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Gain limiting processes in Er-doped Si nanocrystal waveguides in SiO 2
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~Received 25 June 2001; accepted for publication 18 September 2001!

Erbium-doped Si nanocrystal based optical waveguides were formed by Er and Si ion implantation
into SiO2 . Optical images of the waveguide output facet show a single, well-confined optical mode.
Transmission measurements reveal a clear Er related absorption of 2.7 dB/cm at 1.532mm,
corresponding to a cross section of 8310220cm2. The Si nanocrystals act as sensitizers for Er but
under high doping conditions~;50 Er ions per nanocrystals! no pump-induced change in the Er
related absorption is observed under optical pumping~l5458 nm!, which is ascribed to an Auger
quenching effect. For very high pump powers, a broad absorption feature is observed, attributed to
free carrier absorption. ©2002 American Institute of Physics.@DOI: 10.1063/1.1418417#
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The rare earth ion Er31 is widely used for optical am-
plification. The transition from the first excited state (4I 13/2)
to the ground state (4I 15/2) within the Er 4f shell occurs
around 1.53mm, which is one of the standard wavelengths
optical telecommunication. To achieve the population inv
sion required for optical amplification, rather large pum
powers are needed, because of the small absorption c
sections (;10221cm2) of the intra-4f transitions.1 This
problem can be solved by using a sensitizer that more
ciently absorbs pump light and subsequently transfers
absorbed energy to the Er31 ion. As has been shown
before,2–5 silicon nanocrystals can serve as an efficient s
sitizer for Er. Their absorption cross section is in the ran
10214– 10216cm2 depending on nanocrystal size and exci
tion wavelength,6 and as we have demonstrated,4 optically
generated excitons inside Si nanocrystals can recombine
transfer energy to Er at a rate.106 s21 and an efficiency of
at least 60%. Due to the broad absorption bands of Si na
rystals, this sensitization scheme would allow for optic
pumping of an Er-doped optical amplifier using a broadba
light source rather than an expensive pump laser. In addit
electrical pumping of the Er may be possible.

Given these great benefits, it is important to study
gain perspective of this material. We have therefore fa
cated Er-doped channel waveguides composed of a Si n
crystal doped core. We will show that the increased refr
tive index due to the nanocrystals causes excel
confinement of an optical mode at 1.5mm centered on the E
and nanocrystal doped region. Thus, this nanocomposite
terial is not only attractive as a sensitizer system, but als
a waveguide material. All experiments in this article are p
formed under high doping conditions~;50 Er ions per Si
nanocrystal!. Optical transmission measurements are mad
study the mode confinement and to derive the absorp
cross section at 1.53mm. Gain measurements performed u
der intense optical excitation of the Si nanocrystals supp
our earlier finding4,5 that there is an upper limit of;1 Er ion
that can be excited by a single nanocrystal.

a!Present address: Department of Applied Physics, California Institut
Technology, Pasadena, CA 91125; electronic mail: kik@caltech.edu
5340021-8979/2002/91(1)/534/3/$19.00

Downloaded 21 Aug 2002 to 131.215.237.206. Redistribution subject to 
-

ss

fi-
e

-
e
-

nd

c-
l
d
n,

e
i-
o-
-

nt

a-
as
-

to
n

-
rt

Silicon ions were implanted at 165 keV to a fluence
1.731017cm22 into a 5 mm thick layer of SiO2 that was
grown by wet thermal oxidation of Si~100!. The material was
annealed at 1100 °C for 10 min. in flowing Ar in order
induce nucleation and growth of Si nanocrystals. The sam
was then implanted with Er at 700 keV to a fluence of 1
31016cm22 and annealed at 1000 °C for 10 min. in flowin
Ar to remove implantation induced damage. Subsequent
was annealed at 800 °C for 10 min. in forming gas~H2:N2 at
1:9! to optimize the nanocrystal and Er photoluminescen
~PL! intensity.

Figure 1~a! shows the Er and Si concentration depth p
files, determined using Rutherford backscattering spectr
etry ~RBS! using a 2 MeV He1 beam at a scattering angle o
165°. The Si concentration profile peaks at a depth of 240
at a peak concentration of 42 at. %, corresponding to an
cess Si concentration of 13 at. %. Assuming an average n
crystal diameter of 3 nm,7,8 the nanocrystal concentration a
the peak of the Si profile is estimated to be 1
31019cm23. The Er concentration profile peaks at a dep
of 240 nm at a peak concentration ofNEr58.331020cm23

~i.e. ;50 Er ions per Si nanocrystal!.
A series of 3.5mm wide ridge waveguides was forme

in the implanted and annealed SiO2 film using standard pho-
tolithography and Ar beam etching to a depth of 0.5mm, i.e.,
well beyond the Si-doped region. The excess Si inside
ridges locally raises the index of refraction, providing t
index contrast required for optical mode confinement. To
duce scattering losses, the waveguides were covered w
1.25mm thick SiO2 cladding layer using microwave sputte
ing. The samples were subsequently cut to a length of 8 m
and the waveguide input and output facets were mech
cally polished. A sketch of the final structure is drawn in F
1~b!, where y50 corresponds to the position of the SiO2

surface before the etching process. The light gray area
resents the remaining SiO2 after etching of the ridge, and th
location of the implanted Er and Si is indicated by the da
gray line at y50.24mm. The smooth solid line aty
'1 mm corresponds to the sample surface after depositio
the SiO2 cladding layer.
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Figure 1~b! shows isointensity contours of the optic
mode image at 1.49mm light from an InGaAsP laser guide
through the waveguide. The emission from the output fa
was projected onto an infrared camera using a microsc
objective. At this wavelength, the waveguide only suppo
the fundamental mode. The mode is slightly elliptical, with
full width at half maximum~FWHM! of 3.8 mm in the x
direction, and 3.1mm in the y direction. In this particular
sample structure, with only a small section of the wavegu
doped with Er, the Er related absorption and gain will
small, as the effective overlapG of the optical mode with the
Er profile is only 1%. This low value can be easily increas
by changing the size of the nanocrystal doped core by
forming multiple Er and Si implants, or by depositing a lay
of Er- and Si-doped SiO2 , e.g., using sputter deposition2 or
chemical vapor deposition.3

Figure 2~a! shows normalized transmission spectra of
nanocrystal waveguides containing no Er~dotted line! and
1.3 at. % Er~solid line!, measured using a broadband lig
source butt coupled to the nanocrystal waveguide usin
single-mode tapered fiber. In the Er-doped sample, a c
dip is observed around 1.53mm, due to the4I 15/2→4I 13/2

absorption transition of Er31. The Er related absorption ob
tained by dividing the normalized curves in Fig. 2~a! is
shown in Fig. 2~b! ~solid line!. The peak absorption at 1.53
mm is found to be 2.7 dB/cm. From this value and the m
sured values forG and NEr , we obtain an absorption cros
sectionsEr~1.532mm!58310220cm2. This value is rather
large compared to values found in Er-doped Si
310220cm2)8 and SiO2 (4310221cm2).1 The large cross
section may be due to the strong asymmetry of the lo
dielectric environment of the excitable Er31 ions ~note that
in a perfectly symmetrical geometry the4I 13/2→4I 15/2 transi-
tion is parity forbidden!. This may also explain the relativel
short luminescence lifetimes typically observed in this ty
of material. The high absorption cross section also transl
into a high emission cross section,9,10 which implies that
high gain could be achieved in this material over a sh
length.

FIG. 1. ~a! Er and Si concentration profiles in an ion implanted plan
waveguide sample as determined by RBS.~b! Optical mode image at a
wavelength of 1.49mm taken at the output facet of an Er-doped Si nan
crystal based ridge waveguide. The contour lines indicate constant inte
A sketch of the waveguide structure is included.
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Optical pumping was achieved by projecting a 458 n
laser beam onto the top of the waveguide using a cylindr
lens. The elongated spot was aligned with the wavegu
and evenly covered the full waveguide length~see inset in
Fig. 3!. Figure 2~b! shows the spectrum of guided Er phot
luminescence~PL! collected at the output facet. The spectr
shape was found to be independent of the applied pu
power in the range 25–180 mW. From PL rise and dec
time measurements at 1.535mm ~see inset in Fig. 3!, it fol-
lows that at the lowest applied pump power~25 mW!, the Er
excitation rateREr is at least 570 s21, which would be suffi-
cient to keep 70% of the excitable Er in the first excited sta

Next, optical gain measurements were performed
measuring transmission spectra as a function of pump po
These measurements were done using a chopped white
source as a signal source under continuous pumping at
nm. The transmitted signal light was measured using lock
detection, which prevents the accidental detection of a
spontaneous emission induced by the pump. It was fo
that even at a pump power as high as 250 mW, no chang
the Er related absorption could be detected within the m
surement accuracy. This puts an upper limit to the amoun
Er in the waveguide that is excited through Si nanocryst
From the experimentally obtained values forsEr andG, and
the known noise in our transmission spectra of 1% we c
clude that the concentration of excitable Er in the
nanocrystal-doped region is less than 331019cm23. Note

r

-
ity.

FIG. 2. ~a! Normalized transmission spectra of Si nanocrystal ba
waveguides containing no Er~dotted line! and 1.3 at. % Er~solid line! ~b! Er
related absorption spectrum~solid line! derived from the data in~a! and Er
PL spectrum~dashed line! collected at the waveguide output facet~pump
power 180 mW at 458 nm!.
AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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that the peak Er concentration in the waveguides was
31020cm23. The fact that the maximum excitable Er co
centration is close to the estimated nanocrystal peak con
tration of 1.331019cm23 in our samples provides stron
support for our earlier finding4,5 that the amount of excitable
Er in Si nanocrystal-doped SiO2 is limited to ;1 Er ion per
nanocrystal. Any Er in excess of this limit can not be excit
and will introduce an unbleachable absorption at 1.53mm.
This fundamental limit can be explained in terms of an A
ger quenching mechanism, in which strong coupling occ
between an excited Er ion and an exciton in a nea
nanocrystal.5 At high power, when the exciton generatio
rate exceeds the Er decay rate, this coupling may limit
excited Er fraction to;1 per nanocrystal.

Although no change in the Er related absorption is o
served, the overall transmission of the waveguides is redu
during optical pumping, corresponding to negative gain. F
ure 3 shows the gain at 1.535mm as a function of applied
pump power at 458 nm. The gain at zero pump power w
taken to be22.4 dB/cm, corresponding to the measured
ground state absorption at 1.535mm @see Fig. 2~b!#. The
same pump power dependence of the gain was observe
all wavelengths in the range 1.4–1.7mm. Apparently, optical
pumping at 458 nm induces an absorption in the wavegu
material. After pump switch off, the signal transmission co
verges to its original value over a period of several minu
in a strongly nonsingle exponential fashion. This behavio
unlikely to be a thermal effect, since the sample tempera
was found to increase by less than a degree even at the
est applied pump power.

The observed transmission change could be due to
carrier absorption, a well-known effect in bulk silicon,
which free carriers absorb subbandgap radiation due to in
band transitions.11 The transmission change can not be due

FIG. 3. Gain at 1.535mm as a function of the applied continuous-wave 4
nm pump power as obtained from transmission measurements. The g
zero pump power corresponds to the measured Er ground state absorpt
sketch of the measurement configuration is included. The inset show
time-dependent PL signal at 1.535mm collected at the output facet durin
pump modulation.
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absorption by quantum confined electron–hole pairs, si
these recombine at a rate.105 s21 at room temperature.12,13

However, if the charge carriers are physically separated, t
lifetime can increase by orders of magnitude. Such sep
tion can occur when optical excitation leads to the ejection
a carrier into a deep trap state near the nanocrystal surf
This nanocrystal photoionization process is also though
be responsible for the observed ‘‘blinking’’ of luminesce
nanocrystals.14,15 In this case, the lifetime of the induce
absorption is determined by the time it takes the trapp
carrier to tunnel back into the nanocrystal, which can inde
be on the order of minutes.16 We note that in our measure
ments the pump-induced absorption is a relatively small
fect, that occurs at pump powers that are well above th
required to invert Si nanocrystal-sensitized erbium.

In conclusion, Er-doped Si nanocrystal bas
waveguides in SiO2 show excellent mode confinement at 1
mm. The Er absorption and emission cross section is foun
be 8310220cm2. For high Er concentration~;50 Er ions
per nanocrystal!, no change in the Er related absorption
observed under optical pumping at 458 nm. This confir
our previous model that predicts that a single nanocrystal
only excite;1 Er ion at a time. Under high density optica
pumping~much higher than required for inversion! a broad-
band absorption feature is observed which is attributed
free carrier absorption inside the nanocrystals. We concl
that an Er-doped Si nanocrystal sensitized optical wavegu
amplifier pumped using a broadband source may show
gain, provided the Si nanocrystal and Er concentration
properly chosen.

Koos van Uffelen~Technical University Delft! is grate-
fully acknowledged for various steps in the sample prepa
tion. This work is part of the research program of FOM a
was made possible by financial support from NWO, ST
and ESPRIT~SCOOP!.
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