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Abstract: We demonstrate a resonance condition monitor by using a photoconductive graphene
micro-heater on a silicon nanobeam cavity. The heater also shows a large thermo-optic tuning

efficiency of 1.97 nm/mW to tune the resonance wavelength. © 2019 The Author(s)
OCIS codes: (130.3120) Integrated optics devices; (160.5140) Photoconductive materials

1. Introduction

Silicon-on-insulator (SOI) platform is attractive due to its compact footprint, low power consumption, and
compatibility with complementary metal-oxide-semiconductor (CMOS) processes [1]. Many silicon resonant devices
have been demonstrated, including micro-ring resonators (MRRs), photonic crystal nanobeams (PCNs). However,
these resonance characteristics are highly sensitive to fabrication variations and fluctuations in both the chip
temperature and the laser’s wavelength [2]. In order to address the issue, the resonance conditions of these devices
need to be monitored.

To monitor the devices’ resonance conditions, several novel schemes have been demonstrated, such as on-chip
photodetectors (PDs) [3] and in-resonator PDs [4]. Here, the former needs to tap light out from these devices, which
might lead to the increases in device footprint and insertion losses. The latter can utilize defect state absorption (DSA)
as the photodetection mechanism [4], which however would increase the complexity of fabrication processes.

Graphene, a single sheet with carbon atoms arrayed in a honeycomb structure, has received considerable interests
due to its unique properties [5]. Graphene has a high thermal conductivity of up to 5,300 W/m - K [6] and a low
optical loss [7], so that it can be used as a heat spreader [8], transparent heaters [9], etc. Moreover, graphene also has
a strong photoconductive effect [10]. Thus, it can also be used as a high-efficient photodetector, in which its electric
conductivity increases with respect to the optical intensity of illumination.

By using the abovementioned properties of graphene, in this paper, we demonstrate a resonance condition
monitor by using a photoconductive graphene micro-heater covered on a silicon PCN cavity. We show that the electric
conductivity of the heater would approach its maximal value at the resonance wavelength of the cavity, owing to the
strong enhancement of optical intensity inside the cavity. Moreover, the heater can also be used to effectively tune
the resonance wavelength with a thermo-optic (TO) efficiency of 1.97 nm/mW [11]. Thus, the photoconductive
graphene heater can be used to simultaneously monitor and tune the resonance wavelength, which might find
applications in the field of resonance wavelength tuning and stabilization.

2. Device design and fabrication
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Fig. 1. (a) The 3D schematic structure of the device. The red dashed line represents the graphene heater region. (b) Top-view of the PCN
cavity, which is symmetric with respect to its center. Here, Di (i=0, 1, 2, 3, 4, 5, 6) is the diameter of the hole and a; is the center-to-
center distance of adjacent holes. (c) Simulated electric field distribution of the PCN cavity at the resonance wavelength. (d) Simulated
output transmission and optical intensity in the cavity as a function of the input wavelength. Here, the optical intensity is extracted at the
center of the cavity.

The three-dimensional (3D) structure of the device is presented in Fig. 1(a), which consists of a bus waveguide and a
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side-coupled silicon PCN cavity with a graphene sheet on top. The PCN cavity includes a central-taper region and
two side-reflector regions, which can be regarded as a Fabry-Perot (F-P) cavity. The taper region has 11 holes while
the reflector regions have 18 holes. As depicted in Fig. 1(b), the reflector regions with Do= 225 nm and ao = 405 nm
are tapered down along six holes symmetrically around the center to D; =171 nm and a; = 307.8 nm. The gap between
the bus waveguide and the PCN waveguide is set to 77 nm. The electric field distribution of the PCN cavity is then
simulated by the finite-difference time-domain (FDTD) methods. As shown in Fig. 1(c), the mode volume is only
0.198 pm? at the resonance wavelength and the effective length for the thermal tuning is only ~1.8 pm. Thus, the
width of covered monolayer graphene (Ws) is chosen to be 1.8 pm. The optical intensity at the center of the cavity
and the output power are shown in Fig. 1(d). We can find that the maximal power in the cavity center and the minimal
output light power are simultaneously obtained at the resonance wavelength of the cavity. Based on the linear
absorption of graphene, a maximum electric conductivity of graphene at the resonance wavelength is expected.
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Fig. 2. (a) Microscope image of the device. (b) Zoom-in SEM image of the nanobeam waveguide with a covered graphene heater.

The device was fabricated on a SOI wafer with a 220-nm-thick top silicon layer. The device pattern was firstly
defined by the standard process of electron beam lithography (EBL) and inductive coupling plasma (ICP) etching.
Then, a 400-nm-thick silica layer was evaporated on the silicon layer through EBL and lift-off processes to reduce
the optical losses caused by the graphene sheet. Note that, the PCN cavity was not covered by the deposited silica
layer. Besides, 10 nm/100 nm Ti/Au electrodes on the silicon layer were deposited. Finally, a graphene sheet was
wet-transferred onto the fabricated device and was patterned by EBL and oxygen plasma etching processes. The
microscope image of the fabricated device is presented in Fig. 2(a). The zoom-in scanning electron microscope (SEM)
image of the designed graphene over the PCN cavity is provided in Fig. 2(b). Here, the polymethyl methacrylate
(PMMA) used for graphene pattern design was not removed, which can protect the graphene from being damaged.

3. Experimental results
(a)

(b) (©

o 350 325

320, "oyl
30} e i /

25} 319

096 008 100

Iheater (A)
S

Normalized transmission (dB)
Normalized transmission (dB)

—— without graphene — 018 mW 5 —— without light
—— with graphene —— 047 MW —— with light
20 -10 0
1530 1535 1540 1545 1550 1530 1535 1540 1545 1550 0.0 0.2 0.4 0.6 0.8 1.0
Wavelength (nm) Wavelength (nm) Vheater (V)
(d) z (© o

o g .
g 103 g 325

3
§ 09 £ §
3 £ Fj
§ 08 = 324
c g g 3
B 07 5 8 5
= 2 2 323 3
3 o £
N 06 § N O
g o T
B 05 & E 322
z, © 2

3 04 E
2 32.1
1530 1535 1540 1545 1550 1538 1540 1542 1544
Wavelength (nm) Wavelength (nm)

Fig. 3. (a) Normalized transmission spectra of the device without and with graphene. (b) Normalized transmission spectra of the device
under different heating powers. (¢) Zheater-Vheater Curve without (black line) and with (red line) light input; the inset shows the zoom-in
results near Veaer = 1 V. (d) Measured output transmission spectrum and estimated energy (|al) in the cavity with respect to the optical
input wavelength. (e) Measured output transmission spectrum and Gieaer as a function of the optical input wavelength when Vyeeris 1 V.
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The measured normalized transmission spectra of the device without and with graphene are depicted in Fig. 3(a). The
extinction ratio (ER) of the device without graphene is ~16 dB. However, the ER decreases to 7 dB due to the optical
loss caused by the graphene absorption. Furthermore, the total loss of the device is ~17 dB without graphene and ~19
dB with graphene. The increment in the total loss is also caused by the absorption of graphene.

The normalized transmission spectra of the device with different heating powers are provided in Fig. 3(b). When
the heating power varies from 0 mW to 0.47 mW, the resonance wavelength has a red shift of ~0.93 nm. The estimated
TO tuning efficiency is 1.97 nm/mW. One can find that, the graphene heater can effectively tune the resonance
wavelength.

To demonstrate the photoconductive behavior of the heater, we characterize the current (/heawer) flowing through
the graphene heater with respect to the voltage (Vheawer) applied on the heater. As shown in Fig. 3(c), the black line and
red line represent experimental results without and with light input, respectively. Here, the input light wavelength is
fixed at 1540.7 nm, which is the resonance wavelength when Vieater is 1 V. The inset shows that Jheater increases ~0.42
pA with 0.45 mW light input (Pin) where Vheateris 1 V. Also, we can find that the electric conductivity (Gheater) 0f the
heater increases ~0.42 uS where Vicater 1S 1 V. Here, Gheater 18 calculated as Ineater divided by Pheater. This increase of
Gheater comes from the photoconductive effect of graphene as well as the enhancement of the optical power intensity
inside the PCN cavity when the input light wavelength matches the resonance wavelength of the cavity. Furthermore,
we define the photoconductive efficiency as the ratio of AGheater to Pin. Note that, AGheater 1S eXxtracted by subtracting
Gheater Without light input from Gheater With light input. The graphene-heater based monitor shows a photoconductive
efficiency of 0.93 mS/W in this experiment.

To show the resonance wavelength monitoring capability, we use an analytical model based on the coupled mode
theory and the transfer matrix method to calculate the intrinsic quality factor (Q;) and the coupling quality factor (Q.).
With the calculated Qi and Q., the normalized energy (|af?) in the cavity can be estimated by the formulas mentioned
in [12]. By putting the output transmission spectrum with the estimated normalized |af* together in Fig. 3(d), we can
find that |af peaks at the resonance wavelength where a minimal output power is obtained. This is consistent with the
simulated results as shown in Fig. 1(d).

Due to the strong enhancement of the optical intensity at the resonance wavelength, a maximal electric
conductivity could be obtained at that wavelength. Here, the measured output transmission spectrum and Gheater as @
function of the optical input wavelength are provided in Fig. 3(e). The output light intensity decreases ~8 dB while
Gheater Increases ~0.4 uS. As expected, we can find that a maximal electric conductivity and a minimal output light
intensity are obtained simultaneously at the resonance wavelength of 1540.7 nm. Thus, all the simulated, calculated
and experimental results agree well with each other, which indicates that the measured electric conductivity of the
graphene heater can be used to monitor the resonance condition.

4. Conclusion

We demonstrate a graphene heater with a TO tuning efficiency of up to 1.97 nm/mW, which can also be used as a
resonance condition monitor on a silicon PCN cavity. Based on the experimental results, the graphene micro-heater
could be used in the resonance wavelength locking where resonance wavelength monitoring and tuning are desired.
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