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Optical gain at 1.54 um in erbium-doped silicon nanocluster sensitized
waveguide

Hak-Seung Han, Se-Young Seo, and Jung H. Shin
Department of Physics, Korea Advanced Institute of Science and Technology (KAIST), 373-1 Kusung-dong,
Yusung-gu, Taejon, Korea

(Received 30 May 2001; accepted for publication 10 September)2001

Optical gain at 1.54um in erbium-doped silicon-rich silicon oxidéSRSQ is demonstrated.
Er-doped SRSO thin film was fabricated by electron-cyclotron resonance enhanced chemical vapor
deposition of silicon suboxide with concurrent sputtering of erbium followed B min anneal at

1000 °C. Ridge-type single mode waveguides were fabricated by wet chemical etching. Optical gain
of 4 dB/cm of an externally coupled signal at 1 &#h is observed when the Er is excited via carriers
generated in the Si nanoclusters by the 477 nm line of an Ar laser incident on the top of the
waveguide at a pump power of 1.5Wch © 2001 American Institute of Physics.

[DOI: 10.1063/1.1419035

Silicon is the dominant semiconductor material, and hagollowing significant differences. First, the absorption cross
been called the“engine” behind the information revolution. section of Si nanoclusters is larger than that of'Hons by
However, its poor optical activity due to its indirect band gapmore than 3 orders of magnitude.Second, as excitation
has led to its near exclusion from the field of optoelectronicsoccurs via Auger-type interaction between carriers in Si
whose exponential growth rate surpasses even the vauntednoclusters and Er ions, incident photons need not be
“Moore’s Law” of silicon integrated circuit$. This has mo-  resonant with one of the absorption bands of'Ernstead,
tivated numerous attemptst developing a silicon-based they only need to create photocarriers in Si nanoclusters. In
light source that would allow integrating information pro- this letter, we demonstrate an optical gain at 1,64 in an
cessing and optical communication capabilities into oneEr-doped SRSO waveguide. The Si nanoclusters excite Er,
single, silicon-based integrated structure. For such a structui@nd also provide the refractive index contrast necessary for
to have a practical impact, however, more than just lightwaveguiding. We observe gain in the optical signal at 1.54
emission is required. The light source sho(gemit lightat «m coupled into the waveguide when the waveguide is
a technologically important wavelengtt?) achieve its func- pumped from the top, and argue that such a waveguide sat-
tionality under practical conditionge.g., temperature and isfies all of the three aforementioned conditions necessary for
pump powe), and(3) and offer competitive advantage over a practical impact.
existing technologies. A 2.5 um thick Er-doped SiQ (x<2) film was depos-

One material that has gathered much attention is Erited on a Si wafer with a 1Qum thick thermal oxide by
doped silicon. The light emission from Er-doped Si occurselectron-cyclotron resonance plasma enhanced chemical va-
due to the intra-4 shell atomic transition from the first ex- por deposition with concurrent sputtering of Er using SiH
cited state to ground state of Er(*l,3,—115). This tran-  and G as source gases. Details of the deposition process can
sition emits light near 1.5um, which is the standard wave- be found in Ref. 9. The Si and Er content of the film was
length for the optical telecommunication due to its determined by Rutherford backscattering spectroscopy to be
coincidence with the absorption minimum of the silica-based34 and 0.03 at. %, respectivelyot shown. After deposition,
optical fibers. Furthermore, theoretitahnd experimental the film was rapidly thermal annealed at 1000 °C for 5 min
results'® suggest that Er in Si is Auger-excited via carriers, both to activate Er and to precipitate Si nanoclusters. This
generated either electrically or optically, that are trapped aparticular composition and processing parameters were cho-
Er-related defects and then recombine, and that this mechaen to induce the optimum £rluminescence properti¢d*
nism can be very efficient due to the strong carrier—Er inter-The photoluminescencdL) spectrum of the annealed film
actions. was measured using the 477 nm line of an Ar laser, a grating

Unfortunately, the same strong carrier—Er interaction inmonochromator, thermo-electrically cooled InGaAs or Si
Er-doped bulk Si can also severely reduce the efficiency op—i—n diodes for the IR and visible region, respectively, and
Er* luminescence at practical temperature and pump powemploying the standard lock-in technique. The 477 nm line
ers down to impractical leveR® Recently, however, it has was chosen because it does not coincide with any of the
been demonstrated that by using silicon-rich silicon oxideoptical absorption bands of Er, thus ensuring that all Ef
(SRSQ,”~° which consists of Si nanoclusters embedded in are excited via Si nanoclusters and giving a good represen-
SiO, matrix, many of the problems associated with bulk Sitation of a broad-band excitation source. The pump power
can be overcome such that efficienf Eluminescence can used for photoluminescend®L) was 200 mW. Ridge-type
be achieved®!!In this case, Si nanoclusters act as classicalvaveguides were fabricated by photolithography and wet
sensitizer atoms that absorb incident photons and then transhemical etching using buffered HF. After ridge formation,
fer the energy to luminescent atoffi®., EF") except for the the waveguides were cut to a length of 9 mm, and had their
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) . FIG. 2. Scanning electron microscofeEM) image of a fabricated wave-
FIG. 1. The room temperature PL spectrum of the erbium-doped Si nanoguide. Inset(a) shows the ridge in detail, and insét) shows the infrared

cluster film after annealing. The spectrum is corrected for the system '®CCD camera image of the transmitted beam, indicating that the waveguide
sponse. Luminescence peaks typical of'Bmear 1.54um and that typical is single mode.

of Si nanoclusters near 720 nm are observed. The inset shows the decay
trace of the Ef" luminescence.

inset [Fig. 2(b)], which shows an infrared charge-coupled
input and output facets polished mechanically. Optical gairflevice (CCD) camera image of the transmitted beam col-
was measured by Coup”ng in an external 1537‘ Signa| lected from the OUtpUt facet USing a minOSCOpe Objective.
from a DFB laser diode into the waveguide using a lensed ~ Figure 3 shows the spectra of the external signal input
fiber, and measuring the output coupled into the monochrolnto the waveguide from a DFB laser diode at different pump
mator using a microscope objective. The input and outpuPowers. The inset shows the schematics of the experimental
slits of the monochromator were opened to 2.4 mm in ordefetup. We observe two peaks centered at 1516 and 1537 nm
to obtain the maximum signal, albeit at the cost of spectraflue to the laser diode. However, we do not observe any
broadening. The signal was modulated at 11 Hz, and detectedignal due to spontaneous®Eremission. This indicates that
using the standard lock-in technique. The input signal powethe lock-in method has filtered out all background signals,
was kept low €3 wW). Again, the 477 nm line of the Ar and confirms that any change we observe is due to the
laser was used as the pump beam. The pump beam was iﬁjange in the intenSity of the transmitted Signal. We find that
cident normal to the top surface of the waveguide. The pumghe signal intensity does not change significantly below a
beam size was 1 cm0.1cm. The waveguide was pumped PUMp intensity of~0.25Wcm?. As the pump power is
continuously, ensuring that only the external signal was delncreased further, we observe a concomitant increase in the
tected via the lock-in amplifier. In all cases, measurement§ignal intensity, demonstrating optical gain of the external
were performed at room temperature. signal.

Figure 1 shows the PL spectrum of the film after the ~ The gain spectra of the waveguide is shown in Fig. 4.
1000 °C anneal. The spectrum is corrected for the Systeﬁﬁhe spectra are broadened because of the wide slit. However,
response. We observe a PL peak at 154 characteristic of @ broad peak near 1.54m typical of erbium can be clearly
Er** luminescence, and a broad peak centered near 720 nfpserved. The maximum amount of gain observed is 4 dB/
that is characteristic of Si nanoclustéts®From the position €M, and it occurs at 1.54m, in agreement with the peak of
of the Si nanocluster luminescence peak, we estimate the &~ luminescence spectrum shown in Fig. 1. Given the rela-
nanoclusters to be-2 nm in diametet, corresponding to a
nanocluster density of 1x 10*°cm™3. Note that the lumi- —
nescence due to Si nanoclusters is much weaker than that ¢ 477 nm
Er*", indicating a high excitation efficiency of £r. Fur-
thermore, as the inset shows, the decay of thé Emines-
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efficiency of EF*.
Figure 2 shows the scanning electron microscope images
of the fabricated ridge waveguide. The ridge isdmh wide, £
and 0.5um high. The insefFig. 2@] shows the ridge por- © 1}
tion of the waveguide in detail. Note the smoothness of the
surfaces due to the chemical nature of etching. Given the
excess Si content of 1 at. % and using the Maxwell-Garnett
theory, we estimate the refractive index of the film to be
1.464 at 1.54um, which is 1.4% larger than that of pure _ _
FIG. 3. The spectra of the external signal from a 1537 nm laser after being

silica (1.444 at 1.54um). Given these refractive indices, . i i
. . . . L transmitted through the waveguide. The experimental setup used to measure
mode analysis using effective index method indicates thage spectra is shown schematically in the inset. Note the increase in the

these waveguides are single mode. This is confirmed by theansmitted signal as the pump power is increased beyond 0.25& cm
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4 T - T optical gain is the first step toward the realization of a Si-
R S e based laser. The significance of such a silicon-based laser
- N operating in the 1.5um wavelength region is that because Si
% / N is transparent in that wavelength region, it can be integrated
e 3f ¥ DR with silicon-based modulators. As the switching speed of
g /.»—'" such mc_)du[ators can be substant@ditches with nearly 10
= I /o Py S Mhz switching speed have been demonstrafeshd Bragg-
B é </4/‘ D reflectors with 40 Ghz switching speed have been
8' 2 / / —w—05 Wem? I proposed?° such a s'truc.ture may be a way to cwcumyent the
' P —€—1  Wem? problem of slow switching speed that has been pointed out
e —e—15 Wem? to be a serious bottleneck in applying Si-based
/‘/___,_7./._-_.,./'\'\._-\._._._.5_\.__\ optoelectronicé?
) e , . e In conclusion, we have demonstrated optical gain of 4
1.52 1.54 1.5 dB/cm at 1.54um in erbium-doped Si nanoclusters at a
Wavelength (um) pump density of 1.5 W ci. This is an essential step toward

realizing practical silicon-based optoelectronics, and offers

FIG. 4. The gain spectra obtained by dividing the spectra measured with ththe possibility of significantly impacting both Si technology
pump light on by the spectrum measured with the pump light off. Theand optical telecommunications
spectra are broaded because of the wide slit used. However, a clear peak at '
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