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Abstract: Although it has a significant advantage in gain properties, the lack of selective etching processes hin-
ders ZnO lasing in on-chip applications. Herein, the circular ZnO microdisk pivoted on Si substrate is fabricated
through depositing ZnO on patterned silicon on an insulator (SOI) substrate. The cavity structure, morphology, and
photoluminescence (PL) properties are studied systematically. The cavity shows a well-defined circular structure
with oxygen vacancies. Under the synergistic action of surface tension and stress, the ZnO microdisk shows a unique
toroid structure with a high sidewall surface finish. The ZnO microcavity (8 wm in diameter) shows optically pumped
whispering gallery modes (WGMs) lasing in the ultraviolet region with a ) factor exceeding 1 300. More interesting-
ly, the quality of the toroid ZnO microdisk cavity is high enough to support the bandgap renormalization (BGR) phe-
nomenon. With the increasing pumping power, the lasing spectra will be modulated. The lasing spectrum undergoes

a Burstein-Moss (BM) effect-induced blueshift and an electron-hole plasma (EHP) effect-induced redshift.
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1 Introduction

The on-chip integration of micron and sub-mi-
cron laser sources with high gain and cavity quality
is significant for emerging photonic applications"?.
However, three issues behind it will highly influence
the performance of micron and sub-micron lasers.
The previous research results indicate that these in-
fluence factors are materials quality, fabrication
technology, and optical loss caused by optical cou-

pling to the substrate or rough sidewalls®™.

Zinc ox-
ide(Zn0), a competent material with intrinsic direct
wide bandgap (up to 3.37 eV), large exciton bind-
ing energy (~60 meV), and low bio-toxicity™”, has
attracted considerable interest for short-wavelength
laser applications. Since the early observation of las-
ing from ZnO film by D. M. Bagnall in 1997" re-
markable attempts have been made to realize high-
quality lasers from ZnO nanowires, micro-rods, nano-

belts, and spheres” "

. However, due to the ampho-
teric oxide properties, typical microfabrication meth-
ods such as lithography, reactive ion etching (RIE),
or inductively coupled plasma (ICP) are unsuitable
for the etching of ZnO. Hence, most reported lasing
is realized in a natural microcavity, which hinders
the further demonstration of suspended photonic de-
vices based on ZnO crystals.

Circularly shaped microdisks with smooth sur-
face finish are superior to most other dielectric micro-
resonator structures to support whispering gallery
mode (WGMs) lasing. It allows light to be trapped

on much longer timescales, resulting in higher quality

(Q) factors, lower lasing thresholds, and less demand

1" Combining the high gain of ZnO

for gain materia
and circular cavity structures may be a practical ap-
proach to getting a high-performance laser. However,
strategies are needed to realize circular ZnO micro-
disk and integrate it onto a silicon substrate. Interest-
ingly, Liu et al. once proposed the fabrication of ZnO
microdisks on pre-patterned silicon substrates by the
metal-organic chemical vapor deposition (MOCVD)
method"”, Although different lattice constants and
thermal expansion coefficients exist between Si and
ZnO, this is still a vital attempt to realize suspended
Zn0 microdisk lasing on a Si substrate"”.

In this paper, we fabricate circular ZnO micro-
disks on a Si substrate via molecular beam epitaxy
(MBE) growth of ZnO on patterned silicon on an in-
sulator (SOI) substrate which can “co-integrate”

. 17
compound semiconductors'”.

Compared with other
methods, the SOI substrate can help us get high-quali-
ty ZnO with a controllable toroid structure. The ZnO
microdisk’ s structural, defect, and optically pumped
lasing properties are studied. The samples are well
crystalline. Under the synergistic action of surface
tension and stress, the ZnO microdisk shows a unique
toroid structure with a high sidewall surface finish
and low optical loss. Whispering gallery mode
(WGM) lasing is realized, and bandgap renormaliza-
tion (BGR) induced lasing mode tuning is further ob-
served. The lasing spectrum first undergoes a blue-

shift, followed by a redshift with increased pumping

power. Our work may benefit the development of a
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high-quality, wavelength-tunable laser on a chip scale

and need much effort to be developed"".

2 Experiment

2.1 Fabrication of Toroid-shaped ZnO microdisk

The pivoted ZnO microdisk is fabricated using
a standard micro-fabrication process by two-step
methods. In the first step, a suspended Si microdisk
pattern is made via the lithography (Fig. 1(a)—
(b)), ICP etching (Fig. 1 (b)-(¢)), and BOE solu-
of SOI substrate

tion isotropic wet etching

(Fig. 1(d) = (e) )™\

grown on the patterned substrate using MBE methods

The ZnO layer is epitaxially

in the second step™. The patterned SOI substrate is
exceeding preheated in the oven for 2 h under 750 C.
The ZnO layer is grown onto the substrate at a Zn
source temperature of 370 “C, substrate temperature of

600 °C, oxygen flow of 1.26—-1.43 mL/min, and pres-
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sure of 8107 Pa. Diameter of the disk can be con-
trolled by the pattern size. During the MBE process,
the Si disk will gradually be transformed to SiO, under
oxygen-rich and high-temperature conditions. The syn-
ergistic effect of strain and surface tension of multi-lay-
er materials highly influences the shape of the cavity.
Lattice mismatch-induced strain between ZnO and Si
will roll up the device. Similar to D. K. Armani’s re-
search™, melting of the SiO, substrate occurs along the
periphery. It is vital to have a good cavity structure
and a smooth surface to reduce optical losses and im-

P2 Tn this case, the

prove light field confined abilities
surface tension will be produced, and it will help to
smooth the surface and collapse the ZnO disk to a to-
roid shape with limiting dimensions defined by the sup-
port pillar and the initial thickness of the Si0, layer™.

Finally, a circular ZnO microdisk with a toroid shape

can be obtained (Fig. 1(g) ).

()

Fig.1 Fabrication process of ZnO microdisk suspended on Si substrate. (a) Primary SOI substrate. (b) Patterned Si microdisk.

(¢)ICP etching of Si microdisk. (d)Removing of photoresist. (e) Wet etching of SiO, middle layer. (f) Growth of ZnO mi-

crodisk via MEB process. (g)Mechanism of a toroid of device

2.2 Sample Characterization Methods
Scanning electron microscopy (SEM; Hitachi
SU-8010) and atomic force microscope (AFM;
NTEGRA Spectra C) characterize the samples™.
The X-ray diffraction pattern is recorded with an X-
ray diffraction instrument (XRD; Brooker D8 ad-
X-ray photoelectron spectroscopy (XPS;

Vance) .

Shimadzu AXIS) is used to confirm the lattice de-

fects of ZnO. A confocal micro photoluminescence
(n-PL) setup (Olympus BX35) excited by a 325
nm nano-second pulsed laser is used to measure
samples’ PL and lasing spectra. A spectrometer
(Princeton et al. SP2500i) resolves the PL’s spec-
tra. TRPL spectra are measured with the same set-
up, and the signal is recorded with a streak camera

system (Optronics GmbH SC-10).



CERE

ZHU Gangyi, et al. : WGM Lasing from Toroid-shaped ZnO Microdisk Pivoted on Si 15

2.3 FDTD Simulation Method

Lasing resonant of cavities is simulated using
the 2D-FDTD method™>". During this process, a di-
pole light source with a similar wavelength region of
PL (350-420 nm) is used. To simplify the process,
a ZnO microdisk with different diameters is used as
the simulation mode. The frequency domain field is
set to record the electrical field distribution with res-

onant wavelength.

3 Results and Discussion

SEM of individual Si microdisk is shown in
Fig. 2(a). It is smooth, thin, and pivoted with a mid-
dle Si pillar with a thickness of 220 nm. Since the
Si0, layer is etched away, the sample will be sus-
pended by about 2 pm. With the patterned sub-
strate consisting of a Si microdisk array, circular
7Zn0 microdisks with diameters of 4 pwm, 8 pwm, and
13 wm are fabricated (Fig. 2(b)-(d)). A ZnO lay-
er with a thickness of approximately 0.9 pm to

1 pwm is attached to the substrate. The cavity is sus-

pended up to the Si with a gap of about 2 wm which
can improve the optical properties effectively”™. The
AFM result in Fig. S1 indicates that a small particle
appears on the surface, and the RMS roughness is in
the 8—12 nm region. Many small grains are visible
in the cross-section SEM of the microdisk with 4 pm
and 13 wm. The strain and surface tension in multi-
layers during the sample fabrication process make
the 8 wm ZnO microdisk show a relatively smooth
sidewall. Interestingly, the outer ring of the ZnO mi-
crodisk rolls up slightly with a toroid structure. It is
advantageous for enhancing the light field in the ver-
tical direction. Moreover, a microdisk array can also
be obtained (Fig. 2 (i) ) with a well-designed SOI
substrate. EDX mapping of individual ZnO micro-
disks in Fig. 2(e)—(g) confirms that the Zn, Si, and
O elements are distributed uniformly and distinctly,
corresponding to the surface of the ZnO microdisk.

The Si signal in Fig. 2(e) is more robust, and there

is a clear boundary between substrate and micro-

disk.
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Fig.2 SEM images of single Si microdisk (a), ZnO microdisk with a diameter of 4 um, 8 pm, 13 pm((b)-(d)), and 8 um

Zn0 microdisk array(i). EDX mapping( (e)—-(g)), XRD pattern(h) , and normalized PL spectra(j) of epitaxial grown

ZnO cavity
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XRD and XPS measurements characterize the
material quality and surface condition of ZnO. A
typical XRD pattern of the floating ZnO microdisk is
shown in Fig. 2(h). It is a polycrystal film with two
diffraction peaks appearing in the region of 20°-50°.
The high intensity of the (002) diffraction peak
reveals the growth direction of [0001], which fits the
wurtzite phase of ZnO (JCPDS No. 36-1451)™. Due
to the high gain properties of ZnO, although the

sample is not smooth, it still can hold lasing oscilla-
tion. Fig. 2(j) shows the normalized PL spectrum
of the ZnO film. The UV emission with band ener-
gy near 3. 18 eV is due to the direct recombination

XPS results

. . . [ [29-30]
of excitons or surface impurities .

in Fig. 3 further confirm the lattice defects of the
MBE sample. A broad survey scan of XPS spectra
in the 0-1 200 eV region is taken and shown in
Fig. 3(a).
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(a)Wide survey X-ray photoelectron spectrum of epitaxially grown ZnO cavity. Zn 2p spectrum(b) and O 1s spectrum(c)

of ZnO. The inset table shows the atomic ratio and mass rate of Zn and O

Typically, an internal reference peak (C 1s) at a

31
BU Peaks corre-

binding energy of 284. 6 eV appears
sponding to Zn 2p and O ls are also observed. The
ratios of Zn and O are 26. 51% and 73. 49% in atom-
ic concentrate and 59. 58% and 40. 42% in mass con-
centrate. As shown, the O content is much higher
than that of Zn. Considering the high-temperature
and oxygen-enrichment conditions during the growth
of ZnO, the Si substrate is oxidized to Si0,. Thus, the
excess oxygen element may come from the SiO,.
Fig. 3(b), (c¢) show the XPS details of Zn 2p and O
Is. The Zn 2p spectrum shows a doublet with

1 021.2 eV (Zn 2ps,) binding energies and 1 044. 4

eV (Zn 2p,;,). The binding energy difference between
the two lines is 23.2 eV, which lies well within the
standard reference value of ZnO. The lower binding
energy component of O 1s at 529. 9 eV is attributed to
the wurtzite structure of hexagonal Zn™ ion, and the
higher binding energy component at 531. 8 eV is at-
tributed to the oxygen-deficient region ZnO. In com-
parison, the shoulder at 533. 7 eV is attributed to OH-
groups at the ZnO surface"”.

The high-evolution PL and exciton recombina-
tion properties of individual 8 pwm samples are stud-
ied in detail. As shown in Fig. 4(a), a transforma-

tion from spontaneous to stimulated emission is ob-
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tained for a pumping power of 0.6-6.6 wW. The
resonant mode with a peak wavelength near 400. 71
nm appears with a threshold value of 5.6 pW in
Fig. 4(b). It changes to 402. 10 nm for a higher exci-
tation power. The lasing mode is stable at various
pumping powers. The characteristic resonant spectra
are shown in Fig. 4(c). For pumping power below
threshold values, the spectra belongs to the spontane-
ous radiation. And the lasing oscillation appears for
the pumping power above threshold values, and the
resonant peaks lie at 397.76 nm, 400.22 nm,
402. 17 nm and 404. 22 nm. Considering Zn0’ s size

and cavity structure in Fig. 2(i), a possible resonant
mechanism is the WGM based on the inner wall’s to-
tal reflection. Power-dependent lasing spectra of
samples with other diameters are shown in Fig. S2.
Similar spontaneous and stimulated emission ap-
pears for each sample. Comparing with the results
in Fig. 4(a) and Fig. S2, we can see that the sample
with a diameter of 8 pwm has the most special lasing
properties. It has a lower full width at half maximum
(FWHM) and a higher Q factor, but the threshold

value increases with the addition of diameter (see

details in Tab. S1).
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Fig.4 Optical pumped lasing properties (a) , threshold curves (b) , and the characteristic spectrum (¢) of a ZnO microdisk

(8 pm). (d) Normalized TRPL spectra with a central wavelength and its fitting curves. (e) Power dependent carrier com-

bination time summary of peak wavelength

The time-resolved PL. (TRPL) extraction spectra
are used to evaluate the crystal quality, which becomes
longer as the quality improves. Together with the las-
ing spectra in Fig. 4(a), carrier combination properties
of the ZnO microdisk were recorded. The TRPL spec-
tra with a single exponential fitting of a ZnO microdisk
(8 wm) at room temperature are shown in Fig. 4(d) -
(e). The PL intensity decays by approximately 80 ps
for spontaneous emission at power of about 4.2 pW

(below threshold values), shorter than single-crystal

ZnO™. However, this value is in the region of poor
crystal quality (~30 ps) to a high crystal quality of
ZnO (~110 ps) grown via the MBE method™. The
stimulated emission at 6.6 wW (above threshold val-
ue) is faster than the spontaneous emission with an ex-
citon combination time. The lifetime decreases with in-
creasing pumping power in Fig. 4(e).

To further study the structural-related light emis-
sion properties, typical lasing spectra of the as-grown

samples with a diameter of 4 pm, 8 wm and 13 pm
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are measured and shown in Fig. 5 (a). Stimulated
emission appears for each cavity in the gain region of
385 nm to 395 nm. As mentioned before, considering
cavity size in Fig. 2(b)-(d) and the lasing spectra in
Fig. 5(a), most of the mechanism is WGM resonant
in the circular microdisk. Eq. (1)=(3) provide the

calculation equation for () factor, resonant mode

(a)
<SR =1.19 nm
A
52 I'SR,=0.83 nm
_;'3
B~
2
g
380 385 390 395 400

A/nm

number(N), and free spectral range(R) of WGM las-
ing with peak wavelength A, FWHM, AA, cavity di-
ameter D, refractive index n, and dispersion rela-

tion dn/dA”™",

Q = MAX, (1)
N = nmD/A, (2)
R = A/wD(n - Adn/dA) . (3)
(b)
CB CB CB
E.r, E;;+AUV|

@P effect7

BM effect

e e e e Y

=
o]

VB VB

Fig.5 (a)Cavity size dependent lasing resonant of circular ZnO microdisk. (b) An illustration of the various effects on the band

gap energy of ZnO: primary band gap, filled band gap, relaxed band gap

Based on Eq. (1) and the spectra in Fig. 5(a),
the calculated  factor is 1 217 (with A as 389.5
nm, AX as 0.32 nm) and 1 301 (with A as 390. 4
nm, AA as 0. 30 nm) for microdisks with 4 wm and
13 pwm diameter, respectively, and the Q value for 8
pm samples can reach 1 354 (with A as 393.9 nm,
AX as 0.291 nm). The high Q factor confirms the
high cavity quality of 8 wm samples. As shown in
Fig. 2(a)-(d), many sub-micro grains on the edge
of the disk appear, leading to increased light leak-
age, thus affecting the reduction in the Q factor.
The 8 pm sample’ s surface is smooth, and it has
the highest Q factor. According to Eq. (2) and Eq.
(3), the mode number increases with the increased
cavity size, and the FSR decreases with the in-
crease of cavily size and resonant wavelength.
These results are consistent with the results in the
electromagnetic field distribution of Fig. S3 in sup-
porting documentation, and the sample with 8 pm
in diameter can limit the light in the cavity well
with explicit resonant modes.

Due to the exemplary cavity quality and appli-

cable exaction combination properties in Fig. 4 (e),
the most likely reason for power-dependent spectra mod-
ulation of 8 wm samples is bandgap renormalization
(BGR)™. In this case, under photon excitation,
the valence band electrons transition move to the
conduction band, and the electron density n, of
ZnO can be estimated by n, = B+1 . /hw,, with ab-
sorption coefficient (8 =1.6x10° cm™)™*  As
demonstrated in Fig. 5 (b), with the increased
pumping power, if n_ reaches the 10" e¢m™ lev-
el™* " Burstein-Moss (BM)
with increased bandgap will happen. If further in-

#3451 featured

effect
creasing the electron density n_ to the Mott densi-
ty of ZnO (3.7x10” em™)"", the electron-hole
plasma(EHP) effect featured with decreased band-
gap will appear.

To further demonstrate the bandgap renormal-
ization-induced lasing properties, the power-de-
pendent lasing properties of an optimized micro-
disk (8 wm) are studied in detail. In the experi-
ment, a 325 nm laser with a repetition rate of

1 000 Hz, a pulse width of 150 fs, and a spot diam-
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eter of 30 wm is used as the light source. The cal-
culated electron density n, for pumping power in
W level is high enough to support the BM and
EHP phenomena in high-quality ZnO microcavi-
ties. Similar to Fig. 4(a), broad spontaneous emis-
sion is observed at a low pump power of 5.7 pW
(Fig. 6 (a) ). Lasing resonance with a peak wave-
length of 401. 2 nm and @ factor of 1 215 appears for
a pumping power of 5.9 wW. A blueshift occurs in
the spectrum for pumping power above 6. 7 wW, and
the spectrum demonstrates a red shift when pumping
power is increased to 9.1 pW. The lasing oscilla-
tion” s first blue and then red shift can be attributed
to the bandgap renormalization. In this case, the

gain properties of the sample will be changed. And

it will further influence the lasing properties of
Fig. 6. This process can be re-demonstrated by
decreasing the pumping power. As shown in
Fig. 6(b), the lasing spectra are first blueshifted and
then redshifted for pumping power decreasing from
15.6 wW to 4. 8 wW. To further understand the las-
ing parameters, based on the data in Fig. 6, the pow-
er dependent peak intensity, FWHM and FSR are
summarized and shown in Fig. S4. With the increas-
ing of pumping power, the peak intensity is improv-
ing and then decreased with the fall up of pumping
power. However, the FWHM and FSR fluctuate with
the pumping power. FWHM is in the same level of
values in Tab. S1. FSR fluctuates in the region of
0.63nmto 1. 61 nm.
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Fig.6  Power-dependent lasing spectra of ZnO microdisk of diameter 8 pum: (a)from low power to higher power, (b)from high

power to low power

4  Conclusion

In summary, with the patterned SOI substrate
and MBE methods, a toroid-shaped ZnO microdisk
pivoted on Si is fabricated using a standardized
process. Samples with a diameter of 4 pm, 8 pum,
and 13 pwm can be obtained via a well-designed pat-
tern. XRD and XPS analysis indicate that the sam-

ples show a well-hexagonal wurtzite structure with

temporary oxygen vacancy. Lattice mismatch-in-
duced strain and melting-induced surface tension
in the multi-layer exist during the sample fabrica-
tion. Finally, the ZnO microdisk is slightly rolled
up with a shaped structure. The circular and toroid
cavity structure ensures the well-light confirm
effect. Thus, the energy density of the cavity is
high, and the optical loss of the cavity is low.

Under optical pumping, carrier combination time
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reaches 80 ps, and lasing resonance appears in cavi-
ties with varying diameters. The toroid cavity struc-
ture of the 8 wm sample shows a high Q factor of
over 1 300, and it can support pumping power-in-
duced bandgap renormalization. With the increased
pumping power, the lasing spectra demonstrate

blue and red shifts, which can be attributed to the

growth fabrication method for obtaining a circular
ZnO microdisk integrated into a silicon substrate,
which may benefit the realization of future chip-

based optoelectronic circuitry.

Supplementary Information and Response Letter are

available for this paper at: https://cjl.lightpublishing.

BM and EHP effects. Our study provides a new cn/zh/article/doi/10.37188/CJL. 20240242/
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