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It is shown that in the chloroplast periodic structure with a defect, the resonant absorption of light can be imple-
mented. It is found that the resonant light absorption depends significantly on the position of a defect. In terms
of the absorption of light energy, an asymmetric resonator is more efficient than a symmetric one. © 2022 Optica

PublishingGroup
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1. INTRODUCTION

Photosynthesis is the most important global biological proc-
ess that converts solar energy into chemical energy of organic
compounds feeding most living organisms [1]. It replenishes the
atmosphere with oxygen [2] and paves a way to creation of alter-
native energy sources based on the photosynthetic apparatus of
plants and bacteria [3,4].

The first phase of photosynthesis is the absorption of light
by a chloroplast. It was found by electron microscopy [5] that
chloroplasts and related plastids (iridoplasts, bisonoplasts,
lamelloplasts, and others) have a periodic microstructure
formed by alternating grana separated by stromal partition gaps.
In some species of plants and green algae, the optical length of
the microstructure period is of the same order of magnitude as
the wavelength of visible light; therefore, such microstructures
can be called photonic crystals (PhCs) [6,7]. Bragg diffraction of
light on PhCs in plant and green algae cells causes the occurrence
of photonic bandgaps, which manifest themselves in the spectra
as reflection bands determining the structural color and irides-
cence of cells [8]. In [9–14], the spectral features of chloroplasts
and related plastids were interpreted from the viewpoint of PhC
optics.

Finite sizes of the plant cell PhCs and their inhomogeneity
allow the existence of localized modes, which can be observed
in the spectra as resonances in the photonic bandgap. Jacobs
et al . [9] demonstrated the enhancement of light absorption

in the begonia iridoplast structure by means of the PhC edge
mode. Geometric parameters of PhCs in plant cells can change
dynamically depending on growth [15–22] and illumination
conditions [23–28]; these changes are reflected in the transfor-
mation of the spectral properties of PhCs [12,13,29]. A change
in the optical properties of PhC materials in plant cells causes a
change in their spectral properties. For example, Capretti et al .
[12] demonstrated the effect of the chlorophyll concentration in
the thylakoid membrane on the spectral properties of a 2D PhC
in higher-plant chloroplasts. The microphotographs reported in
[30,31] indicate the presence of starch granules embedded in the
PhC of chloroplasts. The starch granules, thus, can be viewed as
defects in the crystalline structure. In [29,32], an increase in the
density of photonic states at PhC defect mode wavelengths was
discussed.

In this paper, we discuss the resonant absorption of light in a
periodic PhC structure of a chloroplast with a defect. The key
question to be addressed in this paper is whether the stromal
gap in chloroplast grana can affect the optical properties and,
consequently, have an impact on the absorption of light. The
dependence of the resonance absorption coefficient on the
position of a defect in the chloroplast PhC is investigated. The
results of the numerical simulation are confirmed by theoretical
analysis and experimental spectra of an asymmetric microcavity
simulating a real biological PhC structure.
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Fig. 1. (a) (left) Electron microscopy image of the bizonoplast Selaginella erythropus microstructure (scale bar is 100 nm) [Fig. 2(c) in [11]) and
(right) model of the bizonoplast Selaginella erythropus layered structure [11]. (b) Complex refractive index ñM(λ)= nM + ikM of the thylakoid mem-
brane. (c) Refractive index distribution within two neighboring grana (λ= 470 nm). (d) Refractive index distribution over the whole photonic crystal
structure.

2. MODEL

Figure 1(a) shows a model of a 1D PhC representing the chloro-
plast microstructure. The PhC unit cell is formed by a granum
and a stromal gap between two grana. The geometric parameters
of the layers correspond to bizonoplasts of Selaginella erythropus
[11,13]: dM = 4.28 nm, dL = 5.2 nm, and dS = 123 nm.
Each granum consists of three thylakoids, including a luminal
gap bounded by a membrane on both sides. The refractive
index of the luminal nL and stromal nS fluid corresponds to
an aqueous solution of proteins: nL = nS = 1.35 [12]. The
complex refractive index ñM(λ)= nM + ikM of the membrane
[33], which depends strongly on light wavelength λ, was taken
assuming the low concentration of chlorophyll molecules [12],
i.e., with the reduced imaginary part kM [Fig. 1(b)]. The dis-
tribution of the refractive index within two neighboring grana
is presented in Fig. 1(c); it can be seen that the structure period
3= 6dM + 3dL + dS = 164.3 nm is comparable to the visible
light wavelength. The total number N = 31 of structure periods
plus one unpaired granum forms a 1D PhC with the refractive
index distribution over the structure shown in Fig. 1(d).

3. RESONANCE LIGHT ABSORPTION IN A
CHLOROPLAST WITH A DEFECT

Figure 2(a) shows a chloroplast periodic structure. The trans-
mittance, reflectance, and absorptance spectra presented in
Figs. 2(b) and 2(d) were calculated by the transfer matrix
method [34,35]. It can be seen in Fig. 2(b) that at the low
absorptance of the thylakoid membrane, the spectra contain a

distinct reflection band corresponding to the photonic bandgap
[7]. The center of this band is located at a wavelength of about
450 nm and its width is about 40 nm. In this case, the absorp-
tance increases at resonant wavelengths corresponding to the
peaks in the transmittance spectrum. The 1D resonances allow
one to increase the light energy density. As an example, Fig. 2(c)
shows the electric field intensity distribution normalized to the
incident wave energy density at the PhC edge mode wavelength.

The existence of a defect layer corresponding to the decreased
stromal gap in one of the unit cells leads to a significant change
in the spectra of the structure [Fig. 2(d)]. A resonant dip cor-
responding to the PhC defect mode emerges in the reflection
band. The edge mode shifts to the red end of the spectrum. As
can be seen from the absorptance spectrum, the existence of a
defect mode leads also to the resonant absorption of light. The
resonance line of the defect mode is narrower [Fig. 2(d)] than
the line of the edge mode [Fig. 2(b)]. This increases the energy
density at the defect mode wavelength [Fig. 2(e)].

Let us now consider the transformation of the spectra of the
structure [Figs. 3(a)–3(c)] with a change in the position ND

[Fig. 2(a)] of the defect layer in the PhC. The transmittance
spectrum [Fig. 3(a)] is symmetric with respect to the position
ND = 16 corresponding to a defect located exactly in the middle
of the structure. Since we investigate nonmagnetic substances
with a linear optical response, the transmittance spectrum
remains unchanged in this case, due to the Lorentz reciprocity
[36]. At the same time, the reflectance spectra [Fig. 3(b)] and
absorptance spectra [Fig. 3(c)] do not have this symmetry: at the
defect mode resonant wavelength, one can see a pronounced



Research Article Vol. 40, No. 1 / January 2023 / Journal of the Optical Society of America B 89

(a)

Wavelength (nm)
450 500 550

S
pe

ct
ra

l. 
co

ef
.

0

1 (b)

T
R
A

z (µm)
0 1 2 3 4 5

|n|

1.3

1.5

1.7 (c)

|E
|2

/|E
0
|2

0

2

4

Wavelength (nm)
450 500 550

S
pe

ct
ra

l. 
co

ef
.

0

1 (d)

T
R
A

z (µm)
0 1 2 3 4 5

|n|

1.3

1.5

1.7 (e)

|E
|2

/|E
0
|2

0

4

8

Fig. 2. (a) Model of the chloroplast periodic structure with a defect. Transmittance (black), reflectance (blue), and absorptance (red) spectra of
the structure (b) without a defect and (d) with a defect in the middle (ND = 16, dD = 0.65dS ). Distributions of the refractive index and light wave
electric field energy density (c) at the edge mode wavelength (λ= 481 nm) for the structure without a defect and (e) at the defect mode wavelength
(λ= 470 nm) for the structure with a defect in the middle (ND = 16, dD = 0.65dS ).

extremum corresponding to the defect position ND = 12.
Here, the reflectance is zero and the absorptance is at maxi-
mum, i.e., the critical coupling of the incident wave to the
resonance mode is achieved [37,38]. Along with the absorp-
tance, the energy density attains its maximum value at ND = 12
[Fig. 3(d)].

The results obtained can be explained within the temporal
coupled-mode theory (TCMT) [39–41]. Let us consider the
problem of resonance absorption in an asymmetric resonator
[Fig. 3(e)]. According to the TCMT, the amplitude a of the
resonant mode with eigenfrequency ω0 satisfies the following
equation:

da(t)
dt
=−(iω0 + γ0 + γ1 + γ2)a(t)+

√
2γ1s (+)1 (t). (1)

Here, γ0 is the rate of energy absorption due to the material
loss in the thylakoid membrane; γ1,2 is the radiative loss rate
to waveguides, which is controlled by the PhC mirrors located
on the sides of the defect layer (PhC1 and PhC2); and s (+)1 (t)
is the amplitude of the light wave incident onto PhC1. The
squared absolute value of the amplitude |a |2 is proportional to
the energy stored in the resonant mode. For the sinusoidal wave
s (+)1 = e−iωt at the resonant frequency ω=ω0, Eq. (1) leads to
the following result:

|a(ω0)|
2
=

2γ1

(γ0 + γ1 + γ2)
2 . (2)

Then, the absorptance at the resonant frequency can be
determined as

A= 2γ0|a(ω0)|
2. (3)

Equation (3) explains why the light wave energy density
[Fig. 3(d)] and the absorptance [Fig. 3(c)] attain the maxi-
mum and minimum simultaneously. The rates of radiative loss
through PhC1 and PhC2 are determined by the number of their
periods N1 = ND − 1 and N2 = N − ND and can be expressed
asγ1,2 = e−αN1,2 . Two fitting parametersγ0 andα of the TCMT
model can be estimated from the width of the resonance lines
calculated with and without the imaginary part of the refractive
index [37].

Equation (2) yields qualitative agreement with the calculated
energy density values [Fig. 3(d)]. At ND� N/2 (ND� N/2),
we obtain large γ1 (γ2) values. In this case, the resonant quality
factor Q =ω0/2(γ0 + γ1 + γ2) becomes small, which leads to
an increase in the error in the TCMT data [7]. In addition, the
differences are caused by the fact that the TCMT equation in
the form of Eq. (1) is strictly valid only under the condition of
purely resonant absorption, when the absorption off-resonance
is zero. Equation (2) contains the radiative loss rate γ1 in both
the numerator and denominator, which explains the extremum
in Fig. 3(d) at ND = 12. This suggests that, for the maximum
defect mode amplitude, the defect should be, on one hand,
close enough to the source to enhance the coupling of incident
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Fig. 3. Spatial symmetry breaking in the chloroplast structure increases the absorption. (a) Transmittance, (b) reflectance, and (c) absorptance
spectra. (d) Light wave energy densityw= (ε|E |2 + |H|2)/2 at the defect mode wavelength calculated by the transfer matrix method at the center of
the defect layer (circles) and using Eq. (2) (solid line) (γ0 = 0.0089,α = 0.1476). (e) TCMT model.

light and, on the other hand, far enough in the PhC depth to
minimize the radiative energy loss rate.

4. EXPERIMENTAL EVIDENCE FOR
ASYMMETRIC ABSORPTION AND REFLECTION

The dependence of resonance absorption on the position of a
defect in a PhC was demonstrated experimentally in an asym-
metric optical microcavity. The microcavity was fabricated
in the following stages. First, the PhC mirrors are grown by
depositing alternating layers of silicon nitride (Si3N4) and
silicon oxide (SiO2) with respective thicknesses of d1 = 60 nm
and d2 = 86 nm onto a glass substrate. The alternating layers
were formed by plasma-enhanced chemical vapor deposition.
One PhC mirror contains three alternating layers and the
other, seven layers [Fig. 4(a)]. Second, the PhC mirrors are
glued together with a UV glue mixed with spherical spacers
to maintain resonator layer thickness of about d3 ≈ 370 nm
[Fig. 4(b)]. Third, the resonator layer is filled with a solution
of a rhodamine 6G dye in dimethyl sulfoxide (DMSO) in
concentration 0.0005 M/l by the capillary method [Fig. 4(b)].

The scheme for measuring the spectrum is shown in Fig. 4(c).
The spectra of the PhC mirrors and the microcavity were mea-
sured under illumination of the samples with a white light
source with a Thorlabs OSL2 halogen lamp through an optical
fiber (1) attached to the source with a collimator (2) focusing
the light on the sample (3) into a beam 3 mm in diameter. The

transmitted or reflected beams were collected by a lens (4) into
an optical fiber collimator (5) connected to an Ocean FX-UV-
VIS spectrometer. The reflectance spectra were measured using
a beam splitter (6) and a silver mirror (7) as a reference. The
asymmetric microcavity under study is a PhC with a defect; the
defect position changes from ND = 2 to ND = 4, depending on
the side from which the microcavity is illuminated [Fig. 4(d)].
Thus, the fabricated microcavity simulates the real biological
PhC structure of the chloroplast [Fig. 2(a)].

The spectrum of the PhC mirror with seven layers [Fig. 5(a)]
contains a reflection band in the wavelength range of 450–
650 nm, which corresponds to the PhC bandgap. The
transmittance spectra of the microcavity [Fig. 5(b)] do not
depend on the side of light incidence. In the spectral region of
the photonic bandgap, there is a resonant peak of the PhC defect
mode. The reflectance spectra [Fig. 5(c)] contain a resonant
dip at the same wavelength. The depth of the dip depends on
the side from which the microcavity is illuminated. The spectra
of the PhC mirrors [Fig. 5(d)] and microcavity [Figs. 5(e) and
5(f )] calculated by the transfer matrix method are consistent
with the measured spectra. In the numerical calculation, we used
the experimental dispersion curves of the complex refractive
indices of SiO2 [42], Si3N4 [43], DMSO [44], and rhodamine
6G [45]. The numerical spectra were averaged over the inho-
mogeneous defect layer thickness d3 = 370± 20 nm, since
the precise plane–parallel adjustment was impossible and the
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Fig. 4. (a) Photograph of a PhC mirror with three (left) and seven (right) layers. (b) Photograph of the microcavity before (left) and after (right) the
filling. (c) Scheme for measuring the microcavity spectra. (d) Microcavity model.

Fig. 5. Experimental and numerical results. (a) Measured and (d) calculated transmittance spectra of the PhC mirrors. (b) Measured and (e) cal-
culated transmittance spectra of the microcavity illuminated from different sides. (c) Measured and (f ) calculated reflectance spectra of the microcav-
ity illuminated from different sides. Dotted lines correspond to the incidence of light onto the PhC with three layers and solid lines with seven layers
[Fig. 4(d)].



92 Vol. 40, No. 1 / January 2023 / Journal of the Optical Society of America B Research Article

light beam had a finite radius. According to the energy con-
servation law, the reduced resonant reflection corresponds to
the enhanced resonant absorption, which demonstrates the
significant dependence of the latter on the position of a defect in
the PhC.

5. CONCLUSION

We calculated the scattering and absorbtion spectra as well
as the light field distribution for the periodic PhC structure
mimicking that of a chloroplast with a stroma defect using the
transfer matrix method. The effect of the resonant absorption
of light at a wavelength corresponding to the PhC defect mode
was demonstrated. A significant dependence of the resonant
absorptance on the position of a defect in the chloroplast was
demonstrated. The presence of an extremum in the absorptance
spectra was explained theoretically within the model based on
the TCMT. An asymmetric microcavity simulating the real
biological PhC structure of the chloroplast was fabricated with
application of PhC mirrors. The measured reflectance spectra of
the asymmetric microcavity confirmed the significant depend-
ence of the resonant reflection, as well as the absorption, on the
position of the defect layer in the PhC. It is found that in terms of
the absorption of light energy, an asymmetric resonator is more
efficient than a symmetric one. Taking into account the possibil-
ity of dynamic changes in the optical and geometric parameters
of the PhC in chloroplasts, including the defect position, we
can assume a dynamic change in the spectral position and value
of the resonant peak of light absorption in the chloroplast. In
summary, we hypothesize that the positions of stroma defects
in chloroplasts may drastically affect the absorption of light in
living plants. We believe that the results presented could serve
as a useseful proof-of-principle model that paves a way to better
understanding of light absorption mechanisms in chloroplasts.
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