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Abstract – Accurate measurement of relative
humidity is important in applications involving mois-
ture-sensitive processes, such as epitaxy and allylation
reactions. We propose here a humidity sensor based on
parity-time-symmetric optical metasurfaces operating at
the self-dual spectral singularity—the coherent perfect
absorber-laser point. We theoretically study the perfor-
mance and detection limit of this metasurface-based
optical humidity sensor. Our results show that the
sensitivity and resolution can be greatly enhanced at the
coherent perfect absorber-laser point, with a modulation
depth over 40 dB for relative humidity rising from 0%
to 100%. The proposed sensor may pave a promising
route for realization of a rapid and high-precision
remote tool for detecting air humidity.

1. Introduction

Humidity sensors, translating the amount of water
vapor into a measurable parameter, have great signif-
icance in assorted industrial, agricultural, and meteoro-
logical applications [1–6]. These humidity sensors can
be divided into three categories: those based on
mechanical deflections [1, 2], thermal variations [3],
and changes of electrical properties with humidity level
[4–6]. Among these sensors, capacitive ones may be the
most attractive, due to their compact size, low power
consumption, and easy fabrication process. They
typically consist of a moisture-sensitive dielectric slab
sandwiched by two conductive electrodes, and thus the
capacitance can respond to alterations of the dielectric
constant caused by moisture absorption and release.
Despite the advantages of capacitive humidity sensors,
they exhibit only moderate sensitivity and detection
limits. In most reported works, the capacitance
increases a few or tens of picofarads when relative
humidity (RH) grows from 0% to 100% [6–8], or the
capacitance variation when RH increases from 0% to
20% is inconspicuous [5, 9]. Such sensing performance
is obviously insufficient to support application scenarios
where there are highly strict requirements on humidity
conditions—for example, detection of moisture during
cellular and biochemical analysis [10], cryogenic
processes [11], and semiconductor manufacturing and
packaging [12]. It is therefore imperative to develop an
ultrasensitive humidity sensor which can respond
sensitively to tiny changes in the moisture level.

In this work, we propose a humidity-sensing
system based on the coherent perfect absorber-laser
(CPAL) effect of parity-time (PT)-symmetric non-
Hermitian metasurfaces (Figure 1a). PT-symmetric
non-Hermitian Hamiltonians have attracted growing
interest ever since their discovery. Particularly, PT-
symmetry-enabled singularities such as exceptional
points and CPAL points have found a number of
applications in optical and electromagnetic systems
[13–17] and wireless sensor telemetry [18–22]. As
shown in Figure 1a, the PT-symmetric CPAL humidity
sensor is formed by a pair of active and passive
metasurfaces and a moisture-sensitive dielectric slab
closely between them. The PT-symmetric humidity
sensor is initially kept at the CPAL point, which
indicates the coexistence of a CPA state (i.e., fully
absorbing incident waves) and a lasing state (i.e.,
extreme irradiance) at a fixed operating frequency.
Variation in RH may affect the dielectric constant or
relative permittivity of the dielectric material, giving
rise to dramatic change in eigenvalues/eigenstates and
output signals of the system. Our systematic analysis
shows that the proposed PT-symmetric humidity sensor
can outperform current state-of-the-art techniques with
unprecedented sensitivity and an enhanced detection
limit. This endows it with great potential in precise
monitoring and control of moisture conditions and
detection of environmental properties.

2. Configuration and Results

Figures 1a–b show the schematic and equivalent
transmission line model of the proposed optical
humidity sensors formed by PT-symmetric metasurfa-
ces. The active and passive metasurfaces (i.e., gain and
loss components with surface conductances of �G and
G) can be practically realized with active optical
metasurfaces (e.g., optically pumped two-dimensional
nanostructures [23, 24]) and resistive metal sheets,
respectively. The dielectric material between the
metasurfaces has a thickness of d and a relative
permittivity of e1 (under the dry condition, RH ¼ 0%).
When the RH increases, moisture absorption makes the
dielectric material become a mixture of the original
material and water with dielectric constant of e
(e ¼ e1 þ De). This dielectric mixture can be equivalent
to a transmission line with an electrical length of x ¼
bd ¼ b d0 þ Ddð Þ and a characteristic admittance of

Y ¼
ffiffiffiffiffiffiffiffi
e=e0

p
Y0, where b ¼ x

ffiffiffiffiffi
le
p

is the propagation
constant, d0 is the ideal dielectric thickness leading to
the CPAL point, Dd is an offset of physical length, x is

the angular operating frequency, Y0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
e0=l0

p
is the

intrinsic admittance of the air, and e lð Þ and e0 l0ð Þ are
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the relative permittivities (permeabilities) of the dielec-
tric mixture and the air, respectively. The permeability
of the dielectric material l is insensitive to the humidity
level, since water’s permeability is nearly equivalent to
that of the air.

The incoming and outgoing lights of the two-port
transmission line network in Figure 1b can be related by

the scattering matrix: wþf ;w
�
b

� �T

¼ S w�f ;w
þ
b

� �T

, where

w6
f and w6

b denote the amplitudes of forward- and
backward-propagating light waves. Figure 2a plots the
evolution of the eigenvalues k6j jð Þ of the scattering
matrix S with the gain-loss parameter c ¼ G=Y0 and the
electrical length x. It can be seen that the CPAL point
occurs when c ¼

ffiffiffi
2
p

and x ¼ p=2, where two eigenvalues
diverge into zero (CPA state) and infinity (lasing state). To
better describe the CPAL effect of PT-symmetric
metasurfaces, we define the output coefficient H as the
ratio of output power to input power of the system:

H ¼ w�b
�� ��2 þ wþf

��� ���2
� ��

w�f

��� ���2 þ wþb
�� ��2� �

. The output

coefficient can be manipulated by adjusting the complex
amplitude ratio of two incident light waves a

a ¼ wþb

.
w�f

� �
. When a ¼ i

ffiffiffi
2
p
� 1

	 

and a ¼ 0; the

output factor achieves the CPA and lasing modes,
respectively, as seen in Figure 2b and [19–21]. For the
proposed PT-symmetric humidity sensor, we initially
make it reach the CPAL point at RH¼ 0%: c ¼

ffiffiffi
2
p

and
xd0

ffiffiffiffiffiffiffi
le1
p ¼ p=2. The output coefficient of the humidity

sensor would be notably affected by increases in the
humidity level, since it directly causes the increase of the
dielectric constant and breaks the CPAL condition.

Figures 3a–b show the output coefficient of the
PT-symmetric CPAL optical system as a function of the
dielectric perturbation m ¼ De=e1 and the offset param-

eter r ¼ Dd=d0, when the system is initially operating in

CPA mode—that is, a ¼ i
ffiffiffi
2
p
� 1

	 

—and lasing

mode—that is, a ¼ 0. The output coefficient shown in

Figure 3a can be approximated as

H mð Þ’ p2m2

64
þ O m3

	 

ð1Þ

with a minimum value of min Hmð Þ ¼ p2r2
�
16. From

Figure 3a, the CPAL-locked optical sensor is very

sensitive to changes in the dielectric permittivity, which

is tuned by changes in RH. The sensitivity or the slope

of H m2ð Þ is determined by a factor of p2
�
64 and is

unrelated to r. The value of r does have an effect on the

lower bound of H: reducing r would cause a decrease

of min Hmð Þ. Thus, the detection limit of the system,

associated with lower bound of H, could theoretically

approach infinitesimal when r approaches zero. For the

PT-symmetric sensor initially working at the lasing

state, the output coefficient can be written as

Figure 1. (a) Schematics and (b) equivalent transmission line model
of the proposed parity-time-symmetric coherent perfect absorber-laser
humidity sensor. The dielectric material with permittivity sensitive to
humidity is sandwiched between the active and passive metasurfaces.

Figure 2. (a) Evolution of eigenvalues as a function of c and x for the
parity-time-symmetric humidity-sensing system in Figure 1. We note
that a coherent perfect absorber-laser point occurs when c ¼

ffiffiffi
2
p

and
x ¼ p=2. (b) Output coefficient versus electrical length x; here,
c ¼

ffiffiffi
2
p

. At the coherent perfect absorber-laser point x ¼ p=2ð Þ, the
output coefficient becomes zero (coherent perfect absorber state) and
infinity (lasing state), and is adjustable by the complex amplitude ratio
between two input lights.
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H mð Þ’
32 2�

ffiffiffi
2
p	 


p2m2
þ O m3

	 

: ð2Þ

Equivalently, H m�2ð Þ has a slope of 32 2�
ffiffiffi
2
p	 
�

p2, which is independent of r. The output factor has
an upper bound of max Hmð Þ ¼ 8 2�

ffiffiffi
2
p	 
�

p2r2, which

approaches infinity when r is close to zero. In addition,

the influence of the offset r on the detection range of
the PT sensor may be suppressed by applying an

appropriate scaling factor—that is, PT-reciprocal scal-

ing symmetry [20]. The CPA operating mode requires
low power intensity and thus ensures radiation safety.

On the other hand, the lasing mode releases the

restrictions on the careful control of complexed

amplitude ratio between two incident lights, thereby
simplifying experimental setups. Both CPA- and lasing-
based sensing show extremely high sensitivity and
enhanced detection limits, which are not possible with
traditional capacitive humidity sensors that likewise
monitor the change in the dielectric constant [5–9].

Various materials have been used for humidity
sensing, such as metal oxides [4, 5], carbon nanotubes
[25], and polymers [6–8]. Here, we take polyimide PIX-
1400 (HD Microsystems, Hitachi, Japan) as an example
to illustrate our CPAL-based optical humidity-sensor
system, since it exhibits low hysteresis, high tempera-
ture stability, and biocompatibility. The dielectric
constant of the polymer–water mixture can be calculat-
ed by Looyenga’s equation [26]:

e ¼ w e1=3
2 � e1=3

1

� �
þ e1=3

1

� �3

ð3Þ

where w is the fractional volume of water absorbed, e2

is the dielectric constant of water, and e1, as already
mentioned, is the dielectric constant of the polymer at
RH ¼ 0%. The volume of vapor absorbed and the
environmental RH can be related by the Dubinin–
Astakhov equation, which has been validated by
numerous experiments [27, 28]:

w ¼ w0
m exp � RT ln ps=pð Þ

E

� �n� 
ð4Þ

where w0
m is the maximum fractional volume of vapor

absorbed at temperature T0 ¼ 298 K, R is the universal
gas constant, T is the temperature in kelvins, E is the
free energy of absorption, n is an empirical factor, and
the ratio ps=p of saturated vapor pressure to vapor
pressure donates the reciprocal of relative humidity.
Figure 4 plots the dielectric perturbation m ¼ De=e1

versus RH at different ambient temperatures T ; here, for
polyimide PIX-1400, e1 ¼ 2:93, e2 ¼ 80, w0

m ¼ 0:07,

Figure 3. Output coefficient of the coherent perfect absorber-laser-
locked optical humidity sensor operating in (a) the coherent perfect
absorber state and (b) the lasing state. Here, m ¼ De=e1 is the
perturbation on the dielectric constant and r ¼ Dd=d0 is the offset
parameter, related to the offset of electrical length.

Figure 4. Dielectric perturbation m ¼ De=e1 vs. relative humidity at
different ambient temperatures. For polyimide PIX-1400, m increases
from 0 to 0.48 when relative humidity increases from 0% to 100%.
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E ¼ 1516 J, and n ¼ 1. The dielectric perturbation m
increases from 0 to 0.48 when the RH varies from 0% to

100%, corresponding to an increase in the dielectric

constant from 2.93 to 4.35. This variation can result in

remarkable changes in the output coefficients of the PT-

symmetric humidity sensor, as shown in Figures 5a–b.

The PT-symmetric humidity sensor exhibits preeminent

sensitivity with various ambient temperatures

(T ¼ 273; 298; and 333 K) and different operating

modes (CPA and lasing). The output coefficient varies

by approximately 45 dB as RH changes from 0% to

100%. Particularly, the output variation is around 10 dB

when RH increases from 0% to 10%, making the sensor

suitable for monitoring small-scale alterations in

moisture level. We note that the detection limit and

working range of the proposed humidity sensor may be

improved even further by suppressing r or using PT-
reciprocal scaling-symmetric topology.

Such sensing performance significantly surpasses
that of conventional capacitive humidity sensors. In [6],
with the same polymer but a traditional capacitive
humidity-sensing scheme, a rise in RH from 0% to
100% can only lead to a capacitance change of
approximately 1.3 pF. Even with advanced approaches
(e.g., forming nanostructures on the surface of the
polymer) to help enhance the sensing performance, the
improvement is still limited—the capacitance variation
is in tens of picofarads as the RH rises from 0% to
100%, or almost invisible when the RH is below 20%
[5–9]. It is worth mentioning that although polyimide is
discussed here for humidity sensing, the PT-symmetric
CPAL humidity sensor may be integrated with many
other materials (e.g., metal oxides [4, 5] and nano-
materials [25]) whose dielectric constants are sensitive
to moisture levels. In addition, the PT-symmetric
humidity-sensing scheme may assimilate reported
strategies such as, increasing the surface-to-volume
ratio and optimizing the porosity of the material [6, 7],
which may further improve its linearity, response and
recovery times, and temperature stability.

3. Conclusion

We have proposed and theoretically studied a
high-performance remote humidity sensor based on a
PT-symmetric optical system formed by a pair of
metasurfaces with balanced gain and loss. We have
demonstrated that near the CPAL point, the sensor’s
output coefficient is highly sensitive to changes in
relative humidity, with greatly enhanced sensitivity and
detection limit compared with current humidity sensors.
Further, the range of detection and sensitivity (slope of
the output coefficient) are determined by the electrical
(phase) distance x ¼ p=2þ bDd between the two
metasurfaces, and can be maximized by minimizing
the phase offset bDd. Our findings may lead the next-
generation ultrasensitive remote humidity sensors for
various industrial, instrumental, environmental, and
high-end climate-control applications.
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