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We discuss applicability of the variable stripe length method to experimental investigation of optical
gain in a luminescent layer that behaves like a planar waveguide. We show that an interplay between
the output direction of guided light modes and the numerical aperture of the collection optics may
lead to an artifact manifesting itself as an apparent but false gain. We propose a way to circumvent
this inconvenience by using a “shifting excitation spot” complementary measurement. The method
is demonstrated on a layer of Si nanocrystals embedded into a synthetic silica pl2@020
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The recent observation of optical gain in Si nanostruc-of a He-Cd laser shows a typical wide band in the red spec-
tures by Pavesét al! attracted wide attention from the sci- tral region 650—900 nfif [see Fig. 1a), curve Al. This or-
entific community. The reported modal optical gain of thedinary PL measurement is performed by exciting and observ-
order of 100 cm* should be enough to construct the first ing the front face of the implanted plane. However, when
silicon laser, which could cause a revolution in the field ofdetecting PL from the facet of the implanted layer we ob-
optoelectronics. Later, another two reports on gain in Sperve huge changes of spectral shape, in particular for
nanocrystalSNCs) followed. While experiments of Nayfeh Samples implanted with high doses 4 ans B0' cm™?
and co-workerswere performed on specific small Si NCs, [Fig. 1(@), curve B. The main features are the TE and TM
the observation by Khriachtchest al3 was done in samples Modes guided by the nanocrystalline layer forming a planar
similar to those used by Pavesi’s group. The main experiwavegglde. The modes can be distinguished using a polarizer
mental method used by both Pavesi and Khriachtchev was€€ Fig. 1), curves C, D). The facets of samples were
the so called variable stripe lengt¥SL) method introduced Polished to a good optical quality, but the microscope image
by Shakleeet al. in 1971% which has been subsequently [Fig. 1(_b_)] shows th_at there are still many imperfectiddsie
widely applied to measure optical gain in semiconductors:[0 fragility of the SiQ face).
without being thoroughly tested.

The aim of this work is to check the applicability of the 900 850 Sgga"fgf "9520[""‘%50 600
VSL method for measurement of gain in NCs formed in Si
ion implanted SiQ. We show that waveguiding that occurs
in the active medium—a layer composed of Si NCs—can
significantly modify not only the spontaneous emission spec-
tral shape but also the observation of gain. It is even possible
to find out, by using the VSL method, an artifact: significant
gain values without genuine amplification taking place in the
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method that enables to correct a possible inaccuracy in de-

termining the value of gain. iMPLABY I S e g o (b)
The layers of Si NCs were prepared by Si ion implanta- Si0, 2L

tion into synthetic silica substrates using an implantation en-
ergy of 400 keV and total doses 1x@0' cm 2. Subse- FIG. 1. (@) PL spectra of a sample implanted with dose of #0*" cm™

; o (Nexe=325 nm andl ,.=0.26 W/cn?). Curves A and B were detected in
quent anneallng at1100°C InZthOSphere fol h lead to directions perpendiculanonguided and parallel(guided to the implanted

formation of Si NCs in a thin layer parallel to the silica pjane, respectively. Dashed lines C and D are the polarization resolved TM
surface> Photoluminescenc@L) excited by the 325 nm line  and TE modes, respectivelip) Microscope image (0.650.1 mm) of the

PL emerging(in a direction perpendicular to the plane of the figuirem

the implanted layer. The facet of sample is slightly illuminated by a halogen
¥Electronic mail: jan.valenta@mff.cuni.cz lamp.
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FIG. 2. The experimental setup for the VSL and SES measurements. 'g
-
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Let us briefly summarize principles of the VSL methbd.
The excitation light beam is focusédsually by a cylindrical

lens into a rectangular stripe, which starts at the facet of a

sample and whose length can be varied by shading a part
the rectangle with a moving shielé blade. The detection
optics collects light from the facet of a samperpendicular
to the incoming beaim If a population inversion is reached
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the excited stripe Pf s_am_ple acts a_s a single—pass_ ar_nplifigr fcHIG. 3. (a) Results of the VSL measurement at the peak of TE and TM
PL photons traveling inside the stripe. The net gain is defineehodes and for nonguided PL around 825 nm. The(liies) give values of
as a relative change of the light intensity passing an infiniG=35 and 28 cm* for TE and TM modes, respectively, and losses of

tesimal distancelx along the stripe. The increment of total
change of detected intensityl,,; when increasing the stripe
lengthx by dx is a sum of a gain amplification of the incom-
ing light and of the spontaneous emissigy(\) from stripe
of length dx. Solving an ordinary differential equation for
the total stripe lengtlf we retrieve the classical VSL equa-
tion

N a0 (1-1)
G(N) ’
where the net optical gaiG(A\)=[g(\)-K]. K represents
losses andg(\) is a gain coefficientnegative absorption
coefficien). Here, it is commonly accepted thig(\) and
g(\) are independent of and, more importantly, that the
coupling of the output emission to a detector is constant
independent ok.

In order to verify this assumption, we performed the
VSL measurement using excitation by the 325 nm line of
He-Cd lasercw, max. power 10 mW The sample was ex-
cited through a fixed metal slitwidth of 25 or 100 um)
placed close to the sample surfa@®—-50um). The result-
ing stripe length was varied by moving a metal foil over the
slit with a microstepping motofsee Fig. 2 The signal was
collected by microscope objectives, focused on the input sli

liot( €,N) = (1)

of an imaging spectrograph, and detected by a CCD camera dlsed X, \) =1

(for setup details see Ref).8This arrangement ensured the

11 cn* for nonguided PL(b) Results of the SES measurement performed
under identical conditions as the VSL. The lines are fits using B)ysand

(2) for TE (TM) and PL, respectivelyc) Integration of data from panéb).

The gain fits(lines) give values ofG=29 and 22 cm® for TE and T™
modes, respectivelyd) The SES measurements using detection NA of
0.075 (A-black squares 0.13 (B-white dotg, and 0.3(C-black triangles

Lines are guides to the eye. The inset shows interplay between the exit angle
of the guided mode and the detection NA.

Now, we wish to check the validity of the assumption
that the signal from any infinitesimal padix of the excited
stripe is equally coupled to the detection system. For this we
propose a simple modification of the VSL arrangement
which we call “shifting excitation spot(SES measurement.
The moving shield is replaced by a moving slit perpendicular
to the fixed slit(see Fig. 2 Consequently, only a tiny rect-
angular area of the sample is excited. This excited segment is
moved by changing the distance from the edge of the
sample and relevant changes of the detected signal are ob-

erved. If the abovementioned assumption is correct, we
should observe only a slow exponential decrease of the sig-
nal (due to losses, because light amplification is precluded
owing to dividing the excited stripe into small segments

With increasing distancg of the segment from the sample

?dge, we therefore expect

sgh)expg —[a(N) +K]x}dXx, 2

constant position of the excitation spot on the sample surwherea()) is a residual attenuation.

face, negligible influence of diffraction, and perfect control
over the experiment geometry.

Results of the SES measurement for TE and TM modes,

along with PL at 825 nm, are plotted in Fig(t3. The ex-
Figure 33 shows the stripe-length dependence of PLp

eriment was performed at the same part of the sample and

detected at wavelengths of the maxima of TE and TM modeginder identical conditions as for the above described VSL

and at 825 nmnonguided Pl The stripe width was 100 m

easurementexcited segment 26100um). It turns out

um, excitation intensity 0.26 W/cfrand detection numerical that the Eq(2) holds for the nonguided PL signal only where
aperture (NA)=0.13. For guided modes we see an exponeng |oss of 29 cm* was found[lower curve in Fig. 8)]. The

tial increase of signal for stripe length0.45 mm. Fitting by
Eq. (1) (solid lineg yields G about 30 cm?®. Nonguided PL
around 825 nm gives just losses of 11 cmApparent con-

signal for the TE and TM modes shows a surprisimgease
for x up to about 0.5 mm. The observed dependence can be
fitted, instead of Eq(2), by a relation

clusion thus could be the presence of optical gain in guided

modes.
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There is a constant term and a term combining a linear inwaveguiding. Then either the experimental condition should
crease with an exponential decay. The linear and exponentiale modified with aim to haveB(x) constan} or the function
terms dominate for short and large respectively. B(x) has to be determined from the SES measurerfignt

If there is no amplification of PL by stimulated emission, comparing Egs(3) and(5)] and the Eq(4) solved(numeri-
the result of the VSL measurement must be equal to theally) to find G(\). For our samples the real net ga@{\)
integral of the SES dependence fram 0 to €. The integral  turns out to be close to zero under excitation by a cw laser,
of the SES measurement presented in Fi) & plotted in A g=325 nm, and pump intensity up to 1 W/ém
Fig. 3(c). One can see that the initial parts of curves for TE ~ Our observations, however, do not deny a potential pres-
and TM modes have a superlinear shape, which can be fitteghce of optical gain in a layer of Si NCs made by Si ion
well with the VSL Eq.(1). Gain values of 29 and 22 cmh  implantation(the presence of gain is strongly dependent on
were found for TE and TM modes, respectively, almost identhe mode of applied pumping as well as on the sample prop-
tical with results shown in Fig. (@). This finding demon- ertieg. But the reported values of optical gafar its pres-
strates that the gain-like behavior in FigaBis a pure con- ence itself should be confirmed by the combination of the
sequence of a nonconstant coupling of guided PL to th&/SL and SES measurement in order to exclude the influence
detection system, not a true gain. of waveguiding phenomena. Similar effects cannotljm@i-

The main reason for the observed peculiar SES depereri excluded in any material containing layers of different
dence is the interplay between the output direction of thendex of refraction (e.g., layers of self-organized Il1-V
guided modes and the NA of the detection opf&me insetin  nanocrystafy.

Fig. 3(d)]. To illustrate this fact we performed the SES mea-  Finally, we have to note that other phenomena like the
surement using objectives with different numerical aperturesotal internal reflectiofwhen using a wide stripe in the VSL

of 0.075, 0.13, and 0.3. Results are plotted in Figl)3A  measuremeitr a confocal effeciwhen using high NA de-
gradual increase in the SES signal forup to 0.5 mm is tection optic$ can also affect the gain measurement. Here we
observed with NA of 0.075 and 0.13, but N4.3 gives a can state that these effects should be at least partially cor-
constant signal already at-0.01 mm. rected using our SES measurement. What is, however, not

In conclusion, our experiments demonstrate that the VSIpossible to correct is the suppression of gain by photons
method cannot be used in its classical form when ajoing transversally to the stripe directigim case of wide
waveguiding effect takes place in the studied sample. In sucktripg.

a case, we have to introduce a functiBx) describing the , i i
coupling of emission from an excited segment to the detec- Ve are grateful to Dr. Cheylafustralian National Uni-

tion. Thus, Eq.1) should be replaced by a general imegra|versity, Canberrafor fabrication of high quality samples.
equation: This work was supported by GAAV CRGrant Nos.

A1010809 and AVOZ 1010924and NATO (Grant No.
PST.CLG.978100
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