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We show experimentally that a layer of silicon nanocrystals, prepared by the Si-ion implantation
(with the energy of 400 ke)/into a synthetic silica slab and exhibiting room-temperature red
photoluminescence, can serve simultaneously as a single-mode planar optical waveguide. The
waveguide is shown to self-select guided transverse electric and transverse magnetic modes from
the broad photoluminescence emission of the nanocrystals resulting in a substantially narrower
emission spectrum for these modes. We further report on an investigation of optical gain in a sample
implanted to a dose of¥410'" cm™2. Despite the occurrence of strong waveguiding, results of the
variable stripe length method turned out not to be able to give unambiguous evidence for optical
gain. © 2003 American Institute of Physic§DOI: 10.1063/1.1544433

The ongoing interest in Si-based optoelectronic devicespplication of the variable stripe length'SL) method for
has recently been further stimulated by reports of opticalnvestigating the occurrence of gain near 750 nm in our
gain and stimulated emission in layers containing siliconwaveguide structure.
nanocrystalgSi-NC9.1~° This research is motivated by the Samples used in this study were prepared by implanta-
technological prospect of making a silicon-based laser andion of .Si+ ions into synthetic silica slab@nfrasil) with
by questions of fundamental importance, such as whether gfimensions of 185x1 mn? and with optically polished
not it is possible to overcome the constraints imposed by affces. The implantation energy vgas fgo keV and ion doses
indirect band gap by exploiting the properties of nanoscaléVere varied in th.e range 1.9‘{101_ cm = This resulted in
material structures. Studies have largely concentrated on tightly skewed implant distributions with a mean project
properties of ensembles of Si-NCs embedded in 3 %i@-  'ange of~630 nm and peak excess concentration of up to 26
trix. For example, waveguiding structures fabricated from@t % Si. The implanted saomp!es were submitted to a postim-
erbium-doped Si-NCs embedded in a Sif@atrix have re- pl_antatlon anneal at 1100°Cin ahl‘&r_nblent fol h toform
cently been shown to exhibit amplification of an externaIIyS"NCS' To ephance the photolummgscerﬁ@@.) mansﬂy

. . . from NCs owing to hydrogen pasivation, an additional 1 h

coupled signal near 1..m under optical pumping.The

1 1 0, 0,
prospect of exploiting the waveguiding properties of nC_anneeﬁ was performed in a forming gag5% N,/5% H)

ntaining lavers i rticularly interesting sin h quid ambient at 500 °C. The presence of Si-NCs was evidenced
.Co aining 1ayers 15 p"’? cu a. y_ eresting since Sl_JC_ gu_ by Raman spectra that exhibited typical shift and line broad-
ing could enhance optical gain in such layers by eliminatin

ning consistent with a mean NC siz&f ~3 nm. Based on

losses as well as provide a useful basis for the fabrication Qﬁwe implanted Si distributio an estimated peak density of
other Si-based optoelectronic devices and structures. In thi§cs varies in the range 1210 cm23. PL was studied

letter the waveguiding properties of undoped Si-NCs cOnyging two independent setups. The first ¢Reyal Institute
taining layers are examined in detail. We further discuss thg¢ Technology, Stockholinused a continuous waveew)
He—Cd lase325 nm as the excitation source and an imag-
dElectronic mail: pelant@fzu.cz ing spectrograph with a CCD camera for detection. In the
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FIG. 1. Unpolarized PL spectra at 295 K. Curves A correspond to PL ema-
nating from the surface of the samplgeerpendicular to the Si—NC layer
while the curves B represent PL collected from the facet of the saniples
the plane containing Si—-NCgsee inset Emission spectra of the sample
1x 10 cm™2 (not shown are similar to those exhibited by the sample 3 4
X 10t cm~2 and displayed in panéd). (b) and(c) show results for samples
implanted to doses of 410 and 6x 10'7 cm™2, respectively(Excitation: 1
cw 325 nm, detection by the CCD camgra

PL intensity [a.u.]

second PL setufinstitut de Physique et Chimie des Mete 650 700 750 800 850
aux de StrasboufgPL was excited with a pulsed XeCl ex- Wavelength [nm]

cimer laser(308 nm, pulse duratior- 18 ns) and analyzed in .
FIG. 2. (a) Room-temperature emission spectra collected from the facet of

a_' Slcann'ng monOChrpmator equped with a GaAs phOtOI’nUIt'he sample implanted to a dose 0k40'7 cm™2 under 600 kW/crh exci-
tiplier and a boxcar integrator. This apparatus was also useghion with a XeCl lasefsee insét The solid line represents unpolarized PL,
to investigate optical gain via the VSL method in the tem-solid symbols show spectrum obtained by inserting a polarizer between the

; ~ i ~~1sample and the monochromat@ is perpendicular to the plane defined by
perature range from 8 to 292 K using a gas-flow OptlCa'lthe excitation and emission beams, TE mod@pen symbols denote PL

cryostat. o . ] ) spectrum when the polarizer is turned by 90M mode. (b) Unpolarized
The waveguiding properties of some of the investigatedL spectra measured under various anglesith respect to the normal to
layers manifest themselves clearly as striking differences iie output facet. The emission beam remains in the plane set by the normal
nd by the excitation beam as indicated in the inset. Inset also shows a
PL spectra detected from t.he Surface or from the .facelt of thgcheme explaining the observed asymmetry of emission intensity with re-
Sample, as demonstrated n F|g 1 fOI’ SampleS W|th d|ﬁeren§pect toa. Solid (dashedl lines represent gu|de@]ngu|ded PL.

implantation fluences. While for fluences o110 cm 2

(not shown and 3x 10'" cm™? the emission spectra for both generated by the layer itself serves as the test beam probing
directions of detection correspond to the broad, structurelesg,q waveguide properties, without the necessity of any exter-
emission characteristic of nanometer-sized S|-|§ré;}sl,2th§ nal coupler. The waveguide obviously self-selects the dis-
spectrum collected from the facet of thex40' cm™?  (rote guided modes from the broad PL spectrum. Such be-
sample differs significantly. It is much narrower and exhibitshayior, also recently reported in Ref. 2, is quite interesting
two distinct peaks(The spectral position of the peaks is gng possibly results from a “microcavity” effect in which
slightly different for different batches of samplgsompare  the NC emission is modified by the available optical
Figs. Ab) and 2a)] but the general shape is reproducible. gensity-of-state&’ This, coupled with the modified refrac-
Similar behavior is evident also in the sample implanted to &jye index profile resulting from the different implant condi-
dose 6x 10" cm 2. tions, may also explain the observed spectral shift of the
We interpret this effect as being due to waveguiding ofmodes compared to the emission from the surfacélue-
the red PL emission in the luminescent layer composed o&hift for a dose of & 107 cm™ 2—see Fig. 1b)—and a red
Si-NCs. Due to the relatively high implantation energy, thegne for 6x 107 cm™2, Fig. 1(0)].
resulting layer composed of Si-NCs is buried in the SiO  The waveguide properties together with the correspond-
matrix providing the refractive index contrast indispensableing strong directionality of the spectral features are further
for waveguiding: It possesses an increased refractive indegemonstrated in Fig. (B). By collecting PL under various
(up to ny~1.73) compared with the surrounding matrix anglesa with respect to the layer, the structure of guided
(n,~1.455) and is relatively thirithicknesst is about 310  emission is shown to be a sensitive function of detection
nm).!% In the first approximation we can model the layer as aangle—the clearly resolved peaks corresponding to TE and
symmetric planar waveguid@vith a rectangular refractive TM modes are observable over a narrow rangexasnly.
index profile. Then, the condition for single mode guidii"rb, When the guided PL is detected at angles greater than
ie., 0<\/(n12—n22) (w/c) t<ar, is fulfilled for wavelengths ~=5°, the spectrum becomes broad and structureless, ob-
N=2mcl/w longer than~590 nm. Indeed, investigation of viously due to an increasing contribution of unguidézhk-
the PL polarization revealed that the two peaks are clearhage PL. Figure Zb) also highlights another surprising aspect
polarization resolved TE and TM modgsig. 2(@)]. of the emission—the overall structure is not symmetric with

It is worth stressing that in these experiments the PlLrespect tax=0° and the total PL intensity has a maximum at
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TE mode 8 sidual signal background, total internal reflection at the out-
504 , ] put facet, etg, not necessarily from true optical gain. Analy-
/ o sis of these effects will be published elsewh¥réndirect
40 / fo) o . evidence for the lack of gain is also provided in the present
= /\ 0 mm / @ analysis by the fact that neither the overall behavior of the
3 el i v o}
i S0 ualiiferss =l /e i curves shown in Fig. 3 nor the extracted valuesgo¥ary
— 650 700 750 800 850, C . . :
" Wavelength [nm] - significantly when the pump density is varied
= 20 /. 4x10"cm'2- (200—600 kW/crf). Furthermore, no noticeable variations
were found when the temperature was varied over a wide
10 ®TE 292 K . .
O T | 600 KWW/em range(8—292 K. Clearly the problem needs further investi-
0 : . . : . gation.
0 1 2 3 4 5 6 In conclusion, we have presented experimental data
Stripe length [mm] demonstrating the waveguiding properties of a layer com-

S _ . _ posed of Si nanocrystals embedded in a silica slab. Room
FIG. 3. Example of VSL investigation of optical gaiff €292 K, excita- temperature guided emission in the red spectral region, origi-
tion: XeCl laser 308 nmin the sample implanted to a dose of 4 ing f he | . | h !
x 10 cm™2. The experimental geometry is sketched in the inset of Fig.n"’.‘tmg rom t_e Um'r)esc¢”t nanocrystals, was shown to con-
2(a). Stripe width was about 0.1 mm; inset shows selected emission spectf@in polarization distinguished TE and TM peaks, the struc-
for various stripe lengthéa parameter next to the curyes ture of which was a sensitive function of observation angle.
However, the application of the VSL method, either with a
cw 325 nm or a nanosecond 308 nm pumping, did not give

a=+5° while it is mostly suppressed at=—5°. This out- lusi id f tical aain in th id
put asymmetry can be qualitatively understood by taking intg-ONcIUsIve evidence for optical gain in the waveguide.
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