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Erbium-doped and Raman microlasers on a silicon chip fabricated
by the sol-gel process

Lan Yang,a) Tal Carmon, Bumki Min, Sean M. Spillane, and Kerry J. Vahala”
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We report high-Q sol—gel microresonators on silicon chips, fabricated directly from a sol—gel layer
deposited onto a silicon substrate. Quality factors as high as P05at 1561 nm were obtained in
toroidal microcavities formed of silica sol-gel, which allowed Raman lasing at absorbed pump
powers below 1 mW. Additionally, Bf-doped microlasers were fabricated froni Edoped sol-gel
layers with control of the laser dynamics possible by varying the erbium concentration of the
starting sol-gel material. Continuous lasing with a threshold of 660 nW for erbium-doped
microlaser was also obtained. ZD05 American Institute of PhysidDOI: 10.1063/1.1873043

Recently, a chip-based silica resonator structure in thevas formed. The silica sol-gel film was then deposited on a
form of a microtoroid has demonstrated ultrahigh-Q-factorssilicon substrate by the spin-coating method. Different thick-
in the range of 100 milliod.By coating these high-Q micro- nesses of the sol-gel films were obtained by changing the
cavities with erbium-doped sol-gel filer by beginning viscosity of the sol-gel solution and spin speed, with mul-
with erbium implanted silica Iayer%,low threshold rare- tiple coating steps used to build up thicker layers. The thick-
earth-doped microlasers on-a-chip have been demonstratetess of the sol-gel film in this work wasdm after three
In another study, the realization of integrated Raman microeycles of spin-coating. After each coating cycle, the chip was
lasers beginning with a layer of thermally-grown silica hasannealed at 1000 °C for 3 h to remove residual organics and
been achieved.Microlasers on silicon chips are especially solvents inside the sol-gel silica network. Following the
interesting because they are integrable with other optical ospin-coating and anneal step, circular silica pads with diam-
electric components. In this work, we demonstrate the poseter of 80 and 100 microns were created on the silicon wafer
sibility of making microlasers directly from the sol—gel lay- through a combination of optical lithography and buffered
ers on the silicon wafer. The sol-gel method for preparingdF etching. Subsequently, these pads served as etch masks
silica and silicate from a metal alkoxide precursor provides dor isotropic silicon etching using XeFAfter this process,
versatile and cost-effective way to fabricate various compothe silica disks are left supported by narrower silicon posts.
nents on silicon chips. It combines control of compositionAs described in Ref. 1, a high power g@ser is then used
and microstructure at the molecular level with the ability toto selectively reflow the silica sol-gel disks, during which
shape materials in bulk, fiber, powder, and thin film forins. surface tension causes the disks to collapse into toroids. The
This technique allows a wide variety of thin films to be de- exceptionally smooth surface of the reflowed toroid cavities
posited on various substrates. In addition, optical devicessndows these structures with their high-Q properties. Figure
including buried-channel erbium-doped waveguide amplifi-1 depicts the fabrication process flow of the microlasers be-
ers, microlenses, one-dimensional photonic crystal deviceginning with the sol-gel layers on the Si wafer. Correspond-
and external-cavity distributed Bragg reflect@BR) laser ing optical micrographs, taken after each processing step, are
have been achieved using the sol-gel methdddere we also shown in Fig. 1.
report a new method to fabricate both erbium-doped micro- The principal diameters of the microtoroids studied in
lasers and Raman microlasers on a silicon chip using sol—g#his work ranged from 50 to 6@m. Tapered optical fibers
films as the base material for microtoroid formation. In onewere used to couple optical power both into and out of the
series of experiments, erbium-doped sol—gel films are used t@sonator, with a fiber taper having a waist diameter of
create low threshold microlasers. In a second set of experit—2 um used in order to couple to the resonator with high
ments, pure silica sol-gel layers are processed intefficiency™® To vary the air gap between the microcavity and
ultrahigh-Q Raman microlasers. Both of these cases demoihe taper, the sample chips were mounted on a three-axis
strate the ability to use spin coating of sol-gel films as dranslator for position control. A tunable, single-frequency,
processing alternative to deposition or oxidation methods fonarrow linewidth(<300 kH2 external-cavity laser emitting
silica layer formation. in the 1480 nm band was used to pump the erbium-doped

The sol—gel solution was prepared by hydrolyzing tetra-microlaser. The fiber output was connected to a 90/10 fused
ethoxysilane(TEOS using water with the molar ratio of fiber coupler, with the 10% port connected to an optical spec-
water to TEOS around 1-2. Hydrochloric acid was added tarum analyzer to monitor both the pump and signal spectra.
make the solution in acid condition. Erions were intro- The 90% port was connected to an oscilloscope to observe
duced by adding ENO); to achieve the desired Ercon-  the laser dynamics. The pump laser was scanned repeatedly
centration. After reaction at 70 °C for 3 h, a viscous solutionaround a single whispering gallery mode. The absorbed

pump power was measured as the difference of launched
JElectronic mail: lan@its.calech.edu power ir_lto the taper and the tran_sm_itted power after the
YURL:  http://www.its.caltech.edw/vahalagr;  electronic  mail:  taper. Figure 2 shows a laser emission spectrum for CW
vahala@its.caltech.edu (continuous wave operation of an Er-doped microtoroid
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FIG. 3. (Color onling Measured laser output power plotted vs the absorbed
pump power for a microtoroid laser with principal diameter of 6. The
ﬂ lasing threshold is 660 nW with pump wavelength at 1442 nm and lasing
m wavelength at 1553 nm.

3 {c)
that for a toroid with a principal diameter of gom and
intrinsic quality factor(pump modg between 5< 1f and 1
FIG. 1. (Color) Schematic process flow for creation of solgel microcavities w 107, thresholds in the range of 400—-600 nW can be

on a Si wafer(left) and photomicrograph plan viefight) after each step. : : : 9 A3 i
(a) Sol-gel layer is spun on Si wafeih) circular pads are etchett) XeF, achieved with an Ef concentration of & 10" cm™. Figure

isotropic silicon etch(d) CO, laser reflow. 3 shows the measured laser output power plotted versus the
absorbed pump power from a microtorid with properties as
described above. The threshold was estimated to be as low as
laser(optical spectrum analyzer resolution of 0.5)with a 660 nw, which is about three times lower than that of the
micrograph of the fiber-coupled microlaser presented in thenost recently reported Er-implanted microtoroid resonators.
inset. Single-mode operation could be obtained by propethis ultralow threshold originates from the small mode vol-
choice of the coupling condition. The green ring around theyme, high quality factor of the microcavity, and homoge-
toroid periphery is due to upconverted photoluminescenc@eous distribution of the Et inside the cavity, which enable
from Er*. the optimized overlap between the active region and the
A theoretical anaIySiS shows that the threshold power |§)ump modes. Above thresho]d, the laser output power in-
minimized at a certain erbium ion concentratidiThis op-  creases linearly with the absorbed pump power, as expected.
timal erbium ion concentration depends, in turn, on the in- By Varying the erbium concentration in the Starting sol-
trinsic quality factor of the pump modeIn the low concen-  ge| solution, we could adjust the final doping concentration
tration limit, the threshold power increases sharply becausg, the microcavities, which ultimately modifies the laser dy-
Er**ions are not able to give sufficient gain required for l0SSnamics as previously described for the case of microsphere
compensation; while in high concentration limit, the thresh-jasers!? |n particular, for a heavily doped(Er,0;
old again increases due to increases of concentration=g 15 mol% microcavity, pulsation behavior, as opposed to
dependent loss mechanism, such as upconversion and 0y operation, is observed. The pulse repetition rate is
pair induced quenching. For further details on this theoretical) g pHz at a laser output power of 38N and as described
optimum threshold, we refer the reader to Ref. 11. We foung, Ref. 12 is attributed to the presence of saturable absorp-
tion in the cavity owing to unpumped or incompletely-
pumped erbium regions and ion-pair induced quenching.
Raman oscillation at low pump powers using
ultrahigh-Q microcavities is possible even in extremely lin-
ear media such as silidd.To investigate the possibility of
Raman oscillation in sol-gel microcavities, microtoroids
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.40 ] were fabricated from an undoped sol-gel layer. The quality
factor of the initial microdisk preform was 7x110%
-50 1 whereas after the CQaser reflow the microtoroid achieved
- ] quality factors as high as 2610 at 1561 nm. This corre-
[Tl ks s g sponds to a waveguide loss of 0.009 dB/cm, which is the
.70 lowest loss reported to date for sol-gel silica-on-silicon
1500 1510 1520 1530 1540 1550 1580 1570 technology****These high quality factors allow the observa-
Wavelength (nm} tion of Raman emission with threshold pump powers below a

milliwatt. In this case, a single-frequency tunable external-
FIG. 2. (Color Typical laser spectrum of an Brdoped solgel silica micro- cavity laser operating around 1550 nm band was used to

toroid laser. The inset is a photomicrograph top view of af*-Hoped . . . -
solgel silica microtoroid laser with principal diameter of Gth coupled by pump the microcavity. Figure 4 shows a typical Raman laser

a fiber taper. The green ring is due to upconverted photoluminescence froP€Ctrum taken on a micrOtor(_)id with a quality factor of
Er. 2.5x10" at 1561 nm. In the figure both pump wave at
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0 : x r : T 2.5x 10" at 1561 nm for an undoped cavity. The sol-gel pro-
-1 cess provides a versatile way to create silica-based devices
-10 ¢ AL T with precise control of the composition. The results demon-
20 g : | strat_e the great potgntial of s_ol—gel t_echnology in fabrication
€ s, of high optical quality materials for integrated optical com-
% 230 g N g ponents on silicon chips.
—_ [
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FIG. 4. (Color online Raman emission spectrum of an undoped microtoroid
with principal diameter of 4um. The pump wavelength is at 1561 nm and
Raman oscillation occurs at 1679 nm. The inset shows the measured Ram
laser output power vs the absorbed pump power.
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