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We have fabricated ultraviolet microdisk lasers on silicon substrates. A thin layer of zinc oxide is
grown on top of the silica microdisks and serves as the gain medium. Under optical pumping, lasing
occurs in the whispering gallery modes of the hybrid microdisks at room temperature. Above the
lasing threshold, a drastic increase of emission intensity is accompanied by a decrease of spectral
width of the lasing modes. ©2004 American Institute of Physics.@DOI: 10.1063/1.1695090#

As optoelectronics becomes increasingly important for
information and communication technologies, there is a need
to develop optoelectronic devices that can be integrated with
standard silicon microelectronics.1 Over the past decade,
there has been much progress in developing silicon-based
optoelectronic devices such as waveguides, tunable optical
filters, add/drop switches, optical modulators, CMOS photo-
detectors, photonic crystals, and microelectromechanical sys-
tems. In addition to these devices, light sources such as la-
sers and light-emitting diodes are also important components
of integrated optoelectronic circuits. Despite the recent de-
velopment of efficient silicon light-emitting diodes2–4 and
report of optical gain in silicon nanocrystals,5 a silicon-based
laser has not yet been realized. We take a different approach
in fabricating silicon-based laser: instead of extracting opti-
cal gain from silicon, we grow other gain materials on top of
silicon substrates. Usually the lattice mismatch between the
silicon substrate and the grown material reduces the optical
quality of the gain material. However, we demonstrated a
few years ago that zinc oxide~ZnO! thin films grown on
amorphous fused silica (SiO2) substrates exhibit high optical
gain.6 Based on this observation, we report in this letter the
fabrication of ultraviolet microdisk lasers on silicon sub-
strates. Microdisks sustain whispering gallery~WG! modes
that are confined by total internal reflection. The high quality
factor of WG modes would enhance the spontaneous emis-
sion coupling efficiency and reduce the lasing threshold.7 We
fabricated the microdisks with SiO2 instead of ZnO, because
SiO2 disks can have very high quality factor as demonstrated
recently by Armaniet al.8 A thin layer of ZnO is deposited
on top of the SiO2 disks and serves as the gain medium. As
compared to the vertical cavities made of distributed Bragg
reflectors, microdisks not only have higher quality factor, but
also are much easier to fabricate. The main disadvantage of
microdisk cavities is lack of directional output. However,
recent studies show that deformed microdisks can provide
directional output while maintaining high quality factor.9–12

We have fabricated SiO2 microdisks on a commercial
silicon ~Si! wafer. The thickness of SiO2 layer is 320 nm.
The wafer is spin-coated with 1.1-mm-thick photoresist. Disk
patterns are defined by optical lithography. The disk diameter
varies from 2 to 20mm. Then the pattern is transferred from
the photoresist to the SiO2 layer by reactive ion etching. The

dry etching consists of two steps. First, a radio-frequency
plasma of carbon tetrafluoride and hydrogen is employed for
the highly selective etching of SiO2 over photoresist. Sec-
ond, a short time etching with a plasma of carbon tetrafluo-
ride and oxygen is used to fully expose the silicon surface
and facilitate the subsequent wet etching. A selective wet
etching of silicon by tetramethyl ammonium hydroxide solu-
tion is followed, and the Si pedestal is formed underneath
each SiO2 disk. Figure 1 is the scanning electron micrograph
~SEM! of a SiO2 microdisk on top of a Si pedestal. The disk
diameter is about 10mm. The disk periphery is very smooth.
The edge of SiO2 disk is uniformly undercut by the selective
wet etching. The top of the Si pedestal is shown as the dark
circle in the middle of the SiO2 disk in the top view of SEM.

After the SiO2 microdisks are formed on the Si wafer, a
thin layer of ZnO is grown on top of the disks as the gain
medium. The ZnO film is deposited by metalorganic chemi-
cal vapor deposition in a pulsed organometallic beam epitaxy
system. The growth apparatus has been described
elsewhere.13 Diethylzinc is used as the zinc precursor. It is
stored in a liquid bubbler and cooled down to226 °C during
ZnO growth. Helium gas passes through the bubbler and
carries diethylzinc vapor to reaction chamber. Oxygen is in-
troduced into the chamber via a separated line to prevent
premature reaction. The flow rates of helium carrier gas and
oxygen are both controlled by mass flow controller to 1 stan-
dard cubic centimeter per minute~sccm! and 30 sccm, respec-
tively. During the growth of ZnO film, the sample is im-
mersed in an oxygen plasma excited by microwave energy at
frequency 2.45 GHz. The sample is heated to 600 °C by
resistive heating of sample holder. Figure 2 is the SEM of the
microdisk structure after ZnO deposition. A close-up view in
the inset shows that the disk surface is uniformly covered by
ZnO nanocrystals whose size is around 30 nm. The ZnO
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FIG. 1. Scanning electron micrographs of a SiO2 disk: ~a! side view,~b! tilt
view. The disk diameter is about 10mm.
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layer on top of the SiO2 disk is;55 nm thick. The side view
SEM of some broken disks reveals a very thin layer of ZnO
(;25 nm thick! on the back side of the SiO2 disks. Note that
we have to etch the disks before ZnO deposition, because
ZnO can be easily removed during the wet etching process.

The hybrid ZnO/SiO2 microdisk is optically pumped by
the third harmonics (l5355 nm) of a mode-locked Nd:YAG
laser~10 Hz repetition rate, 20 ps pulse width!. A microscope
objective lens is used to focus the pump beam onto a single
disk. Part of the emission from the WG modes is scattered
into the normal direction and collected by the same objective
lens. The emission spectrum is measured by a 0.5 m spec-
trometer with a liquid nitrogen cooled charge-coupled-device
array detector. The sample is at the room temperature.

Figure 3 shows the spectra of emission from a 10mm
disk at low and high pumping. The emission peaks corre-
spond to the cavity modes. As the pumping intensity in-
creases, the peaks shift to longer wavelength. This redshift is
caused by the increase of ZnO refractive index with the car-
rier density. The intensities of some peaks increase much
more rapidly with the pumping than the others. Their line-
width is also reduced significantly. Figure 4 is a plot of the
emission intensity integrated over a spectral peak versus the
incident pump pulse energy. We can see that the emission
intensity increases dramatically above a pumping threshold,
and eventually saturates. The spectral width of an emission
peak is plotted as a function of the incident pump pulse
energy in Fig. 5. The linewidth is decreased from 0.36 to
0.17 nm with increasing pumping. A sudden drop of the
mode linewidth is observed across the pump threshold
;0.85 nJ/pulse. These data clearly illustrate that lasing oc-
curs in the hybrid ZnO/SiO2 microdisks.

The commercial silicon wafer that we used is not de-
signed for microdisk structure. The oxide layer thickness is
not optimized for single guided mode operation. In fact the
ZnO/SiO2 disk layer supports three transverse electric modes
~TE0, TE1, TE2! and three transverse magnetic modes
~TM0, TM1, TM2!. For the TE modes, the electric field is
parallel to the disk plane; while for the TM modes, the elec-

tric field is perpendicular to the disk plane. To identify the
lasing modes, we calculate the effective index of refraction
neff for the guided modes at the ZnO emission frequency.
neff51.76, 1.50, 1.27 for TE0, TE1, TE2 modes, andneff

51.50, 1.35, 1.07 for TM0, TM1, TM2 modes. From the
effective index of refraction, we find the frequencies of WG
modes in a microdisk. The radial variation of the mode field
is given by themth order Bessel functionJm(2pneffr/l),
where r is the radial coordinate, andm is the azimuthal
number. The boundary condition is that the field is zero at the
disk edge:Jm(2pneffR/l)50, whereR is the disk radius. By
solving for the zero points ofJm , we obtain the wavelength
lm,n of the WG modes.n represents the order of the zero
points ofJm , and it is called the radial number. Thus a WG

FIG. 2. Scanning electron micrograph of a 10mm disk after the deposition
of ZnO film. The inset is a close-up view.

FIG. 3. Spectra of emission from a 10mm disk. The incident pump pulse
energy is~a! 0.42 nJ,~b! 0.95 nJ,~c! 1.8 nJ.

FIG. 4. Spectrally integrated emission intensity of a WG mode as a function
of incident pump pulse energy.
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mode is labeled as TEXm,n or TMXm,n , whereX is the order
of the guided mode. For our disks,X can be 0, 1, or 2. In a
10 mm disk, there are many WG modes within the ZnO gain
spectrum. The frequency spacing between some WG modes
is so small that the modes cannot be resolved. Instead they
appear to be one relatively broad peak. Although there are
six guided modes, the lasing modes are mainly the funda-
mental transverse electric mode TE0 as indicated in Fig.
3~b!. To understand this phenomenon, we calculate the spa-
tial profiles of the six guided modes. We find the TE0 mode
has the largest spatial overlap with the ZnO layer~gain me-
dium!. Hence, it experiences the highest gain. We also notice
that the lasing modes have small radial numbern. This is
because a WG mode with smallern has larger effective ra-
dius. Its wave function has less extension to the disk center,
thus the scattering loss caused by the pedestal is minimized.

Although we have realized ultraviolet lasing in the hy-
brid ZnO/SiO2 microdisks, the lasing threshold is still quite
high. The high lasing threshold result from several factors.

~i! Most incident pump light is not absorbed by the thin ZnO
layer. ~ii ! Higher-order guided modes compete for gain.~iii !
Impurities in the SiO2 layer absorb laser emission.~iv! ZnO
nanocrystals induce scattering loss. Therefore, we believe the
lasing threshold can be significantly reduced by decreasing
the SiO2 layer thickness to suppress the higher-order guided
modes, using pure SiO2 to eliminate absorption, and reduc-
ing the size of ZnO nanocrystals to minimize the scattering
loss.
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FIG. 5. The full width at half maximum of a WG mode vs the incident
pump pulse energy.

2490 Appl. Phys. Lett., Vol. 84, No. 14, 5 April 2004 Liu et al.

Downloaded 04 Apr 2004 to 129.105.151.28. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


