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We experimentally demonstrate an efficient enhancement of luminescence from two-dimensional (2D) hexagonal
photonic crystal (PC) airbridge double-heterostructure microcavity with Er-doped silicon (Si) as light emitters on silicon-
on-insulator (SOI) wafer at room temperature. A single sharp resonant peak at 1 529.6 nm dominates the photolumines-
cence (PL) spectrum with the pumping power of 12.5 mW. The obvious red shift and the degraded quality factor (Q-factor)
of resonant peak appear with the pumping power increasing, and the maximum measured Q-factor of 4 905 is achieved at
the pumping power of 1.5 mW. The resonant peak is observed to shift depending on the structural parameters of PC,
which indicates a possible method to control the wavelength of enhanced luminescence for Si-based light emitters based
on PC microcavity.
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Numerous research efforts have been made to enhance
light emission from silicon (Si) by a variety of means,
including porous Si''!, Si nanocrystals'”, Ge/Si struc-
tures®¥, Si doped with rare earth ions®” and so on®.
Among the materials mentioned above, Si doped with
erbium (Er) ions is possible to obtain a radiative transi-
tion in the 4f shell of Er at the communication wave-
length of ~1 550 nm, which is particularly suitable for
high-density Si-based optoelectronic integration. Never-
theless, the light emission from Er-doped Si materials at
room temperature is too weak for practical applications.

Photonic crystal (PC) microcavities have the advan-
tages of strong light-matter interaction, selectivity of con-
fined wavelengths, high quality factor (Q-factor) and
small mode volume, which can enhance the on-resonance
luminescence and suppress the off-resonance one through
the Purcell effect greatly!'”.. It has become a promising
way to realize high-efficiency and ultra-low threshold Si-
based light emitter at room temperature. Among several
kinds of PC microcavities, the double-heterostructue mi-
crocavities based on mode-gap effect have been verified
to possess the highest theoretical O-factor (~10"), which
is desirable for the Purcell effect!''"*). Previously, the
luminescence of Si-based light emitters has been en-
hanced by some conventional PC microcavities, such as
H, cavity, L; cavity and so on!!#18],

In the paper, we try to enhance room-temperature light
emission from Er-doped Si by PC airbridge double-

heterostructure microcavity fabricated on silicon-on-insulator
(SOI).

Fig.1(a) shows the schematic diagram of the two-
dimensional (2D)-slab hexagonal PC double-heterostructure
microcavity, which is constructed by cascading three PC
waveguides (PCWs) with different radii of air-holes adja-
cent to width-reduced line-defect, named PCW1, PCW2
and PCW3, respectively. The radii of air-holes adjacent
to PCW1, PCW2 and PCW3 are represented as ry, r, and
ry, respectively. To construct the double-heterostructure
microcavity based on mode-gap effect, », is equal to »
with the relationship of r<r;, where r represents the ra-
dius of air-hole non-adjacent to the PCW. For realizing a
single guided even-mode in the PC band-gap, the line-
defect width w, defined as the distance between the cen-
ters of adjacent air-holes, is set to be 0.7w,, where
Wo= x/ga , is represented as the width of normal line-
defect, and a represents the lattice period of PC. Due to
the mode-gap effect, the photons with the specific fre-
quency can be confined strongly in the central PCW2
microcavity region which is called photon well similar to
an electron quantum well structure. Then though the Pur-
cell effect, the on-resonance luminescence can be en-
hanced greatly. Numerical simulations based on plane-
wave expansion (PWE) and finite difference time domain
(FDTD) methods are used to design the microcavity
structure, which ensures that the light with resonant
wavelength of ~1.5 pm can be confined in the cavity.
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Fig.1 (a) Schematic structure diagram of PC double-
heterostructure microcavity; (b) Schematic cross-
sectional diagram of PC airbridge microcavity

In the experiment, the hexagonal PC structures were
fabricated on SOI wafer with 200 nm-thick top Si and
1 pm-thick buried oxide (BOX). Firstly, Er ions were
implanted at energy of 175 keV to a dose of 7x10" cm™,
and O ions were implanted at the energy of 25 keV to a
dose of 4x10' c¢m?, simultaneously, to overcome the
temperature quenching of Er emission. Then, the samples
were annealed at 900 °C for 30 min in N, atmosphere to
reduce implantation damage and optically activate Er ions.
We calculated the depth profiles of the implantation in
the top Si layers by TRIM98 software as the approxima-
tions. The simulated results show that peak depths of Er
and O ions implanted in the Si layer are 70 nm and 66 nm,
respectively, and the peak concentrations of Er and O
ions implanted in the Si layer are 1.59x10*’ cm™ and
6.55x10%° cm™, respectively. The peaks of Er and O ions
locate at the same depth position approximately in the Si
layer, which means that Er and O ions can form effective
Er-O combinations contributed to enhance the emission
of Er doped Si. Thereafter, electron beam lithography
(EBL) (Raith150) was used to define the PC microcavi-
ties on the polymethyl methacrylate (PMMA) resist with
depth of 220 nm, and the exposing dose was 120 pC/cm’.
Then the patterns were transferred to the top Si layer by
inductively coupled plasma (ICP) (Alcatel 601E) etching
using SF¢ and C,Fg gases with gas-flow rates of
60 cm’/min and 65 cm’/min, respectively, and the ICP
power was 800 W. The air-holes were drilled down to the
BOX layer. Moreover, to achieve a higher Q-factor, a
free-standing membrane named as PC airbridge slab
structure was formed by removing the supporting BOX
layer using wet chemical etching by buffered ox-
ide etching (BOE) solution, whose schematic cross-
sectional diagram is shown in Fig.1(b). Fig.2(a) shows
the scanning electron microscope (SEM) image of the
fabricated PC double-heterostructure microcavity. The
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measured PC lattice period a, the radii of air-holes r| and
r (rp) are 435 nm, 128.3 nm and 110.5 nm, respectively.
Fig.2(b) shows the SEM image of PC airbridge slab.
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Fig.2 SEM images of (a) the fabricated PC double-
heterostructure microcavity and (b) PC airbridge slab
structure

The micro-photoluminescence (pu-PL) measurements
were performed at room temperature (7=300 K) using
micro-Raman spectroscopy (JY HR-800) equipped with
an Ar’ laser working at 488 nm, and the schematic dia-
gram of measurement equipment is shown in Fig.3. The
sample was focused and excited by the pump laser
through a microscope objective lens, and the size of the
spot was around 2 um. The PL signal was collected by
the same lens and recorded by a single InGaAs detector
array cooled down by liquid nitrogen. Fig.4 shows the
room-temperature PL spectra of the PC airbridge double-
heterostructure microcavities and the unpatterned region
on the same SOI wafer at the pumping power of 12.5 mW,
respectively. According to the theory of microcavity, in
the condition of weak coupling between the emitter and
its electromagnetic surrounding, the existence of micro-
cavity can change the spectrum distribution of the optical
mode. When the spontaneous emission wavelength
matches with the optical resonant wavelength, the spon-
taneous emission will be enhanced, otherwise, the spon-
taneous emission will be suppressed. Therefore, the PL
intensity of Er:Si is enhanced greatly at the resonant
wavelength (on-resonance), but is suppressed greatly at
the other wavelengths (off-resonance). As shown in Fig.4,
a single sharp resonant peak is observed at wavelengths
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of 1529.6 nm, suggesting a strong optical resonance in-
side the microcavity. Compared with the case of identi-
cally implanted unpatterned SOI region, the significant
luminescence enhancements is achieved due to Purcell
effect, and the full width at half maximum (FWHM) of
the resonant peak is about 489 pm, from which Q-factor
of 3 128 is deduced.
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Fig.3 The schematic diagram of p-PL measurement
equipment
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Fig.4 PL spectra of the airbridge double-heterostructure
microcavities and the unpatterned SOI region at the
pumping power of 12.5mW at room temperature
(7=300 K)

In general, PCs based on compound semiconductors un-
dergo undesirable surface-related nonradiative recombine-
tion and show strong pumping power dependence. To inves-
tigate the pumping power dependence in the airbridge cavity,
PL spectra were measured as a function of pumping power.
Fig.5(a) and (b) show the evolution of the PC airbridge dou-
ble-heterostructure microcavity resonance with pumping
power increasing from 1.5 mW to 12.5 mW. The observed
spectral red shift of the resonance with increase of power is
correlated to the refractive index increase resulting from
sample heating due to thermo-optic effect, and the O-factor
decreases with pumping power increasing due to the free-
carrier absorption (FCA) of the photo-generated carriers.
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As the pumping power increases, the FCA increases and
becomes a significant fraction of the total loss. The Q-
factor of the cavity is decided by the intrinsic Q-factor Qi
and the Q-factor given by the FCA Q,,s=2nn/oA, following
the equation of 1/0=1/Qi+1/Qas, Where o is the FCA
coefficient, » is the refractive index, and A is the resonant
wavelength. As the pumping power increases, the change
of the Q;,, with temperature can be negligible, as a result of
the small change in refractive index, and the Q-factor is
limited by Q.. The FCA coefficient a is proportional to
the density of the total free-carrier density Ngca, Which
increases with the increase of pumping power. Therefore,
QO.ps decreases as the pumping power increases, which
means that the Q-factor of the cavity decreases as the
pumping power increases. These results indicate that the
FCA of photo-generated carriers has a big influence on the
QO-factors of the PL peaks, and intrinsic Q-factors should
be measured under extremely low pumping power in PL
method.

Fig.5(c) shows the measured PL intensities and the
magnified Lorentz fitted curve of the PL spectrum for the
resonant mode of airbridge cavity at the pumping power
of 1.5 mW. The wavelength of resonant mode of air-
bridge cavity are 1 527.1 nm, and the FWHM of resonant
mode is about 311 pm, corresponding to the O-factor of
4905.

We also explore the possibility of performing a fine
lithographic tuning of the cavity mode by changing the
lattice period of the airbridge cavity during the fabrica-
tion process. Fig.6(a) shows the room-temperature PL
spectra from series of microcavities with different lattice
periods, which are varied from 414 nm to 435 nm, when
keeping r/a=r,/a=0.254 and r;/a=0.295 fixed. As seen in
Fig.6(a), the resonant peak moves to long wavelength
side with lattice period increasing. This agreement comes
from scaling law of PC structure. All the four spectra are
similar because the peaks all correspond to the same cav-
ity mode supported by the double-heterostructure micro-
cavity. This gives clear evidence that the luminescence
enhancement originates from the optical resonance by the
microcavity. Fig.6(b) shows the dependence of resonant
peak wavelength on PC lattice period. The curve is nearly
straight line, which means that the resonant wavelength is
linearly proportional to the lattice period, which provides
us an efficient way to tune the wavelength of enhanced
luminescence by adjusting the PC lattice period. Through
carefully designing the structural parameters, we can ad-
just the wavelength of enhanced luminescence in a very
large range.

We also explore the possibility of performing a fine
lithographic tuning of the cavity mode by changing the
lattice period of the airbridge cavity during the fabrica-
tion process. Fig.6(a) shows the room-temperature PL
spectra from series of microcavities with different lattice
periods, which are varied from 414 nm to 435 nm, when
keeping r/a=r,/a=0.254 and r1/a=0.295 fixed. As seen in
Fig.6(a), the resonant peak moves to long wavelength
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Fig.5 (a) The dependence of PL intensity of the air-
bridge cavity resonance on pumping power at room
temperature; (b) Q-factors and peak wavelengths of
the resonant mode of the cavity extracted from the PL
spectra at different pumping powers; (c) The magni-
fied measured and Lorentz fitted curve of the PL spec-
trum for the cavity mode at the pumping power of
1.5 mW

side with lattice period increasing. This agreement comes
from scaling law of PC structure. All the four spectra are
similar because the peaks all correspond to the same cav-
ity mode supported by the double-heterostructure micro-
cavity. This gives clear evidence that the luminescence
enhancement originates from the optical resonance by the
microcavity. Fig.6(b) shows the dependence of resonant
peak wavelength on PC lattice period. The curve is nearly
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straight line, which means that the resonant wavelength is
linearly proportional to the lattice period, which provides
us an efficient way to tune the wavelength of enhanced
luminescence by adjusting the PC lattice period. Through
carefully designing the structural parameters, we can ad-
just the wavelength of enhanced luminescence in a very
large range.

600 a=424 nm

a=414 nm

W

(=

S
T

a=427 nm G=4c

a=418 nm

~

S

S
T

33

(=

S
T

PL intensity (a.u.)
W
(=
(=}
T

—_

(=3

(=]
T

O_JL, , ,Ju, A

1450147014801490150015101 5201 5301 540
Wavelength (nm)

(2)

1 540
1530
1520
1510 |
1500
1490
1480
1470
1460 -

l 450 1 1 1 1 1
410 415 420 425 430 435 440

a (nm)

(®)

Fig.6 (a) Room-temperature PL spectra of the PC air-
brdge double-heterostructure microcavities with lat-
tice period varying from 414 nm to 435 nm at the
pumping power of 10 mW; (b) The dependence of
resonant peak wavelength on PC lattice period
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In conclusion, we fabricate 2D-slab hexagonal PC air-
bridge double-heterostructure microcavities with Er-
doped Si as light emitters on SOI wafer, and significant
luminescence enhancement at wavelength of ~1 530 nm
is observed at room temperature. The maximum meas-
ured O-factor 4 905 is achieved at low excitation power.
The dependence of resonant peaks on PC structural pa-
rameters is demonstrated, which indicates a possible
method to control the wavelength of enhanced lumines-
cence for Si-based light emitters based on PC microcavity.
The results prove that the combination of PC airbridge
double-heterostructure microcavity and Er-doped Si is a
promising way to realize high-efficiency and high-QO-
factor Si-based light emitters operating at room tempera-
ture, which has great research and application potential in
Si-based optoelectronics integration. Further improve-
ments can be achieved by optimizing the structure, such
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as better dissipation, higher collection efficiency, electri-
cally-pumped structures and so on.
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