PHYSICAL REVIEW APPLIED 18, 064032 (2022)

High-Time-Resolution Microspectrometer Based on Phase-Change Materials

Xiong Deng®,!? Ximin Tian,? Lirong Ren®,? Jiangtao Liu®,">" and Zhi-Yuan Li’*
'School of Physics and Optoelectronics, South China University of Technology, Guangzhou 510640, China
? College of Mechanical and Electrical Engineering, Guizhou Minzu University, Guiyang 550025, China

*School of Materials Science and Engineering, Zhengzhou University of Aeronautics, Zhengzhou 450046, China

* State Key Laboratory of Luminescent Materials and Devices, South China University of Technology, Guangzhou
510640, China

® (Received 29 July 2022; revised 12 October 2022; accepted 16 November 2022; published 12 December 2022)

The application of graphene—photonic crystal microcavity structures with phase-change-material layers
in spectral analysis is studied. It is found that selective absorption of different wavelengths of light can be
realized by changing the crystallinity of the phase-change material, so that different wavelengths of light
can be separated and measured in the time domain to perform spectral analysis. Since the phase-transition
time of phase-change materials is very fast, this spectral analysis can be done with submicrosecond time
resolution. This kind of spectral-analysis device has a simple structure and can be integrated with a chip.
It has important prospects for application in the fields of biological molecular recognition, biological

sensing, and chemical analysis.
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I. INTRODUCTION

Spectrometers, which can characterize the characteris-
tic spectra of substances and analyze their composition
and structure, are among the most widely used analyti-
cal tools in scientific research and in industry. However,
traditional spectrometers perform spectral analysis mainly
with prisms [1], gratings [2,3], or structures similar to
the Michelson interferometer [4]. Spectrometers can pro-
vide ultrahigh resolution and a wide spectral-measurement
range. However, traditional spectrometers have a com-
plex structure, large volume, and poor portability [5,6].
With progress in emerging technologies such as biotech-
nology and trace analysis, rapid analysis of microsamples
is becoming more and more important. Thus, miniaturiza-
tion of analytical instruments and integration with chips
has become a development trend [7—10].

In order to reduce the size of the spectrometer and
integrate it with a chip, a variety of spectral-analysis tech-
niques based on different principles have been proposed,
including an on-chip Fourier transform spectrometer
[11,12], an integrated filter array [13—15], a wedge micro-
cavity [16,17], the use of on-chip disordered structural
light scattering [18,19], a two-dimensional absorption filter
array composed of continuously tunable colloidal quantum
dots [20,21], a nanowire detector array with a gradu-
ally changing band gap [22—24], an ultracompact photonic
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crystal nanobeam cavity array [25,26], photonic crystal
slabs [27,28], and metasurfaces [29,30].

However, traditional microspectrometers separate and
detect light in space mainly by use of a strong dispersion
medium or a detection array. Because of the limitation on
dispersive power, it is difficult to further reduce the size of
a traditional spectrometer. In this paper, a one-dimensional
photonic crystal optical microcavity containing a phase-
change material and graphene is studied and used for
spectral analysis. The resonant frequency of the microcav-
ity is rapidly regulated by a rapid change of the dielectric
constant of the phase-change material during the phase-
change process [31-37]. This fast regulation can separate
and selectively detect different wavelengths of light on a
submicrosecond time scale [38—40], thus achieving high-
time-resolution spectroscopy. Separating and measuring
light of different wavelengths in the time domain rather
than the spatial domain requires a smaller spatial size,
which is beneficial for the miniaturization of the spectrom-
eter. This kind of spectrometer has a simple structure, and
the fabrication process can be integrated with that of a chip.

II. STRUCTURE AND METHOD

The structure of the graphene—photonic crystal micro-
cavity composite with phase-change-material layers stud-
ied in this paper, shown in Fig. 1(a), is (4B)* 4C,C,GC,C;
(AB)". 4 and B are periodically arranged Si and SiO,,
which are alternately placed to form two distributed Bragg
reflectors. C; is a Sb,S; phase-change-material layer, C,
is a SiO, insulating isolation layer, G is single-layer
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graphene, and M and N are the periods. The thicknesses
of the SiO, layer and Si layer in the distributed Bragg
reflector are dy = A¢/4n, and dg = A¢/4np, respectively.
The central wavelength is A¢c = 1.310 um, the refrac-
tive index of the Si is 3.50, and the refractive index of
the SiO, is 1.47 [41]. The phase-change-material layer
is Sb,S3, which is a low-loss phase-change material and
has a very low loss at 1550 nm in the communication
band. The imaginary part of the refractive index « is less
than 1073, and the real part of the refractive-index change
An is 0.6 during the amorphous-to-crystalline phase tran-
sition [42]. The phase-change material Sb,S; has little
light absorption at this wavelength, and so the influence
of the phase change on the resistance will be much larger
than that of light on the resistance. Therefore, adding an
additional photoelectric conversion layer can improve the
detection accuracy. Here, the middle photoelectric conver-
sion layer is single-layer graphene. The photoelectric con-
version efficiency of single-layer or multilayer graphene
in the infrared light band changes little with wavelength
[43—46]. Graphene requires no lattice matching and is
easy to integrate. However, the photoelectric conversion
efficiency of graphene is lower than that of some tradi-
tional semiconductor materials, e.g., InP/(In, Ga)As/InP
quantum wells [47]. If a highly sensitive spectrometer is
required, an InP/(In, Ga) As/InP quantum well can be used
instead of graphene. The thickness of the graphene layer
dg is 0.335 nm [48]. In the visible and near-infrared bands,
the complex refractive index of monolayer graphene n,
is 3.0 + ¢, (A/3) i, where ¢, = 5.446 um~! and A is the
wavelength of the incident light [49]. Both sides of the
graphene are separated from the surrounding phase-change
material by a SiO, insulation layer with a thickness dc,
to reduce the influence of the photocurrent and of defor-
mation of the phase-change layer, taking dc, = 10 nm in
the calculation. The microspectrometer is a layered stacked
structure with a thickness of 2.905 pum, which is com-
patible with mature semiconductor device manufacturing
processes and convenient for integrating with a chip.

The light absorption of graphene is calculated using
the transfer-matrix method [50-52]. Compared with the
finite-difference time-domain method, the transfer-matrix
method has the advantage of fast computational speed,
high accuracy, and low error. The electric field in layer /
is
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and the magnetic field is
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FIG. 1. (a) Schematic diagram of graphene—photonic crys-
tal microcavity structure with phase-change-material layers. (b)
Contour map of absorption rate of graphene as a function of the
number of periods in the distributed-Bragg-reflector mirrors on
both sides of the microcavity. (¢) Absorption rate of graphene as
a function of wavelength. The inset shows a distribution map of
the electric field in the microcavity at the resonance wavelength;
the black solid line is the position of the graphene. (d) Contour
map of absorption rate of graphene as a function of wavelength
and microcavity optical path.

where Az, =z —z, z is the location of the interface
between layer (/ — 1) and layer /, A; and B; are the elec-
tric field amplitudes of the light waves propagating along
the positive and negative directions, respectively, at z;, @
is the circular frequency, c is the light velocity, n; and ny;
are the real and imaginary parts, respectively, of the refrac-
tive index of the medium in layer /, y; = i/¢;/ s, and g
and p; are the dielectric constant and permeability, respec-
tively, of the medium in the layer /. From the boundary
conditions, the relationship between the two positive and
negative electric field amplitudes in layer / of the photonic
crystal and the first layer irradiated by the incident light
wave is as follows:

A\ Ao \_( T T2
(Bl>_Tl_1X.“XT1<Bo)_<Tzl T22>
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X(Bg)' 3)

The absorption rate of the medium in layer / can be
calculated from the Poynting vector [53,54]:

o1 = (Su—1yi — Suz1yi — Su=1yo + Sa+1)0)/Soi»  (4)

where S¢y_1y; and Sy_1), denote the Poynting vectors of
the incident and outgoing light waves in layer (/ — 1),
Su+1yi and Sit1y, denote the Poynting vectors of the
incident and outgoing light waves in layer (/+ 1), and
So; denotes the Poynting vector of the incident light. In
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addition, Sq_1); = Bi—147 1, Su-1)0 = Bi—1B7_|, Su+1)i =
Bir1A7,, and Sgi1) = Br41B7,, for the TE mode, and
Bi—1 = «ei—1/mo and Bry1 = /ei11/ o, where g1 and
&1+1 are the dielectric constants of layer (/ — 1) and layer
(I+ 1), and p is the vacuum permeability.

III. NUMERICAL RESULTS

Early studies have shown that an asymmetric photonic
crystal microcavity, that is, one in which M is not equal to
N, is more conducive to enhancing the optical absorption
of graphene [55-58], which is well proved by our cal-
culation results [Fig. 1(b)]. When M =2 and N = 6, the
light absorption rate is high. In the following calculations,
M =2 and N = 6 are used.

The change of the graphene absorption rate with wave-
length is shown in Fig. 1(c). The peak value of the absorp-
tion peak is 0.982, and the full width at half maximum
(FWHM) of the absorption peak is 5.20 nm. The ratio of
the square of the modulus of the graphene electric field
intensity to the square of the modulus of the incident

electric field intensity (|Eg|2 / |Ei|2> equals 37.8, which

greatly enhances the optical absorption of the graphene.
Similarly to other interference structures, the resonant
wavelength of the absorption peak can be controlled by
changing the optical path of the microcavity defect layer,
which means that the central wavelength of the absorption
peak increases with an increase in the optical path of the
microcavity, as shown in Fig. 1(d). Except at the edge of
the photonic band gap, the attenuation of the absorption
peak is not obvious.

In particular, a phase transition between the amorphous
(a-Sb;,S3) and crystalline (c-Sb,S3) states in Sb,S;3 thin
films in a microcavity can be induced by pulsed current
heating or laser irradiation. Moreover, Sb,S3 has interme-
diate states with different crystallinities between the amor-
phous (a-Sb,S3) and crystalline (c-Sb,S3) states [59,60],
so different-power excitation sources such as laser pulses
can be used to control the crystallinity of Sb,S;. The
effective dielectric constant of Sb,S;3 in the intermediate
state can be obtained from the Lorenz relationship and the
Brookmann mixing rule [61,62]:

ga (1) — 1

cer(M)—1 &) —1
ga (M) +2°

= 1—
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)

where ¢.(A) and ¢, (A) are the wavelength-dependent
dielectric constants of Sb,S; in the crystalline and amor-
phous states, respectively, and 7 is the crystallinity of
crystalline Sb,Ss. The energy density required for the con-
version of the phase-change material from the amorphous
state to the crystalline state is 0.029 fJ/nm> [63], which
is far less than the maximum light intensity that graphene
can withstand and will not affect the performance of the
graphene.
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FIG. 2. Light absorption rate of graphene as a function of
wavelength for different crystallinities when the optical path in
the defect layer is (a) A./2 and (c) 5A./4. Change of central
wavelength of absorption peak with crystallinity of phase-change
material when the optical path in the defect layer is (b) A./2 and
(d) 5A./4. The illustration shows the relationship between the
FWHM of the absorption peak and the crystallinity.

The absorption rate of graphene for different crystallini-
ties is shown in Fig. 2(a). When the crystallinity of
the phase-change material increases, its refractive index
increases. The resonant condition of the microcavity can
be described by 2n, Lk = 2m,, where n,, is the refractive
index of the medium, m,, is an integer, L is the thickness of
the microcavity, and % is the wave vector of the light, and a
resonant wavelength A o n,, in the microcavity is obtained.
The increase in the refractive index increases the optical
path in the defect layer in the microcavity and the resonant
wavelength of the microcavity. So, the absorption peak of
the graphene in the microcavity is redshifted and selec-
tive absorption of light at different wavelengths is realized.
But the peak value of the absorption peak changes little,
remaining close to the maximum absorption rate (0.988).

When the crystallinity changes from 0 to 100% , the
central wavelength of the absorption peak changes from
1.31 to 1.41 pum, and the wavelength range is 0.1 um
[Fig. 2(b)]. The central wavelength of the absorption peak
is linearly related to the crystallinity of the phase-change
material, and the correlation coefficient is as high as 0.999.
In this way, the crystallinity and the absorption wavelength
can be put into one-to-one correspondence to facilitate
the design of a spectrometer. The relative variation of the
FWHM of the absorption peak with crystallinity is not
obvious, as shown in the illustration in Fig. 2(b). The
minimum FWHM is 5.16 nm, and the maximum FWHM
is 5.25 nm, which has a high wavelength resolution and
good consistency. An appropriate increase in the thickness
of the microcavity can further improve the influence of
crystallinity on the position of the absorption peak. When
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the thickness of the microcavity increases, the same crys-
tallinity changes lead to higher optical-path changes, so
that the absorption peak moves more, as shown in Fig.
2(c). During the phase transition, the central wavelength
of the absorption peak changes from 1.16 to 1.30 um,
and the wavelength-adjustment range becomes 0.14 um,
with an increase of 40% [Fig. 2(d)]. In a spectrometer,
the tuning range is important. If the tuning range is too
small, the device cannot be used as a spectrometer. At the
same time, a longer cavity can improve the Q value, so
that the FWHM of the absorption peak becomes smaller;
the minimum FWHM is 2.54 nm, which can improve the
resolution of the spectrometer. In addition, when multiple
photonic crystal microcavity arrays with different initial
optical paths are integrated into the device, combined with
a band-pass filter, the spectral measurement range can be
extended to the full band of near-infrared spectroscopy.

In addition to using different-power excitation sources to
control the crystallinity of the Sb,S; in the stable state, the
crystallinity of the phase-change material during the crys-
tallization process can also be changed continuously by a
rapid pump, and the change rate is very fast. By fitting the
experimental results, the change of the crystallinity of the
phase-change material Sb,S; with time is obtained, and the
phase-change time is about 100 ns [inset of Fig. 3(a)] [63].
The rapid change of the crystallinity of the phase-change
material with time makes its refractive index and the opti-
cal path of the microcavity vary rapidly with time, which
leads to a change of the central wavelength of the absorp-
tion peak with time, as shown in Fig. 3(a). In this way,
different wavelengths of light can be separated in time, so
as to realize high-time-resolution measurement of the spec-
trum. The resistance of the phase-change-material layer
can be measured in real time to monitor the crystallinity
of the layer.

The proposed structure is used to simulate a time-
resolved fluorescence spectrometric measurement com-
monly used in biochemical analysis to better reflect the
application of phase-change materials in time-resolved
spectrometric measurements [64—66]. The fluorescence
spectra emitted by substances usually have a Lorentzian
line shape and decay exponentially with time. So, at a time
t = t,;, the luminescence intensity of the spectrum can be
written as [67]

1 or it
Pe(k’fﬂ):;<m)et’”/’ ©

where the spectral center wavelength is Ao = 1.230 pum,
half of the FWHM is «; = 7.5 nm, and the attenuation
coefficient is T = 1 ms. The spectral curves of the fluores-
cence at different times 7,; are shown in Fig. 3(b). After the
fluorescence material has been pumped by the pump light
and after different time delays Afpump, the phase change
of the phase-change material is driven by a fast excitation
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FIG. 3. (a)Central wavelength of graphene absorption peak as
a function of time. The inset shows the relationship between the
crystallinity of Sb,S; and time. (b) Lorentzian-line-shape fluo-
rescence spectral curve with exponential decay over time. (c)
Variation curve of photocurrent of graphene with time for differ-
ent pump delays. (d) Reconstructed spectral curves for different
pump delays.

source. During the phase change, the graphene selectively
absorbs incident light of different wavelengths over the fol-
lowing period of time, and its light-absorption rate can be
expressed as ¢ (A, t— Atpump). Experimental results show
that the photocurrent in graphene is linearly related to the
absorption rate of the graphene [48], and that the light
absorbed by the graphene can be effectively converted into
a photocurrent. Assuming «, is the photoelectric conver-
sion efficiency of the graphene, the variation with time of
the measured photocurrent in the photoelectric conversion
layer is given by

I (Atpump, 1) = Ky / Pe(h0) @ (Mt — Atyump) dA. (7)

The photocurrent-versus-time curves of the graphene for
different pump delays are calculated, as shown in Fig.
3(c). Time-resolved spectra can be reconstructed by use
of the time-wavelength correspondence transformation.
The reconstruction of the spectrum can be done by a
method of computational reconstruction with high accu-
racy [23,25,26]; however, since the absorption spectrum
has a unimodal structure and the FWHM is very small,
we use a coordinate-transformation method to reconstruct
the spectral curve. Using the correspondence between the
phase-change time and the absorption peak wavelength,
the curve of the photocurrent versus phase-change time is
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converted into a curve of the photocurrent versus wave-
length, that is, a spectral curve, as shown in Fig. 3(d).
Comparing Figs. 3(b) and 3(d), it is found that the spec-
tral curves are similar, which verifies that the method can
achieve spectral analysis. The time resolution is equiva-
lent to the crystallization rate of the phase-change material.
For Sb,S;, the time-response speed of the spectral analy-
sis is in the order of 100 ns, and the time resolution of the
spectrometer can reach the submicrosecond level.

The optical absorption of the phase-change-material
layer (Sb,S3) is very small in the band range we study.
But, if the spectral detection needs to be extended to dif-
ferent wavelength ranges, different phase-change materials
are needed. In such wavelength ranges, some phase-change
materials have small absorption. So, we study the influence
of the absorption of the phase-change material on spectral
analysis. When the light absorption of the phase-change
material increases, the light absorption of the graphene
decreases. At the same time, the increase in absorption
reduces the Q value of the microcavity and increases the
FWHM. When the imaginary part of the refractive index
ny; increases from 0 to 0.05, the peak value of the absorp-
tion peak decreases significantly, from 0.982 to 0.0482.
The FWHM of the absorption peak increases from 5.20
to 23.50 nm, as shown in Fig. 4(a). Thus, the optical
absorption of the phase-change material greatly reduces
the performance of the spectrometer.

The influence of the phase-change material can be
reduced by adding a silicon layer between the insulating
isolation layer and the phase-change-material layer. This is
because the light absorption occurs mainly at places with
a strong field strength, where the introduction of a sili-
con layer with small absorption can weaken the absorption
of the phase-change material and increase the Q value of
the microcavity. In order to ensure that the position of the
absorption peak is unchanged, the thickness of the phase-
change-material layer needs to be reduced after adding
the silicon layer. When nj; = 0.03, the peak value of the
absorption peak increases with an increase in the thick-
ness of the silicon layer. When the thickness of the silicon
layer is 10 nm, the peak value of the absorption peak is
0.152, and the FWHM is 13.3 nm. When the thickness of
the silicon layer is 50 nm, the peak value of the absorp-
tion peak is 0.674 and the FWHM is 5.85 nm, as shown in
Fig. 4(b). The peak value of the absorption peak increases
by 3.45 times and the FWHM decreases by 55.9%. After
the addition of silicon layers with different thicknesses, the
changes in the peak value and FWHM of the absorption
peak with the crystallinity of the phase-change material are
shown in Figs. 4(c) and 4(d). For different crystallinities,
the peak value of the graphene absorption peak increases
with an increase in the thickness of the silicon layer, and
the FWHM decreases with an increase in the thickness
of the silicon layer, which indicates that the spectral res-
olution is greatly improved after addition of the silicon
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FIG. 4. (a) Variation of absorption rate of graphene with wave-
length for different values of the imaginary part of the refractive
index of the phase-change material. (b) Variation of absorption
rate of graphene with wavelength for different silicon layer thick-
nesses ds; when the imaginary part of the refractive index of
the phase-change material n; = 0.03. Variation of peak value (c)
and FWHM (d) of absorption peak with the crystallinity of the
phase-change material for different silicon layer thicknesses ds;.

layer. In addition, the peak value and the FWHM of the
absorption peak are almost unaffected by the change of
crystallinity, and the time resolution of the spectrometer
is maintained.

IV. CONCLUSIONS

In this paper, the application of graphene—photonic crys-
tal microcavity structures with phase-change-material lay-
ers in spectral analysis is studied. The results show that the
change of crystallinity of phase-change materials can be
used to realize the separation and measurement of differ-
ent wavelengths of light in the time domain rather than
the spatial domain. The wavelength-adjustment range is
0.14 pm, and the minimum FWHM is 2.54 nm. Because
the phase-transition time of the phase-change material is in
the order of 100 ns, submicrosecond time resolution can be
achieved with high spectral resolution. In addition, adding
a silicon layer between the insulating isolation layer and
the phase-change-material layer can reduce the detrimen-
tal effect of the absorption of the phase-change material.
When the thickness of the silicon layer is increased to
50 nm, the peak value of the absorption peak increases by
3.45 times and the FWHM decreases by 55.9%. The spec-
trometer has a simple structure, and the material is com-
patible with the production processes of mature semicon-
ductor devices and convenient for chip integration. This
integratable and high-time-resolution microspectrometer
has important prospects for application in biomolecular
recognition, biosensing, and chemical analysis.
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