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The absorption properties of ultrathin conductive films are of fundamental significance in electro-
magnetics and photonics, impacting applications from radar stealth to two-dimensional material
optoelectronics. For decades, a 50% absorption limit has been considered intrinsic to such films in
symmetric environments, regardless of frequency or incident angle. Here, we demonstrate the breaking of
this long-standing limit under grazing incidence, where the absorption was regarded as negligible due to
extreme impedance mismatch. We reveal a previously unknown absorption limit of 22 -2~ 82.8% for
grazing transverse-magnetic waves on arbitrarily thin, highly conductive films. This exceptional absorption

arises from a pseudo-Brewster effect with minimal reflection 3 — 2v/2 ~ 17.2% and vanishing skin depth of
grazing waves. Remarkably, the enhanced absorption is sustained across an ultrabroad frequency range.
Terahertz experiments using deep-subwavelength doped silicon wafers validate our theoretical predictions.
These findings fundamentally advance our understanding of wave-matter interactions at deep-subwave-
length scales and pave the way for extreme-angle photonic and electromagnetic devices.
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Efficient electromagnetic wave-absorbing films are cru-
cial for a wide range of applications, from multispectral
electromagnetic shielding and radar stealth [1-5] to tera-
hertz detection and imaging [6], as well as optoelectronic
modulation and detection in the infrared and visible
regimes [7-9]. The emergence of two-dimensional (2D)
materials such as graphene and transition metal dichalco-
genides, characterized by nearly free electrons, has enabled
strong light—matter interactions at deep-subwavelength
scales [10,11]. Their ultrathin profiles and exceptional
optoelectronic properties are increasingly important for
device miniaturization, weight reduction, and system inte-
gration in applications including microwave absorbers [3,4]
and next-generation optoelectronics [8,9]. Yet, their
extreme thinness fundamentally constrains absorption effi-
ciency, raising a central question: What is the ultimate
absorption limit of an arbitrarily thin, homogeneous,
nonmagnetic conductive film, such as a 2D material sheet?

This fundamental question has been extensively studied,
with textbooks and literatures establishing a 50%
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absorption limit for ultrathin films in symmetric environ-
ments, which is also known as the intrinsic thin-film
absorption limit [5,12-25]. Recent advances in 2D materi-
als have focused on approaching this theoretical maximum
across broad bandwidths [5,18-25]. Notably, this 50%
absorption limit originates from a fundamental physical
constraint: the continuity of tangential electric fields across
infinitesimally thin films [17]. For symmetric configura-
tions, the relation between reflection coefficient r and
transmission coefficient ¢ is 1 4+ r = ¢, which imposes an
upper bound of 50% on absorption (A = 1 — |r|* — |¢|?),
with the maximum achieved under the condition t = —r =
0.5 [17]. In this well-established framework, the 50%
absorption limit is generally regarded as independent of
frequency, polarization, and angle of incidence [25].
Here, we challenge this 50% absorption limit for
arbitrarily thin conductive films in symmetric environ-
ments, and report a maximum absorption of 2\/§ 2=
82.8% for transverse-magnetic (TM) polarization under
grazing incidence (i.e., incident angle approaches 90°), for
the first time to the best of our knowledge. The absorption
in this scenario was thought negligible due to near-unity
Fresnel reflection coefficients [26]. This breakthrough
occurs because the requirement of 1+ r =17 no longer
holds at grazing incidence, despite the tangential electric
fields remain near-uniform across the film. Remarkably, the
absorption maintains above the conventional 50% limit

© 2026 American Physical Society


https://orcid.org/0009-0009-2072-0455
https://orcid.org/0000-0001-8231-9901
https://orcid.org/0000-0002-9210-8048
https://orcid.org/0000-0003-0424-2771
https://orcid.org/0000-0002-0040-9274
https://orcid.org/0000-0002-3823-1272
https://orcid.org/0000-0002-3614-3375
https://ror.org/05t8y2r12
https://ror.org/01rxvg760
https://ror.org/01rxvg760
https://crossmark.crossref.org/dialog/?doi=10.1103/71vr-lb26&domain=pdf&date_stamp=2026-01-28
https://doi.org/10.1103/71vr-lb26
https://doi.org/10.1103/71vr-lb26

PHYSICAL REVIEW LETTERS 136, 046902 (2026)

(0) Amax ~ 82.8%

= —=df K Ag~ i ]

________

’ ’ \

’ \ ~ ’
JEj1 ¢ (14 1) cosb;s Ey ~E)z

Ey, =0 .
==~ - ———a Eiel==lel= S=ccooo 5
[Cooo———0ooc —I [P —— > — — — 1
E]I,Z « t cos 91' E“'z -0
1+r=t 1+r=+t
FIG. 1. Schematic of TM wave absorption by an ultrathin

conductive film (e.g., 2D material) in a symmetric environment.
(a) At small-angle incidence (6; < 90°), nearly uniform tangen-
tial electric fields (E|; ~ E|») enforce 1 + r ~ ¢, limiting maxi-
mum absorption to 50%. (b) At grazing incidence (6; — 90°),
while  E|;~E, persists, field magnitudes vanish
(E)j1, Ej2 ox cos®; — 0), relaxing the constraint 1+ r =7 and
enabling 82.8% maximum absorption.

over an ultrabroad frequency range. Terahertz experiments
using deep-subwavelength doped silicon wafers validate
the theoretical predictions. By rewriting the conventional
absorption limit, our findings hold far-reaching implica-
tions for radar stealth and optoelectronic modulation and
detection technologies.

Let us start from an ultrathin nonmagnetic conductive
film (conductivity o, relative permeability yy = 1) placed in
a symmetric environment, as illustrated in Fig. 1. Its
relative permittivity & is given by & = 1+ i(c/we),
where @ is the angular frequency and g, is the permittivity
of vacuum. The film thickness d; is much smaller than free-
space wavelength 4y, i.e., dy < 4y. We consider the
incidence of a TM plane wave, characterized by in-plane
electric fields under an incident angle of 8;. A time variation
term of e~ is assumed throughout this Letter.

To explore the relationship between electric fields on the
upper and lower surfaces of the film, we apply the
Maxwell-Faraday equation f E-dl=io|B- ds to a very
thin Amperian loop that straddles the film, as depicted by
the gray dashed lines in Fig. 1. In the limit where the loop’s
height goes to the deep-subwavelength scale (i.e., dy < ),
the term iw[[B-dS becomes negligible, leading to

fE -dl ~ 0. At the same time, the contribution of the
normal electric field to fE -dl can be ignored.
Consequently, we obtain

EjaRE|,, (1)

where E| | and E||, are the tangential electric fields on the
upper and lower boundaries of the loop, respectively.

Equation (1) indicates that the tangential electric fields
are near-uniform across the film.

Assuming the incident electric-field amplitude
as E, the tangential electric fields can be expressed as
E, = Ey(1+ r)cos®; and E|» = Eytcos 0;, where r and
t are the reflection and transmission coefficients, respec-
tively. Substituting these into Eq. (1) yields

(14 r)cos®; =~ tcosb;. (2)
For small-angle incidence (6; < 90°), Eq. (2) simplifies to
1+ ret. (3)

For a film in a symmetric environment, the absorption is
given as A = 1 — |r|> — |¢]*>. An important consequence of
Eq. (3) is that the maximum absorption is 50%, that is,
Apnax = 50%, occurring under the condition ¢t = —r = 0.5,
which is referred as the intrinsic thin-film absorption
limit [5,12-25].

Conventionally, this 50% absorption limit holds in two
conditions: (i) a symmetric environment and (ii) near-
uniform tangential electric fields across the film. Breaking
this limit requires either symmetry breaking (e.g., through
asymmetric substrates or reflectors [16,17,27-32]) or
strong magnetic responses, such as those arising from
magnetic materials (e.g., cobalt, iron, and nickel com-
pounds [3,4]) or effective magnetic resonances (e.g., those
mediated by electric displacement currents in high-index
meta-atoms [33-38]). For reflector configurations, 100%
absorption can occur under critical coupling or resonant
conditions [16,17,28-32], as in the Salisbury screen [27].
Magnetic mechanisms, on the other hand, can enable 100%
absorption by disrupting tangential field uniformity and
ensuring impedance matching with free space [3,4,33-38].
Additionally, coherent illumination (e.g., using two coher-
ent counterpropagating beams) offers a third pathway,
functionally analogous to employing perfect electric or
magnetic reflectors [17,39,40]. A comparative summary of
these strategies is provided in Supplemental Material [41].

Remarkably, we discover that the 50% absorption limit
can be surpassed at grazing incidence (8; — 90°), while
preserving both symmetry and field uniformity [Fig. 1(b)].
This breakthrough occurs because cos ; — 0 as 6; — 90°,
naturally fulfilling £ | = E) , ~ 0 [Eq. (1)] without requir-
ing 1 + r=t [Eq. (3)]. In this scenario, we have

l1+r#t (4)

Equation (4) unlocks the potential for surpassing the 50%
absorption limit. As shown below, a maximum absorption
of 82.8% can be attained at grazing incidence.

For demonstration, we consider a 10 pm-thick conduc-
tive film (conductivity o) suspended in free space and
illuminated by a TM wave under an incident angle of 6;
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FIG. 2. (a) Schematic of TM wave absorption by an ultrathin

conductive film (conductivity o, thickness d;) suspended in free
space. (b) Computed |1 + r—1t| for a 10 pm-thick film as a
function of 6; at 0.3 THz for varying o. (c) Absorption A
of the 10 pm-thick film with respect to #; and ¢ at 0.3 THz, with
the gray region marking A = 50%. (d) Absorption A for
large values of 0; and o, where the gray region indicates
A= 82.8%. (e) Absorption spectra for points P; (8; = 89.0°,
6 =548 x 10* S/m), P, (9; = 89.3°, 6 = 1.12 x 10° S/m), and
P; (0, = 89.9°, 6 = 5.48 x 10° S/m), as marked in (d).

[Fig. 2(a)]. The film is ultrathin compared to the operating
wavelength of 1 mm corresponding to a frequency of
0.3 THz. Figure 2(b) presents the values of |1 4 r — #| for
this film as a function of €, at 0.3 THz for
6 = 10*-10° S/m, calculated using the transfer matrix

|

A=1-

=872 + (1 + y*)(cos /2 — cosh \/2p)

method [42]. Evidently, at small angle of incidence, the
condition 1 + r = ¢ is valid. However, as 6; approaches 90°,
this relation breaks down severely, irrespective of ¢. This
breakdown, consistent with our theoretical prediction,
allows for absorption to exceed the 50% limit. The
absorption map as a function of 0, and ¢ at 0.3 THz
[Fig. 2(c)] confirms this phenomenon. While small angles
exhibit the expected 50% absorption limit (gray-shaded
area), larger 6, combined with higher ¢ yields unprec-
edented absorption (> 50%). Strikingly, the absorption
peaks at ~82.8% |[gray-shaded area in Fig. 2(d)] under
near-grazing incidence. Three representative cases, marked
in Fig. 2(d) as points P, (§; = 89.0°, 6 = 5.48 x 10* S/m),
P, (6; = 89.3°, 6 = 1.12 x 10° S/m), and P; (9; = 89.9°,
o =548 x 10° S/m, further demonstrate this enhanced
absorption. Their absorption spectra [Fig. 2(e)] maintain
above 50% across an exceptionally broad frequency range
(e.g., 0.03 ~ 3 THz for P3). It is important to note that the
bandwidth broadens as 6; gets closer to 90°. These results
clearly show the breakdown of the conventional 50%
absorption limit for ultrathin conductive films under graz-
ing incidence, achieving a maximum absorption of 82.8%.
The 82.8% absorption limit at grazing incidence can be
rigorously derived using the transfer matrix method [42].
For ultrathin films satisfying dy < 4y, the reflection and
transmission coefficients can be expressed as follows:

e (l+]/2) sin\/m (5)
2V/iy cos \/if + (=i + y?) sin /i’
2y (©

= 2V/iy cos /if + (=i + y?) sin/iB~

where f = oawpod? and y = /(c/wey) cosO;; py is the
permeability of vacuum.

The absorption A, calculated as 1 — |r|> — |¢|?, can then
be derived as

(7)

The absorption A is maximized when
wey = 6cos’@; and cosl; < kody < 1. (8)

Substituting into Eq. (7) reveals the absorption limit,
Apax = 2V2 —2 2 82.8%. 9)

This solution yields r = i(1— \/E) and =0, which
significantly differ from the condition 1 4+ r~ ¢ [Eq. (3)]

(1 =472 +y*) cos /2B — (1 + 47> + v*) cosh /2B + 2v2(y — 1) sin /2B — 2v/2(y + y*) sinh /25

|
for traditional small-angle scenarios. The detailed deriva-
tion is summarized in Supplemental Material [41]. Our
analysis establishes that ultrathin conductive films satisfy-
ing Eq. (8) can reach the theoretical absorption limit of
82.8%, with the film thickness dy becoming arbitrarily
small compared to operating wavelength as 9; — 90°.
The enhanced absorption of grazing TM waves presents
a seeming contradiction. Traditional theory predicts near-
total reflection and negligible absorption at grazing inci-
dence due to both extreme impedance mismatch (driving
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(lower) for a semi-infinite conductor in free space (inset) as a
function of 6; for TM waves at 0.3 THz for varying o. Reflection
minima occur at 6; = 82.58°, 87.66°, 89.26°, and 89.77° for
different ¢. (b) Simulated electric-field amplitude |E| (color map)
and current density J (blue and white arrows) within the semi-
infinite conductor for the four reflection-minimum cases marked
in (a). The current density arrows are scaled down by factors of
39, 31,32 and 3? from left to right. The incident power along the
vertical direction for the four cases is identical. (c) Absorption A
of a conductive film suspended in free space (inset) versus
normalized thickness d/A, at 0.3 THz for varying o, with §; =
arccos \/wey/o to minimize reflection. Dashed lines indicate
skin depths for each o case. (d) Absorption A for the conductive
film of fixed thickness 5 x 10731, as a function of §; at 0.3 THz
for varying o.

Fresnel coefficients to unity) [26] and vanishing tangential
electric field Ej| o« cos®; — 0, which governs thin-film
absorption [43—45]. Surprisingly, in our Letter, we unex-
pectedly report strong broadband absorption enhancement.
This contradiction is resolved when considering the
extremely high conductivity ¢ « cos™6; [Eq. (8)], which
compensates for the diminished E to maintain a substantial
tangential current J| = oE) cos™!0;, thereby enabling
efficient energy dissipation.

Notably, the extremely high conductivity ¢ renders the
film a near-perfect conductor—a condition typically asso-
ciated with unity Fresnel reflection coefficients [26]. While
transverse-electric waves indeed undergo near-total reflec-
tion under these conditions [36], we observe a striking
contrast for TM waves at grazing incidence: rather than
total reflection, the high conductivity enables low reflection
with strong absorption. This counterintuitive response
reveals the fundamental mechanism behind the 82.8%
absorption limit. To clarify this mechanism, we analyze
a semi-infinite conductor (conductivity o) in free space, as
illustrated by the inset in Fig. 3(a). According to Fresnel’s
equations for TM waves under good-conductor condition

(0 > wey) [26], we derive the reflection R on the con-
ductor’s surface:

R w*ef + 0cos*0; (10)
 (wey + /20w, cos 0; + 6c0s20;)?

The reflection R attains its minimal value of
Ruin =3 = 2V2 % 17.2%, (11)
when

wey = 6cos’0; and cosf; < 1. (12)

Under these conditions, the skin depth within the conductor

is expressed as
2 0;
5= = 2 (13)
\| @ouo ko

The detailed derivation is summarized in Supplemental
Material [41]. Equations (11)—(13) reveal a minimal
reflection of 17.2% for grazing TM waves on a near-
perfect conductor with extremely high ¢, accomplished by
a vanishing skin depth (i.e., 6 — 0) when 6, — 90°. We
note that this minimal reflection can be alternatively
understood as a manifestation of the pseudo-Brewster
effect [46,47], corresponding to minimal reflection on
lossy materials. In contrast to previous studies, which
predominantly focused on low-conductivity materials at
moderate incident angles [46,47], our Letter represents the
first demonstration of a 17.2% minimal reflection for good
conductors under grazing incidence. This finding chal-
lenges the conventional expectation of near-perfect reflec-
tion for good conductors [26], offering new insights into
wave-matter interactions at extreme configurations.

The numerical verification is presented in Fig. 3(a),
where the reflection R (upper panel) and normalized skin
depth /4, (lower panel) on the semi-infinite conductor for
different values of ¢ and 6; at 0.3 THz are calculated.
Evidently, the reflection minima of 17.2% occur at specific
(6,0;) pairs (10> S/m at 82.58°, 10* S/m at 87.66°
10° S/m at 89.26°, and 10° S/m at 89.77°), each satisfying
we, = o cos” @;. Simultaneously, the skin depth is observed
to significantly decrease as 6; approaches 90°. These
unusual wave behaviors are further visualized in numerical
simulations shown in Fig. 3(b), obtained using software
COoMSOL Multiphysics. The distributions of electric-field
amplitude |E| (color map) and current density J (arrows)
within the semi-infinite conductor corresponding to the
four reflection minimum cases reveal two critical features:
first, the fields decay more rapidly as 8; — 90°, consistent
with the vanishing skin depth; second, the initial current
becomes proportionally larger, maintaining constant
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absorption despite reduced field penetration. As demon-
strated in Supplemental Material [41], besides 17.2% of
incident energy being reflected, the remaining 82.8% is
absorbed via Ohmic dissipation in the conductor (arising
from the tangential electric fields and the associated
currents), consistent with energy conservation. These
observations demonstrate how the conductor’s extreme o
compensates for diminished field penetration by enhancing
the current density, explaining the persistence of low
reflection at grazing angles.

The transition from bulk to thin-film behavior occurs
upon truncating the semi-infinite conductor at a depth
dg > 6. This creates a conductive film where the thickness
condition d; > § ensures complete suppression of trans-
mission, reducing the absorption to A =1-R.
Consequently, the maximal absorption A, = 1-17.2% =
82.8% emerges directly from the minimal reflection
Riin = 17.2%, perfectly matching our observations for
ultrathin conductive films at grazing incidence. As pre-
viously shown, at the 82.8% absorption limit, the reflection

and transmission coefficients are r = i(1 —/2) and = 0
[Egs. (5) and (6)], yielding a reflection of R = |r|* = 17.2%
and zero transmission. The physical picture becomes
complete when considering the thickness requirement dy >
o that imposes kydy > cos 8; according to Eq. (13). When
combined with the constraints in Eq. (12), this precisely
yields the conditions for the 82.8% absorption limit in
Eq. (8). This mathematical consistency confirms that the
82.8% absorption limit in ultrathin conductive films fun-
damentally originates from two synergistic mechanisms:
(i) the occurrence of pseudo-Brewster effect with minimal
reflection (17.2%), and (ii) the vanishing skin depth.
Crucially, as 8; — 90°, we have § — 0 [Eq. (13)], making
the 82.8% absorption limit achievable in films of arbitrarily
small thickness relative to operating wavelength.

To further validate these findings, we explore the
absorption properties of a conductive film (thickness dj,
conductivity o) suspended in free space for TM waves at
0.3 THz [Fig. 3(c), inset]. Figure 3(c) shows the absorption
as a function of the normalized thickness d; /A, for various

o values, with 0; = arccos \/wey/c [Eq. (12)] for each o
case to ensure the occurrence of pseudo-Brewster effect. It
is evident that the 82.8% absorption limit is reached when
d; exceeds several skin depths (dashed lines)—a threshold
thickness that decreases sharply with increasing . Then,
we fix d; at 5 x 10734, and calculate the absorption as a
function of @; with varying o, as shown in Fig. 3(d). We see
that as o increases, the absorption maxima increase and
shift toward larger 6;, ultimately reaching the 82.8%
absorption limit when the skin depth is much smaller than
the film thickness. These numerical results verify that the
82.8% absorption limit occurs when the pseudo-Brewster
effect appears with a minimal reflection 17.2% and the
thickness condition d; > ¢ is satisfied, which is in excel-
lent agreement with the above theoretical predictions.

(a) samples 0‘ @ ‘9‘ §|
_—

(d) g5 C) g5 -

< 3 Sim.
< <
< <
s 50 s 50
= -~ Sample 1 = — Sample 1
g— - Sample 2 g — Sample 2
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Qo -0~ Sample 4 Qo — Sample 4
< - Sample 5 < — Sample 5

0 0

60 70 80 60 70 80

Incident angle 6, (degree) Incident angle 6, (degree)

FIG. 4. (a) Photographs of five doped silicon wafers (thickness
~75 pm) with different conductivities: 153 S/m (sample 1),
220 S/m (sample 2), 257 S/m (sample 3), 315 S/m (sample
4), and 790 S/m (sample 5). (b) Measured and (c) simulated
absorption A as the function of 6; for TM waves at 0.2 THz for
each sample.

Subsequently, we conduct terahertz experiments to
validate our thin-film absorption theory. While direct
observation of the 82.8% absorption limit at extreme angles
(> 80°) presents significant challenges [48,49], Fig. 3(d)
reveals a crucial trend: for films of a fixed thickness,
absorption maxima increase and shift toward larger inci-
dent angles as the conductivity increases. This behavior
provides an experimentally accessible pathway to verify
our theory. To capture this trend, we fabricated five deep-
subwavelength doped silicon wafers (thickness ~75 pm)
with different conductivity o [Fig 4(a)]. Figure 4(b)
presents the measured absorption within the incident angle
range of 60° ~ 82° at 0.2 THz, showing excellent agreement
with simulations [Fig 4(c)]. The minor observed discrep-
ancies likely originate from sample-related uncertainties
(thickness and conductivity variations), as well as meas-
urement errors (residual wave leakage, incident angle
alignment, and random errors), with detailed methodolo-
gies and error analysis provided in Supplemental Material
[41]. Experimental and simulation results confirm both the
violation of the 50% absorption limit and the predicted
trend of increasing and angle-shifting absorption maxima
with rising o. Notably, sample 5 with the highest conduc-
tivity exhibits an absorption closer to the theoretical limit.
We further note that the finite thickness of real silicon
wafers shifts the critical angle for exceeding 50% absorp-
tion toward smaller incident angles and slightly elevates the
absorption. These experimental results provide strong
support for our thin-film absorption theory.

It is noteworthy that the observed absorption enhance-
ment in deep-subwavelength films operates universally
across spectral regimes. At microwave frequencies, a
conductive film (dy ~0.38 mm, o~ 1.8x 10’ S/m)
reaches 82.8% absorption at 10 GHz under 6; = 89°
sustaining > 50% absorption across an exceptional band-
width (1 ~ 100 GHz). Such films can be readily imple-
mented using conductive composites like indium tin oxide
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and metallic filaments [44,45,50], with significant appli-
cations in stealth technologies and electromagnetic shield-
ing [1-5]. Strikingly, this phenomenon scales to terahertz
and infrared regimes, where a ~126 nm-thick film with
6~55x10°S/m achieves identical peak absorption
(82.8%) at 10 pm wavelength under 6; = 89°, with broad-
band high absorption (> 50%) spanning 1 ~ 100 pm [41].
Noble metals (e.g., silver and gold [51]) and emerging 2D
materials (e.g., Mxenes [5,20,24]) meet these requirements,
enabling applications in terahertz modulators [52] and
wide-angle photodetectors [9]. A comprehensive material
selection guideline spanning spectral regimes is provided in
Supplemental Material [41], highlighting the universality
of our thin-film absorption theory.

In conclusion, we have demonstrated both theoretically
and experimentally that ultrathin conductive films can
surpass the intrinsic 50% absorption limit. Our Letter
reveals a previously unknown absorption limit of 82.8%
for grazing TM waves on arbitrarily thin, high-conductivity
films, originating from the pseudo-Brewster effect with
minimal reflection 17.2% and vanishing skin depth on such
films. This discovery provides crucial insights into wave-
matter interactions at deep-subwavelength scales and hold
significant potential for high-performance devices at
extreme angles.
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