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Design and characterization of semiconductor-
doped silica film saturable absorbers
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Nonepitaxially grown, rf sputtered semiconductor-doped silica film saturable absorbers have recently been de-
veloped as a versatile, easy to fabricate, cost-effective alternative to epitaxially grown semiconductor saturable
absorbers. Characterization of their linear and nonlinear optical properties reveals trends that permit the
development of guidelines for optimizing these devices for a particular laser system. Operation near the onset
of absorption, the use of films with large nanocrystallites, and high rapid thermal annealing temperatures re-
sult in saturation fluences as low as 640 mJ/cm2 at 1.54 mm. These materials can be used to start Kerr-lens
mode locking in a wide range of solid-state lasers. © 2004 Optical Society of America
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1. INTRODUCTION
Ultrafast laser technology has rapidly matured in recent
years, resulting in widespread research applications of ul-
trafast solid-state laser systems. Although Kerr-lens
mode locking (KLM) has been applied to a wide range of
solid-state lasers,1,2 self starting mode locking is difficult
to achieve.3 Epitaxially grown semiconductor saturable
absorbers are a well-established technology for direct
mode locking as well as for starting KLM in solid-state la-
sers. These devices, known as semiconductor saturable-
absorber mirrors or saturable Bragg reflectors, typically
consist of semiconductor quantum wells grown in a semi-
conductor mirror structure by molecular beam epitaxy.4–7

Epitaxially grown semiconductor saturable-absorber mir-
rors and saturable Bragg reflectors have the advantage of
low saturation fluences in the 10–100-mJ/cm2 range.5

Semiconductor saturable-absorber mirrors and saturable
Bragg reflectors have been successfully used in mode-
locking solid-state lasers, helping to start and support
few-cycle pulses in a Ti:sapphire laser.8 However, they
suffer some disadvantages, such as lattice matching con-
straints that limit the choice of semiconductor materials
as well as the requirement of complicated, expensive fab-
rication equipment. In addition, the bandwidth of these
devices is typically limited, and postprocessing is often re-
quired for fabrication of broadband devices,9 although
more recently epitaxially grown devices were fabricated
that overcame some of these restrictions.10

Nonepitaxially grown saturable absorbers based on
semiconductor nanocrystallites doped into glass struc-
tures are a low-cost, simple, and versatile technology for
mode-locking applications. Semiconductor-doped glass
structures based on colored glass filters were developed
and used to self-start mode locking in solid-state lasers,
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generating pulses as short as 52 fs.11–13 More recently,
nonepitaxially grown, rf sputtered saturable-absorber de-
vices have been developed and applied to self-starting
KLM in Ti:sapphire and Cr:forsterite lasers.14,15 The
saturable-absorber devices consist of InAs nanocrystal-
lites doped into SiO2 films and deposited upon sapphire
substrates by magnetron and nonmagnetron rf sputtering
systems. Rf sputtering is an inexpensive, simple device-
fabrication technique that offers flexibility in the choice of
semiconductor dopant and substrate materials.16–19

This technique allows the deposition of semiconductor-
doped silica films onto almost any substrate with no
lattice-matching constraints. Any of a variety of semi-
conductors can be chosen as the dopant. Changing the
semiconductor dopant and nanocrystallite size permits
control of the optical absorption edge. The linear absorp-
tion coefficient is directly proportional to the doping den-
sity, and one can easily scale the total absorption by
changing the film thickness. The broad nanocrystallite
size distribution leads to a broad bandwidth of operation.
These semiconductor-doped silica films can be deposited
with much higher doping densities than bulk
semiconductor-doped glasses, facilitating simple deposi-
tion in a thin layer upon a variety of substrates including
mirror structures. Finally, rapid thermal annealing
(RTA) in nitrogen at 500–750 °C was found to be an effec-
tive method to control the absorption saturation dynamics
of the saturable absorbers.20 Studies of semiconductor-
doped silica films as saturable absorbers in KLM femto-
second Ti:sapphire lasers were performed, and self-
starting 25-fs pulses with a bandwidth of 53 nm and a
tuning range of 80 nm were obtained.14 The primary
drawback of these saturable-absorber films was their
high saturation fluence, measured to be 25 mJ/cm2.
2004 Optical Society of America



852 J. Opt. Soc. Am. B/Vol. 21, No. 4 /April 2004 Prasankumar et al.
A low saturation fluence is desirable for avoiding
Q-switched mode-locking instabilities, facilitating
saturable-absorber mode locking without KLM and ex-
ploiting the full modulation depth of the saturable
absorber.21 Epitaxially grown saturable absorbers typi-
cally have low saturation fluences5 and therefore do not
suffer from these limitations.

The goal of the present study is to comprehensively
characterize the linear and nonlinear optical properties of
semiconductor-doped silica film saturable absorbers to de-
velop guidelines for designing these devices with opti-
mized saturation fluence for a given solid-state laser sys-
tem. The influence of fabrication parameters on the
optical properties of the saturable-absorber devices is
measured by use of linear transmission and pump–probe
experiments to determine the most important factors that
influence device performance. The design guidelines de-
veloped from these experiments have permitted the de-
sign and fabrication of semiconductor-doped silica films
for mode locking a Cr:forsterite laser with nearly an
order-of-magnitude reduction in saturation fluence com-
pared with the device previously used to mode lock
Ti:sapphire.15

2. METHODS OF FILM DEPOSITION
The semiconductor-doped silica films used in these experi-
ments were deposited by a Denton Discovery 18-
magnetron rf sputtering system. The rf frequency was
13.56 MHz, and the rf power was 100 W. All films were
deposited upon sapphire substrates, with the substrate
temperature approximately 25 °C during each sputtering
run. The films were annealed in nitrogen after deposi-
tion. We varied parameters including the choice of semi-
conductor and glass materials, pump–probe wavelengths
relative to the onset of absorption, annealing time and
temperature, and ratio of semiconductor to glass to deter-
mine their effect on the saturation fluence.

The effect of varying the ratio of InAs to SiO2 on the
size of the InAs nanocrystallites in the silica films was
tested. It has been shown16,18,19 that varying the ratio of
semiconductor to glass on the target can be used to con-
trol the nanocrystallite size in the sputtered film. Larger
semiconductor-to-glass ratios result in larger nanocrystal-
lite sizes in the deposited film, shifting the optical absorp-
tion edge to longer wavelengths. Films with ratios of
3% InAs/97% SiO2 , 10% InAs/90% SiO2 , and 40% InAs/
60% SiO2 were deposited upon sapphire substrates by rf
sputtering and annealed in nitrogen at 600 °C. Linear
transmission measurements (Fig. 1) performed with a
Cary 5E spectrophotometer revealed a shift of the onset of
absorption to longer wavelengths for higher InAs/SiO2 ra-
tios, as expected. The onset of absorption is at ;950 nm
for the 3% InAs/97% SiO2 film, ;1200 nm for the
10% InAs/90% SiO2 film, and ;1700 nm for the
40% InAs/60% SiO2 film. The size distribution of the
nanocrystallites also appears to increase with InAs/SiO2
ratio, as one can see from the more gradual slope in the
transmission curves. Varying the semiconductor-to-glass
ratio is a simple and effective way to control the nanoc-
rystallite size in the sputtered films, enabling films to be
fabricated for operation at several laser wavelengths over
a broad range with only a single semiconductor material.

3. WAVELENGTH-TUNABLE PUMP–PROBE
SYSTEM
Nonlinear optical pump–probe measurements were per-
formed with a femtosecond Ti:Al2O3-laser-based pump–
probe system with 17-fs time resolution and independent
pump and probe wavelength tunability over a range of
700–1000 nm. A schematic of this system is shown in
Fig. 2. The broad wavelength coverage and high resolu-
tion were made possible by use of a broadband Ti:Al2O3
laser operating at a 100-MHz repetition rate with pulse
durations as low as 5.5 fs, bandwidths exceeding 300 nm,
and average powers of 100–120 mW.22 A broadband
beam splitter (BS) splits the output of the laser into pump
and probe beams. The two beams are directed into indi-
vidual prism compressors, each consisting of two fused-
silica prisms separated by 135 cm.23 In each prism com-
pressor the pump (probe) beam is spectrally dispersed on
a silver mirror after the second prism. Variable slits are
positioned near the silver mirror to permit the desired
pump and probe wavelengths to be selected. The pump
(probe) beam is retroreflected through the prisms in each
arm and sent to a standard noncollinear pump–probe
setup. We cross polarize the pump and the probe to mini-
mize pump scattering by inserting a broadband half-wave
plate in the probe arm. The two beams are focused to a
spot size of 20 mm onto the sample with a 5-cm radius of
curvature (ROC) parabolic mirror to prevent dispersion
from focusing lenses. An aperture and a polarizer are
used to block the scattered pump light, and the probe sig-
nal is focused by a 5-cm focal-length lens onto the detec-
tor.

The time resolution of this system was measured by in-
tensity autocorrelation with a 100-mm-thick b-barium bo-
rate crystal. The minimum width of the autocorrelation
was 17 fs for the full laser bandwidth in both pump and
probe arms, setting the minimum experimental time reso-
lution. The increased pulse duration was due to broad-
ening of the initial sub-10 fs pulses caused by residual un-
compensated higher-order dispersion in the prism
compressors. No significant change in the time resolu-
tion was observed when the laser bandwidth was spec-
trally filtered in the prism compressors because the mini-

Fig. 1. Linear transmission measurements for films with differ-
ent InAs/SiO2 ratios, revealing a shift of the absorption edge to-
ward longer wavelengths with higher ratios of semiconductor to
glass.
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Fig. 2. Schematic of the experimental setup of the noncollinear Ti:sapphire-based pump–probe system with independently tunable
pump and probe wavelengths from 700 to 1000 nm.
mum laser bandwidth used in these experiments was 100
nm in each arm, enough to support a 17-fs time resolu-
tion.

Pump–probe measurements permit measurement of
saturation fluence. For small changes in absorption,
saturation fluence Gsat of a sample can be calculated from
the magnitude of the pump–probe signal (2Da/a, the
change in the absorption coefficient on ultrashort-pulse
excitation normalized to the low-intensity absorption co-
efficient) if the incident fluence G is known, from the re-
lation G/Gsat ' 2Da/a. However, this method of mea-
suring the saturation fluence suffers from some
measurement uncertainty because of difficulty in accu-
rately measuring the spot size at the focus.

4. MEASUREMENTS OF ABSORPTION
SATURATION DYNAMICS
In initial experiments we examined the saturation fluence
near the onset of absorption in a 10% InAs/90% SiO2 film
in a degenerate pump–probe measurement at wave-
lengths of 750, 800, and 925 nm, using the tunable fem-
tosecond Ti:Al2O3 pump probe system (Fig. 3). The mea-
surement at 800 nm used the full laser bandwidth of 250
nm, whereas the measurements at 750 and 925 nm each
had a bandwidth of 100 nm centered about the center
wavelength. The pump and probe powers at all center
wavelengths were 40 and 0.2 mW, respectively. The dy-
namics at all wavelengths showed a fast decrease in the
absorption saturation caused by carrier scattering out of
the excited state, followed by a slower recovery time
caused by thermalization of carriers and band filling.
The measured saturation fluences were 9.3 mJ/cm2 at 925
nm, 17.5 mJ/cm2 at 800 nm, and 42.5 mJ/cm2 at 750 nm.
The saturation fluence of this film decreased with increas-
ing wavelength, demonstrating that operation close to the
onset of absorption is desirable to minimize the satura-
tion fluence.

These results suggested that a similar wavelength de-
pendence would be observed on examination of the
40% InAs/60% SiO2 films near their onset of absorption.
We used a pump–probe system operating at 1.5 mm to
measure the dynamics of the 40% InAs/60% SiO2 films
near their absorption edge of ;1.7 mm. The pump–probe
system was based on a Ti:sapphire-pumped optical para-
metric oscillator (Spectra-Physics Opal) generating 150-fs
transform-limited pulses at an 82-MHz repetition rate,
with wavelengths tunable from 1.4 to 1.6 mm. The pump
and probe powers were 124 and 8 mW respectively, fo-
cused to a 20-mm spot on the sample. The results of
pump–probe measurements of a 40% InAs/60% SiO2 film
are depicted in Fig. 4.

Fig. 3. Degenerate pump–probe measurements of a
10% InAs/90% SiO2 film as a function of wavelength. The
pump–probe measurements show a decrease in saturation flu-
ence with excitation wavelengths closer to the onset of absorp-
tion. The measured saturation fluences were 9.3 mJ/cm2 at 925
nm, 17.5 mJ/cm2 at 800 nm, and 42.5 mJ/cm2 at 750 nm.

Fig. 4. Tunable degenerate pump–probe measurements on a
40% InAs/60% SiO2 film at three wavelengths. A saturation flu-
ence of 640 mJ/cm2 at 1.54 mm was measured.
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Several observations can be made from this measure-
ment. As anticipated, the saturation fluence decreased
with wavelength over the measured range (1.43–1.54
mm), although the decrease is not so drastic for this
sample as for the 10% InAs/90% SiO2 film shown in Fig.
3. This result is expected because the transmission
curve of the 40% InAs/60% SiO2 film is much smoother
than that of the 10% InAs/90% SiO2 film. It is worth
mentioning that pump–probe measurements of
3% InAs/97% SiO2 films at wavelengths of 750, 800, and
900 nm (not shown) revealed a decrease of the saturation
fluence with wavelength as well. Therefore the satura-
tion fluence consistently decreases as the pump–probe
wavelength is tuned closer to the onset of absorption.

Perhaps the most important observation from Fig. 4 is
the magnitude of the signal, as the peak 2Da/a signal is
nearly 2 orders of magnitude larger for
40% InAs/60% SiO2 films at 1540 nm (Fig. 4) than for
10% InAs/90% SiO2 films at 800 nm (Fig. 3). The satu-
ration fluence for the 40% InAs/60% SiO2 film was calcu-
lated from the pump pulse energy and spot size to be 640
mJ/cm2 at 1.54 mm. A significantly higher saturation flu-
ence of 72 mJ/cm2 was subsequently measured on this
film at 800 nm. We can understand this higher fluence
by noting that the 1.54-mm pump–probe wavelength in
Fig. 4 is much closer to the ;1.7-mm onset of absorption
and that therefore the wavelength dependence of the
saturation fluence has a strong effect. It is also impor-
tant to note that the 640-mJ/cm2 saturation fluence of the
40% InAs/60% SiO2 films at 1.54 mm is more than an or-
der of magnitude lower than the 9.3 mJ/cm2 saturation
fluence of the 10% InAs/90% SiO2 films at 925 nm, even
though both films were measured near their respective
onsets of absorption. This result suggests that the in-
crease in nanocrystallite size from the
40% InAs/60% SiO2 films to the 10% InAs/90% SiO2 films
was responsible for the decrease in saturation fluence.

To further test this hypothesis, we performed pump–
probe measurements on annealed 40% InAs/60% SiO2
films at 1260 nm, using a pump–probe system based on a
Cr:forsterite laser for comparison with the previous mea-
surements at 800 nm of the annealed 10% InAs/90% SiO2
films that were shown in Fig. 3. We chose the wave-
lengths to be ;400 nm above the onset of absorption in
each sample to obtain wavelength-dependent measure-
ments that were analogous to those in the previous ex-
periments. The pump–probe system was a standard
noncollinear pump–probe setup, without any prism com-
pressors for spectral filtering. The laser source was
based on a Cr:forsterite laser producing pulses as short as
14 fs with a 250-nm bandwidth and average powers of 80
mW at a 100-MHz repetition rate.24 We reconfigured the
laser to operate with average powers of 120 mW and
pulse durations of 35 fs for these experiments by increas-
ing the output coupling to 3%. The pump power was 70
mW and the probe power was 0.7 mW, and the beams
were focused to a 20-mm spot on the sample. Figure 5
shows pump–probe measurements on the
40% InAs/60% SiO2 and 10% InAs/90% SiO2 films.
These results show that the magnitude of the pump–
probe signal is significantly larger for the
40% InAs/60% SiO2 film than for the 10% InAs/90% SiO2
film. The 10% InAs/90% SiO2 film had a saturation flu-
ence of 17.5 mJ/cm2 as previously measured. A satura-
tion fluence of 4.05 mJ/cm2 at 1260 nm was measured for
the 40% InAs/60% SiO2 film. This value was signifi-
cantly lower than the 25 mJ/cm2 of the films previously
used for mode locking Ti:sapphire.14 These data demon-
strate that saturation fluence, measured at comparable
wavelengths above the onset of absorption, decreases
with increasing nanocrystallite size.

We varied the annealing temperature of
10% InAs/90% SiO2 films to determine the effect of RTA
on the nonlinear absorption saturation dynamics. An-
nealing is expected to modify the surface properties of the
nanocrystallites; nanocrystallites with better surface
properties are anticipated to have lower saturation flu-
ence. Figure 6 depicts the changes in the measured
pump–probe signal at 800 nm as a function of annealing
temperature for 10% InAs/90% SiO2 films annealed for 60
s in nitrogen. Distinctive changes in the absorption satu-
ration dynamics were observed as the annealing tempera-
ture was varied from 350 to 700 °C. For an unannealed

Fig. 5. (a) Degenerate pump–probe measurement at 800 nm of
a 10% InAs/90% SiO2 film. The saturation fluence is 17.5
mJ/cm2, as described in the text. (b) Degenerate pump–probe
measurement at 1260 nm on a 40% InAs/60% SiO2 film. The
saturation fluence was 4.05 mJ/cm2.

Fig. 6. Degenerate pump–probe measurement of a
10% InAs/90% SiO2 film at 800 nm. Measurements were made
of films prepared with several rapid thermal annealing tempera-
tures. Discrete changes in the absorption saturation dynamics
as a function of film annealing temperature are shown.
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sample as well as for a sample annealed at 350 °C, a nega-
tive pump–probe signal was measured, most likely as a
result of excited-state absorption. In the range 400–
500 °C the absorption saturation was positive but small.
At temperatures of 550 °C and above, the absorption satu-
ration was large; samples annealed at these higher tem-
peratures self-started KLM in Ti:sapphire and Cr:forster-
ite lasers. Samples annealed at 700 °C had a faster
relaxation time than those annealed at 550–600 °C, al-
though the magnitude of the signal and therefore the
saturation fluence was nearly the same as that of the
sample annealed at 550 °C. Overall, higher annealing
temperatures seem to be effective in improving the sur-
face quality of the nanocrystallites and thereby reducing
the saturation fluence, as previously demonstrated.20

The glass matrix surrounding the nanocrystallites is
expected to strongly affect their surface properties and ul-
trafast dynamics. We fabricated films with InAs nanoc-
rystallites doped into a borosilicate glass matrix (Ohara
Optics, S-FSL5) and deposited them upon sapphire sub-
strates to test the dependence of the absorption satura-
tion dynamics on the glass matrix composition. The
films were 10% InAs and 90% borosilicate glass; the com-
position of the glass was approximately 55–65% SiO2 ,
15–25% K2O, and 10–20% B2O3 . Pump–probe mea-
surements of these films demonstrated that, unlike in the
SiO2-based films, the pump–probe signal did not change
discretely with annealing temperature, instead increas-
ing continuously as the RTA temperature increased (Fig.
7). However, at high annealing temperatures the dy-
namics were similar to those measured with a SiO2 ma-
trix, and there was no significant improvement in the
saturation fluence.

We believe that the difference in dependence on anneal-
ing temperature of films fabricated with InAs doped into a
SiO2 matrix and of films fabricated with InAs doped into
a borosilicate glass matrix can be explained by examina-
tion of the different melting points of the composite films.
The melting point of InAs is 942 °C, that of SiO2 is
1710 °C, and that of borosilicate glass is ;727 °C. The
eutectic point of each film is the temperature for a phase
transition from solid to liquid for the composite film,
which may be lower than the melting point of each film
constituent.25,26 Therefore, if the eutectic point for the
composite InAs–glass film is within the range of the an-
nealing temperature, the film will partially melt during

Fig. 7. Degenerate pump–probe measurement of a 10% InAs/
90% borosilicate glass film at 800 nm. Measurements were
made of films prepared with several rapid thermal annealing
temperatures. The absorption saturation dynamics change con-
tinuously as a function of film annealing temperature.
RTA, and its properties will be different after it has
cooled. Different eutectic points for the SiO2-based films
and the borosilicate glass–based films would cause the
RTA to affect the film properties in dissimilar ways and
could explain the dynamics observed in our experiments.
For example, the difference in glass matrices would
change the variation of nanocrystallite surface properties
with RTA temperature for the SiO2-based films compared
with the borosilicate glass-based films, which could
modify the saturation fluence. This variability demon-
strates that the choice of glass and annealing tempera-
ture has an effect on the absorption saturation dynamics
that must be considered when one is designing nonepi-
taxially grown semiconductor-doped silica films.

5. GUIDELINES FOR OPTIMIZING
SATURABLE ABSORBER PARAMETERS
AND MODE-LOCKING RESULTS
We formulated guidelines from the experimental results
described above to optimize the saturation fluence of
semiconductor-doped silica film saturable absorbers for a
given laser system. Linear transmission measurements
(Fig. 1) showed that increasing the InAs/SiO2 ratio shifts
the onset of absorption to longer wavelengths, indicating
an increased average nanocrystallite size in the films.
By comparing the pump–probe measurements at 800 nm,
1.26 mm, and 1.5 mm taken of films with different
InAs/SiO2 ratios, one can see that films with larger
nanocrystallites have significantly lower saturation flu-
ence than those with smaller nanocrystallites, with a low
saturation fluence of 640 mJ/cm2 measured for the
40% InAs/60% SiO2 films at 1.54 mm. Furthermore, the
tunable pump–probe measurements taken from 750 to
925 nm (Fig. 3) demonstrate that the saturation fluence
decreases as the wavelength is tuned closer to the onset of
absorption in the films. Finally, an annealing tempera-
ture higher than 550 °C resulted in strong absorption
saturation, as shown in Figs. 6 and 7.

One can design semiconductor-doped silica films to pro-
duce low saturation fluence at a certain operating wave-
length by observing the following guidelines. First, the
semiconductor material and the semiconductor/glass ratio
should be chosen to make the semiconductor nanocrystal-
lites large while concurrently setting the onset of absorp-
tion near the laser wavelength. One can do this by
choosing the bulk bandgap, Eg , of the semiconductor ma-
terial to be slightly lower than the laser photon energy,
Ep . When the semiconductor is incorporated into the
glass film in the form of nanocrystallites and the
semiconductor/glass ratio is appropriately selected,
quantum-confinement effects will shift the absorption
edge of the saturable-absorber film upward in energy to-
ward Ep . The closer Eg is to Ep , the smaller the
confinement-induced shift (as long as the shift is not
greater than Ep 2 Eg). This keeps the nanocrystallites
large while setting the onset of absorption in the film to
be nearly at the operating wavelength and thus should
minimize the saturation fluence. It is worth mentioning
that, at high semiconductor/glass ratios, well-separated
nanocrystallites may not be created, which could change
the film properties.
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The rapid thermal annealing temperature should be
relatively high to optimize absorption saturation; how-
ever, the optimum temperature may vary for different
semiconductor and glass materials and may need to be ex-
perimentally optimized. Finally, varying the RTA tem-
perature can also tailor the carrier relaxation time for a
particular application.

Figure 8 summarizes our investigations into character-
izing the saturation fluence in our samples. A plot of the
logarithm of the saturation fluence versus wavelength
has been made based on the data described in Section 4
for films with different InAs/SiO2 ratios (the
3% InAs/97% SiO2 sample with the transmission curve
shown in Fig. 1 was characterized at 800 nm in a separate
measurement). From Fig. 8 it is clear that the satura-
tion fluence decreases as the wavelength increases toward
the onset of absorption. It should also be noted that the
saturation fluence at 800 nm for the 3% InAs/97% SiO2
film is higher than that of the 10% InAs/90% SiO2 and
40% InAs/60% SiO2 films, even though this wavelength is
closer to its onset of absorption. We believe that this is
so because of the small size of the nanocrystallites in this
film and is another indicator of the general trend that
saturation fluence decreases as nanocrystallite size de-
creases. Comparison of the various films at 800 nm illus-
trates how one can control the saturation fluence by vary-
ing the nanocrystallite size and the laser wavelength
relative to the onset of absorption.

We applied the guidelines extracted from our experi-
ments to design semiconductor-doped silica film saturable
absorbers for self-starting KLM in a Cr:forsterite laser
operating at 1.26 mm.15 The linear and nonlinear optical
properties of the 40% InAs/60% SiO2 films described
above were suitable for this application, as shown in Figs.
1 and 5(b). Films with a saturation fluence of 1.07
mJ/cm2 at 1.26 mm were fabricated and used to self-start
KLM in the 14-fs Cr:forsterite laser described above.
Self-starting pulses were generated with 91-nm band-
width and durations of 25 fs measured by interferometric
autocorrelation. The mode-locking buildup time in this
system was measured and found to be approximately 4.8
ms, approximately 10 times faster than that observed in
Ti:sapphire14; this result can also be linked to the lower
saturation fluence at this wavelength.

Fig. 8. Logarithmic plot of saturation fluence versus wave-
length for 3% InAs/97% SiO2 , 10% InAs/90% SiO2 , and
40% InAs/60% SiO2 films.
6. DISCUSSION AND CONCLUSIONS
The guidelines given above describe criteria for designing
semiconductor-doped silica film devices with optimized
saturation fluence. However, these materials still have
relatively high saturation fluences compared with epitaxi-
ally grown devices and therefore have been used only to
self-start KLM. One possible explanation for the high
saturation fluences is based on the materials’ rapid polar-
ization dephasing time.27 The dephasing time can be
shown to be inversely proportional to the saturation flu-
ence through equations that relate it to the homogeneous
linewidth and absorption saturation cross section for a
two-level system.28 Fast polarization dephasing times of
a few femtoseconds have been measured in
semiconductor-doped glasses,29 and the dephasing times
in rf sputtered semiconductor-doped silica films are ex-
pected to be even faster because of the high density of de-
fects in the sputtered films.

In previous research it was shown that the dephasing
time in semiconductor nanocrystallites is dependent on
the nanocrystallite size and surface quality, excitation
wavelength relative to the band edge, and temperature.30

The dephasing time increased with nanocrystallite size,
operation closer to the absorption edge, better surface
quality, and lower temperature. From our experimental
results, a dependence of the saturation fluence on the
nanocrystallite size, the annealing temperature (which
should influence surface quality), and the excitation
wavelength relative to the onset of absorption was ob-
served. This correlation indicates that the fast polariza-
tion dephasing time in rf sputtered semiconductor-doped
silica film saturable absorbers may be the primary limi-
tation in achieving lower saturation fluences and better
self-starting performance, although further experiments
with films with smaller size distributions and well-
controlled nanocrystallite properties will be necessary to
verify this hypothesis. Other possible mechanisms that
could contribute to the high saturation fluence in rf sput-
tered semiconductor-doped silica films include carrier–
carrier or electron–phonon scattering and Auger
recombination.31

In conclusion, guidelines for designing and fabricating
nonepitaxially grown semiconductor-doped silica films
with optimized saturation fluence for a given laser system
were developed based on extensive characterization of the
linear and nonlinear optical properties of these devices.
A novel pump–probe system with independently tunable
pump and probe wavelengths from 700 to 950 nm was de-
veloped for characterization of wavelength-dependent de-
vices. The saturation fluence was found to be dependent
on nanocrystallite size, wavelength of operation relative
to the onset of absorption, and rapid thermal annealing
temperature. Differences in the absorption saturation
dynamics for different glass matrix materials were also
observed. It was found that films annealed at high tem-
peratures (above 550 °C for the samples tested) with large
nanocrystallites and onset of absorption near the laser
wavelength were optimal for laser mode-locking applica-
tions. Films with saturation fluences as low as 640
mJ/cm2 at 1.54 mm were fabricated. Finally, a mecha-
nism based on the fast dephasing time in semiconductor-
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doped silica films was proposed to explain the high satu-
ration fluence in these devices. Our plans for future
research include applying nonepitaxially grown semicon-
ductor saturable absorbers to other laser systems such as
Cr:YAG, designing devices in different geometries, and
exploring other methods for further reducing saturation
fluence.
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22. U. Morgner, F. X. Kärtner, S. H. Cho, Y. Chen, H. A. Haus,
J. G. Fujimoto, E. P. Ippen, V. Scheuer, G. Angelow, and T.
Tschudi, ‘‘Sub-two cycle pulses from a Kerr-lens mode-
locked Ti:sapphire laser,’’ Opt. Lett. 24, 411–413 (1999).

23. R. L. Fork, O. E. Martinez, and J. P. Gordon, ‘‘Negative dis-
persion using pairs of prisms,’’ Opt. Lett. 9, 150–152 (1984).

24. C. Chudoba, J. G. Fujimoto, E. P. Ippen, H. A. Haus, U.
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