, or the addition of long wire harnesses from the
spacecraft bus that will increase complexity and mass.

For ultra-low power configurations, completely passive struc-
tures can be used for solar sail attitude control. As an example,
diffraction gratings and metasurfaces can change the directionality
of the incoming light [105–109]. As the direction of light propaga-
tion changes, so does the light’s momentum. To counter-balance
this change, the sail acquires the complementary momentum to
ensure conservation, Figs. 5(c) and 5(d). Thus, having arbitrary
control of the reflection or refraction can enable efficient momen-
tum transfer and arbitrary control of the sail, allowing for not only
forward propulsion, but also the ability to raise and lower the sail’s
orbit [109].

In particular, for planar diffraction grating sails [107–109], the
thrust vector will be directed along η= cos θi (cos θi + cos θn)n̂+
(nλ/3) p̂, where θi is the angle at which sunlight subtends the
normal vector of the sail, n̂, θn is the diffraction angle, λ is the light
wavelength,3 is the grating period, n is the diffraction order, and
p̂ is a unit vector perpendicular to n̂. Because p̂ is in the plane of

the sail, a new perpendicular thrust vector emerges, which provides
an additional control mechanism. To make the most efficient use
of the sun, it is preferable to have the sail facing the sun, i.e., with
θi = 0. For interstellar missions, both a reflecting sail and a zero-
order diffracting sail provide an efficient momentum transfer
along the sunline. For interplanetary or solar polar orbiting [6–10]
missions, the use of diffraction gratings with θn = 90◦ is preferable.
In this case, a large force may be achieved perpendicular to the
sunline, as required for a spiral trajectory, Fig. 5(c). Recently free-
standing ultrathin (potentially as thin as 200 nm) liquid crystal
polymer-based diffraction gratings with a broadband and near
unity efficiency have been developed. Such structures may be of
interest for passive and active diffractive solar sails [115,116].

With an ability to control light reflectance out of its incidence
plane, metasurfaces [80] enable imparting radiation pressure forces
in any direction within the sail plane, providing a very promising
mechanism for controlling sail spin and its orientation, Fig. 5(d).
This approach is conceptually different from translating mass sys-
tems [104] developed for near-term missions [39–41] and shows
great promise for use in future crafts.

5. EFFECTS OF SPACE ENVIRONMENT

Powered slingshot maneuver needed to accelerate a sail to very high
velocity, implies that a sail would fly in close proximity to the sun:
∼ 0.1 AU or about 20 solar radii from sun’s surface. Although
outside the reach of the solar corona [14,45], a sail spacecraft
would interact with the solar wind, the density and temperature
of which grows in the vicinity of the sun. Specifically, at 0.1 AU
it is expected [117] that ions (mostly H with ∼5% of He) would
have velocities ∼100− 1000 km/s, which depend on the solar
longitude [45]. Solar plasma would also have electron tempera-
ture of Te ' 106 K and plasma density of 103 cm−3, i.e., >300
times larger than at Earth orbit. The low energy of the solar plasma
(0.5–10 keV) implies a shallow depth of ion penetration, only
several to tens of atomic layers, causing sputtering of surface layers,
radiation enhanced sublimation, and potentially ablation [67,68].
Insolubility of He and H ions in the materials would cause for-
mation of nanoscale bubbles leading to structural deformation
and materials exfoliation [118,119]. Another important metric to
consider is the rate of energy deposition by plasma and high energy
photons (e.g., in Hall thrusters ion implantation within electrode
materials may cause more than 100 kW/m2 of heat generation
[67,118]). While low energy deposition rates predominantly lead
to materials heating, higher rates might cause plastic deformation,
bulk and surface diffusion, and potentially melting and evapora-
tion of sail materials [118]. Figure 6 highlights some of the possible
effects of sail material degradation when subject to a solar radiation
environment. Development of solar sails resistant to solar plasma,
high heat loads, and high energy radiation may be informed by a
large body of expertise in the design of materials for highly corro-
sive environments, such as high-power ion and Hall thrusters [67],
fusion reactor walls, coatings of hypersonic vehicles [118], and
more recently Solar Parker Probe heat shield [14]. Refractory and
rare-Earth metals (e.g., W, Mo, Re, Ta), refractory ceramic materi-
als (e.g., HfC, SiC, TaC, ZrO2, ZrN), and carbon are particularly
suited for these applications [67,69,70,118,119], a number of
studies have shown that by micro- and nanostructuring of material
surfaces effects of radiation damage may be reduced by 30%–50%
[118,119]. Microarchitectured surfaces distribute heat and ion
implantation more evenly throughout the material, reduce the
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implanted ion atom residence time, and reduce thermal stresses,
as compared to planar smooth surfaces [106]. However, the need
for ultrathin (≤1 µm) and low aerial density (≤1 g/m2) solar sail
materials [20] that exhibit low sunlight absorbance (desirably
�10%) pose additional constrains. Indeed, plasma interaction
with nanophotonic structures, particularly, thin film heterostruc-
tures, its influence on structural stability and optical performance
is yet to be understood. Further research effort in this direction is
needed.

6. OTHER CONSIDERATIONS

While an overview of solar sail photonic material challenges is
the main focus of this perspective, successful interstellar missions
require development of other spacecraft systems, including effi-
cient sail deployment mechanisms, power systems, deep space
communications, and precise navigation. Each of the afore-
mentioned areas is a complex field on its own with a number of
engineering and foundational challenges. Their detailed discussion
is beyond the scope of this review. Here, we provide a brief insight
into some of the key issues.

Propulsion of a 10–50 kg payload carrying scientific instru-
ments, power and communication systems to>20 AU/year would
require large area sails, A> 10,000 m2. Development of such large
area sails is under way (see Fig. 2). For example, Solar Cruiser—a
recently approved heliophysics mission scheduled for 2025—will
feature sail area with A> 1600 m2 (A/m < 20 m2/kg) [40,41].
However, design of even larger sails with a higher sail area to mass
ratio faces challenges associated with sail stowage, deployment,
and testing [120,121]. Further study of lightweight support booms
and mechanically compliant mechanisms [122] informed by novel
manufacturing techniques [123], and advances in composite
materials is needed [124,125].

Moving beyond Jupiter orbit challenges harvesting of solar radi-
ation for powering of spacecraft systems [22,25,27,126]. This is
where a renewed effort on redesigning radioisotope thermoelectric
generators for smaller mass and higher efficiency is particularly

important. Emergent thermoelectric materials and nanostructures
[127,128] may find use in such systems.

Communications and navigation present yet another challenge
for spacecraft operation beyond 100 AU [22,25,129]. Optical
communication links for deep space exploration are being exam-
ined and tested [130]. Several technology demonstration missions,
including a Psyche mission planned for 2022, will test deep space
optical communication [131]. Future systems may benefit from
light-weight optical systems, such as metasurfaces [79–81], high
efficiency integrated optics laser sources, and tunable optical
oscillators with an ultranarrow linewidth [132].

7. LASER SAILING

Laser sailing [133–139], including a most recent proposal [25],
is another approach extensively examined for interstellar flight.
Although laser sails, similarly to solar sails, make use of radiation
pressure for propulsion, their requirements on sail materials, sys-
tems engineering, and concept of operations are drastically different
from those of solar sails [25–27]. A recent review [26] highlights
key photonic challenges facing development of laser sail materials.
Specifically, laser sails need to handle much higher power levels
(e.g., ∼100 GW/m2 as in [25] in the near infrared wavelength
range (λ ∈ [1 µm, 1.5 µm]) defined by the atmospheric trans-
parency window and Doppler shifting. This leads to very different
material requirements for laser sail design. For instance, in contrast
to solar sails, high refractive index semiconductors such as Si and
MoS2 may be used for the laser sailing. Such materials are highly
absorbing across the solar spectrum and thus cannot be utilized for
solar sailing.

In addition, limited range of laser beaming, constrained by
beam diffraction and laser aperture size [25,27], poses limitations
on the acceleration distance, which, in turn, constrains the laser
sail design [26]. For example, to circumvent these limitations an
ultralight-weight (∼1 g) laser sail spacecraft was proposed in [25],
which puts very stringent requirements on sail shape, optical prop-
erties, and mass density [26]. Solar sails are free of these constrains
and offer an optimal performance when it comes for mass per
velocity as compared to both laser sails [25–27,133–139] and other
near-term propulsion methods [28–32]. In particular, in compari-
son to laser sails, solar sails can carry orders of magnitude heavier
payload (up to ∼100 kg), while offering higher cruise velocity as
compared to other propulsion methods (≥5 times faster).

8. CONCLUSIONS AND OUTLOOK

We have discussed the promise of solar sailing for fast, acces-
sible, and scalable space exploration beyond the limits of current
propulsion technologies. Without the need to carry on board
propellant, solar sails offer an efficient pathway for space travel.
Solar polar orbiters and interstellar probes are some of the poten-
tial missions, where solar sails promise an unmatched potential
compared to conventional chemical and electric means of propul-
sion. Our analysis shows that with a research and development
effort solar sails that can reach<0.1 AU may be built. In Fig. 7 we
sketch a photonic materials research and development roadmap,
highlighting the areas where a focused effort is needed to enable
next generation solar sails for future interstellar missions. Future
progress in solar sailing would require the development of novel
active and passive materials to meet demanding requirements of
the space environment, sail control, and navigation. We showed
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that thin film photonic metamaterials and diffraction gratings may
pave the way to novel multifunctional materials with enhanced
capabilities for thermal management, reflectivity, and momen-
tum control. Future high temperature photonic materials may
enable close solar flyby for missions examining solar atmosphere
and for boosting towards interstellar space with unprecedented
speed. Metamaterials that can efficiently control the reflection
and transmission properties may provide novel solutions for solar
sail dynamics and attitude control. In this perspective, we have
focused on key areas where further research in materials science
and nanophotonics is necessary to push the limits of solar sail tech-
nology. In addition to photonic materials, future solar sails would
benefit from more efficient architecture design and integration
with lightweight support structures and deployment mechanisms
[115]. Inherently limited mass budget will also stimulate research
and development of lightweight and multifunctional payload com-
ponents, including instruments, communication, and navigation
systems.

We envision that with further advances in optical materials
science and nanotechnology the next generation of solar sails may
pave the way for breakthrough space exploration missions.
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