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(Trento), Italy
3NEST, Scuola Normale Superiore, Istituto di Nanoscienze-CNR, Piazza San Silvestro 12, 56127 Pisa, Italy
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We present a study that demonstrates the limits for achieving net optical gain in an optimized

waveguide where Si nanoclusters in SiO2 codoped with Er3þ are the active material. By cross

correlating absorption losses measurements with copropagant pump (kpump¼ 1.48 lm) and probe

(kprobe¼ 1.54 lm) experiments we reveal that the role of more than 80% of the total Er3þ

population present on the material (intended for optical amplification purposes) is to absorb the

propagating light, since it is unfeasible to invert it. VC 2011 American Institute of Physics.

[doi:10.1063/1.3665950]

Within the last decade, lots of efforts have been dedi-

cated towards the realization of the “holy grail” of silicon

photonics, i.e., a monolithic silicon optical amplifier or laser.

As an active medium for achieving this goal, Si nanoclusters

(Si-nc) in dielectric matrices coupled to Er3þ ions have been

one of the most promising alternatives.1 Initial reports of in-

ternal optical gain on strip waveguides contributed to raise

further the expectations.2–4 Most of the works present in the

literature are focused on the understanding of the physical

characteristics of the Si-nc to Er3þ transfer and the optimiza-

tion of the coupled content, where a maximum of just few

tens percents was achieved.5–9 But even though those are cer-

tainly key issues towards the optimization of the material, yet

a more disturbing feature is the existence of a sizeable Er3þ

population (up to more than 80% of the total content) that is

not emitting light efficiently, even under direct pumping.10–12

The few reports present in the literature focused on this Er3þ

content did not study the optical role that those dark ions may

play from the point of view of an optical amplification appli-

cation, i.e., if they are just transparent or they absorb light.

The present letter addresses this issue in a conclusive way by

comparing the absorption with maximum amplification values

measured on a rib loaded waveguide, whose active layer is

composed of an optimized material.

The sample under analysis has been produced by using

standard deposition processes. Initially, 5 lm of SiO2 have

been deposited above a crystalline Si substrate, becoming

the optical bottom cladding of the waveguides. The active

layer has afterwards been fabricated by means of a RF reac-

tive magnetron co-sputtering method of 2-in. confocal pure

SiO2 and Er2O3 targets under Argon-Hydrogen gas mix-

ture.13 As a result, 1.2 lm of substoichiometric silicon-rich

silicon oxide (SRSO) doped with Er3þ ions have been depos-

ited. A further top cladding layer of 1 lm of SiO2 has been

finally grown. This was followed by an annealing treatment

under a pure nitrogen flow to promote phase separation

between silicon and its oxide in the active layer. The various

deposition parameters (H2 partial pressure, substrate temper-

ature during active layer deposition and annealing tempera-

ture) have been varied for optimising two main figures of

merit: the PL intensity under non-resonant pumping

(k¼ 476 nm) and the lifetime of the 4I13/2! 4I15/2 Er3þ tran-

sition.13,14 This manuscript deals with the best layer obtained

following this optimisation. Its composition was measured

by x-ray photoelectron spectroscopy and secondary ions

mass spectroscopy, presenting a Si excess of about 5% and

an Er3þ content of 3.4 6 0.2� 1020 cm�3. The layer has been

annealed at 910 �C during 60 min, so it likely contains Si in

an amorphous nanocluster form. The active material has the

same nominal composition of sample A from Refs. 6 and 15

and sample B from Ref. 12.

In order to produce monomodal rib-loaded waveguides

with high confinement factor, a dry etching of the top SiO2

cladding has been performed down to 200 nm over the active

layer. We will report on 5 lm wide waveguides (see Fig. 2

for a waveguide profile).

The optical losses of the waveguides have been deter-

mined by means of the cut-back technique along the spectral

range provided by a tunable laser (from 1460 to 1580 nm). A

tapered fiber was used to butt-couple the input light, leading

to coupling losses of about 4 dB.

The evaluation of the cross section at 1480 nm from

time resolved l-PL measurements has been performed fol-

lowing the procedure described in a previous work.12

Pump and probe experiments were carried out to evalu-

ate the signal enhancement (SE) of a probe signal coupled to

the waveguides, when a pump signal is also present.4 We

have used as a probe signal a tunable laser and as a pump

signal a high power diode laser emitting at 1.48 lm (far

away from the absorption spectrum of Si-nc). Both lasers

have been combined in a wavelength-division-multiplexer

(WDM) fiber, connected to a tapered fiber and finally butt-

coupled into the active waveguide. In order to filter out the

contribution of the amplified spontaneous emission (ASE)
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signal related to the pump we have modulated the probe sig-

nal and used a lock-in at the detection stage.

As an initial step we have quantified the spectral losses

of the waveguide. The raw insertion loss spectrum showed

the Er3þ related absorption peak superimposed to a back-

ground that decreases by increasing the wavelength. Those

background losses values were about (3.0 6 0.5) dB/cm at

1535 nm and (4.0 6 0.5) dB/cm at 1480 nm and are associ-

ated to passive scattering losses from the Si nanostructures

present in the matrix and the matrix itself.16 On Fig. 1 we

show the result of subtracting those passive losses from the

propagation losses, the remaining contribution being that

associated to the direct absorption losses (aabs) of Er3þ. It is

worth to mention that aabs is related to the total Er3þ absorb-

ing content (Nabs) by the following relation:

aabsðdB=cmÞ ¼ 4:34rabsNabsC; (1)

where C is the confinement factor of the waveguides

(C¼ 0.8 as extracted from beam propagation method (BPM)

simulations) and rabs is the absorption cross section at the

tested wavelength. It is important to note that the maximum

of absorption losses is about (3.5 6 0.2) dB/cm at 1534 nm.

Therefore, if full population inversion is achieved, the inter-

nal gain values would compensate for the passive losses and

net optical gain of about 0.5 dB/cm would be possible.

It is possible to extract the spectral shape of rabs by esti-

mating it at a certain wavelength and then using the spectral

shape of the absorption losses. We have done this procedure

at k¼ 1.48 lm with high photon flux (U) time resolved PL

measurements.12 The difference of the inverses of the life-

times as a function of U is a linear curve whose slope is pro-

portional to rabs at the pumping wavelength. In the inset of

Fig. 1 these data are presented, providing a value of rabs

(1.48 lm)¼ (2.4 6 0.5)� 10�22 cm2. If we apply the

McCumber relationship for extracting the emission cross

section (remðtÞ ¼ rabsðtÞe
e�ht

kT , where e is the average energy

of the transition, k the Boltzmann constant, and T the temper-

ature), it is possible to calculate that rem(k¼ 1.48 lm) is

about 4 times lower than rabs(k¼ 1.48 lm).

Moreover, from rabs and Eq. (1) the concentration of

absorbing Er3þ can be calculated to be Nabs¼ (4.96 1.0)

� 1020 cm�3. Nabs is slightly higher than the total content meas-

ured by SIMS, but compatible with this value. Even though

there is a sizeable error bar derived from the entire experimen-

tal procedure, we can state that most of Er3þ absorbs.

To determine the concentration of emitting Er3þ (Nem),

we have performed pump and probe measurements. Since

excitation is performed at 1.48 lm, we can assume an effec-

tive two level system to describe the population of the 4I13/2

level (N2) and of the 4I15/2 level (N1), being N1þN2¼Nem.

In Fig. 2, we show the profile of the TE mode in the hor-

izontal (top panel) and vertical (bottom panel) directions for

k¼ 1.48 lm (pump) and k¼ 1.54 lm (probe) wavelengths as

extracted from beam propagation method (BPM) simula-

tions. The overlap between the pump and the probe optical

modes is higher than 98%.

The ratio between the probe signal with the pump on

(Ipump&probe) and the probe signal with the pump off (Iprobe)

is defined as the SE measured at the output of the waveguide.

We will assume the emission and absorption cross sections

(rem and rabs respectively) to be equal, which are reasonable

around the maximum of the emission-absorption spectrum

and take into account the stimulated emission contribution at

the pump wavelength. Under those circumstances, SE and

the internal gain (gint) are

SE¼ eðN2rem�N1rabsÞCL

e�NEmrabsCL
� e

2rabs
rexcNEmU

1
sd
þ1:25rexcU

CL
¼ e2gintL; (2)

gintðdB=cmÞ ¼ 4:34rabs
UrexcNem

1
sd
þ 1:25Urexc

C ¼ Gint

L
; (3)

where Gint is the total internal gain, sd is the decay lifetime

of the 4I13/2! 4I15/2 transition, rexc¼ rabs(1.48 lm), and L is

the length of the waveguide. Note that U is reported at the

input waveguide facet and decays along the waveguide with

approximately 4 dB/cm loss. For low U, sd
�1 � Urexc and

gint¼ sdrabsNemrexcCU, linear in U.

In Fig. 3(a), the spectral dependences of SE for low and

high U are reported for a 6 mm long waveguide (black squares

and red dots respectively). By comparing these two measure-

ments it is clear how SE increases with U. For a 14 mm long

waveguide (green triangles in Fig. 3(a)) it is possible to

enhance further SE in an almost exponential way, revealing

FIG. 1. Spectral dependence of the absorption losses (left axis) and of the

absorption cross section (right axis). Inset: difference of the inverses of the

rise and decay lifetimes as a function of U. The gray curve corresponds to

the linear fit used to extract rabs.

FIG. 2. (a) Horizontal shape of the supported modes at 1.54 lm (black) and

1.48 lm (gray). The horizontal profile of the waveguide is also shown

(dashed line). (b) Vertical shape of the supported modes at 1.54 lm (solid

black), at 1.48 lm (gray) and at 0.98 lm (dash dotted black). The vertical

profile of the refractive index of the waveguide is also shown (dashed line).
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very clearly the Er3þ signature. Fig. 3(b) shows Gint as a func-

tion of the waveguide length for the high U. From the linear

fit of the data, a gint of about 0.3 dB/cm can be extracted. The

deviation from the linear behavior is due to a pump depletion.

Finally, in Fig. 3(c) we show gint at k¼ 1535 nm as a function

of U for the shortest waveguide. The experimental data pres-

ent a sublinear behavior, which is a clear indication that satu-

ration is close to be achieved although not yet reached due to

pump power limitations. We report a maximum value of

gint¼ 0.3 dB/cm at U¼ 1.6� 1024 (ph/cm2 s), with an error of

less than 5%. The experimental points are fit by Eq. (3), where

sd¼ 6.4 ms as extracted from the pure exponential behavior of

the 4I13/2 ! 4I15/2 PL decay. The fit yields two parameters:

rexc and gint at saturation, gsat
int . The best fit is shown in Fig.

3(c) as a line. The first best fit parameter results

rexc¼ (1.7 6 0.1)� 10�22 cm�2, which is similar to the one

derived by the analysis of Fig. 1. The second best fit parameter

is gsat
int ¼ (0.44 6 0.01) dB/cm, which could be 0.55 dB/cm in

the absence of pump induced stimulated emission. The latter

value is just (16 6 2)% of the absorption at the same wave-

length (Fig. 1). From this result it is straightforward to con-

clude that most of the Er3þ within the matrix is able to absorb

but cannot emit light efficiently. Even more, within the

approximation of equal absorption and emission cross sec-

tions, we could conclude that 84% of the Er3þ population can-

not be inverted. In a previous work, we have reported that the

maximum Er3þ content able to emit light efficiently under

direct optical pumping was Nem¼ 0.64� 1020 cm�3.12 This

value is 19% of the total Er3þ content present in the sample,

which is compatible with the 16% reported here.

Moreover, the emitting Er3þ population does not suffer

from strong cooperative up-conversion mechanisms.15

Therefore, based on all the previous observations, we postu-

late the existence of two Er3þ ions: (i) one able to recombine

radiatively with roughly the same probability and (ii) another

surrounded by quenching centers where the radiative recom-

bination probability is extremely small. Although it is not

the intention of the paper to provide a thorough insight of the

microscopic physical properties of the non-emitting Er3þ

ions, we are of the opinion that they may be placed within

the Si-nc or that they clusterize and suffer from quenching

effects. Indeed, it has already been reported in bulk glasses

that the concentration of Er3þ is not homogeneous and clus-

ters of ions can locally form whereas elsewhere they are iso-

lated.17,18 In all cases, the fact that more than 80% of the

Er3þ acts as absorber is the first indispensible step of knowl-

edge towards a clear understanding of those ions, which may

allow optimizing the emitting and coupled content beyond

the threshold of transparency.

In conclusion, we have reported on the absorption and

amplification properties of an optimized waveguide with Si-nc

coupled to Er3þ in a SiO2 matrix as an active layer. By com-

paring the absorption losses and the maximum achievable in-

ternal gain we have determined that only 16% of the Er3þ ions

can be inverted, even under resonant copropagant pumping, the

rest 84% contributing only to absorption. The extracted internal

gain values are conclusive since: (i) the spatial distribution of

the waveguide modes for the pump and probe wavelengths is

practically equivalent, (ii) the internal gain values are almost

driven to saturation, (iii) the pump light suffers low losses, so it

can pump effectively the whole length of the waveguide. On

the basis of these results we conclude that net optical gain

under optical pumping is still far to be accomplished.
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(black squares and red dots, respectively) and of 14 mm long waveguide at

high U (green triangles). (b) Gint for different waveguide lengths at high U.

A linear fit to the data is also shown. (c) gint as a function of U for a wave-

guide length of 6 mm. A fit using Eq. (3) is also shown.
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