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GalnNAs 1.3-um quantum-well saturable absorber mirrors are characterized with spectrally
resolved nonlinear reflectivity measurements over 70 nm around the broadened band edge. All
important parameters such as saturation fluence F,, modulation depth AR, and nonsaturable loss
AR, are obtained relative to the photoluminescence (PL) peak. F, has a minimum of 4 uJ/cm?
10 nm above the PL peak and AR scales with the linear absorption even in the bandtail. The
product AR-F, important to suppress Q-switching instabilities in mode-locked lasers decreases
linearly with wavelength and reaches a minimum 20 nm above the PL peak. We observed
wavelength-independent nonsaturable losses of only about 10% of the maximum linear absorption.
These results increase the understanding of optical and electronic properties of GaInNAs around the
band edge. © 2005 American Institute of Physics. [DOL: 10.1063/1.2058216]

Solid-state lasers passively mode-locked with semicon-
ductor saturable absorber mirrors'? (SESAMs) are reliable
compact ultrafast sources.” The choice of the SESAM mate-
rial is crucial for self-starting and stable operation of the
laser at tens of GHz repetition rates.* So far, InGaAsP,5
InGaAs,*” and AlGaAsSb (see Ref. 8) have been demon-
strated as absorbers for the wavelength range from
1.3 to 1.5 um. More recently, dilute nitrides have been used
as long-wavelength absorber material. This quaternary alloy
has the advantage to be GaAs-based and to minimize the
lattice mismatch by incorporating just a few percent of nitro-
gen to InGaAs while reducing the indium concentration.” We
showed that GaInNAs SESAMs have smaller nonsaturable
losses than InGaAs SESAMs at 1.3 um and we demon-
strated stable self-starting passive mode locking at
1314 nm." Quasi-cw pumped Nd:YLF (yttrium lithium fluo-
ride) and Nd:YALO (yttrium aluminate) laser at 1.3 wm with
GaInNAs SESAMs have been demonstrated earlier.'' Re-
cently we have achieved up to 10 GHz pulse repetition rate
at 1342 nm using optimized GaInNAs SESAMs.'?

Stable passive mode locking of a solid-state laser with a
SESAM requires careful adjustment of the SESAM and laser
cavity designs.13’14 High-pulse-repetition-rate solid-state la-
sers require saturable absorbers with small saturation fluence
F, and small modulation depth AR, typically below 0.5%.
Therefore, very accurate nonlinear reflectivity measurements
are necessary to target the desired laser parameters.15 For
instance, very precise measurement of AR and F, is neces-
sary to determine the Q-switched mode-locking (QML)
threshold, which is proportional to AR-F’ Sat.lé However, low-
modulation GaInNAs SESAM parameters are not easily ac-
cessible and the right choice of absorber composition is not
straightforward. So far, measurements of the photolumines-
cence (PL) wavelength were used to locate the absorption
edge because simple linear SESAM reflectivity measure-
ments do not reveal the absorption edge due to the extremely
low modulation depth. The location of the PL wavelength
relative to the target laser wavelength was set according to
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empirical experience. The broad PL spectrum of GalnNAs
implies also a broad absorption edge and simple empirical
guidelines are not sufficient to optimize the GalnNAs device
design. Of particular interest is, therefore, the wavelength for
the smallest possible saturation fluence and the smallest pos-
sible product of AR-F, with respect to the PL peak wave-
length. Here we publish for the first time a spectrally re-
solved nonlinear optical characterization around the
absorption edge of GaInNAs SESAMs optimized for high-
repetition-rate diode-pumped solid-state lasers.

The GaInNAs SESAM was grown by molecular-beam
epitaxy (MBE) on a GaAs (100) substrate. It consists of an
11 nm single-quantum-well (SQW) absorber embedded in a
93 nm GaAs spacer layer and a 93 nm GaAs cap grown on
top of a 30-pair AlAs/GaAs distributed Bragg reflector
(DBR) centered at 1320 nm. The x-ray diffraction (XRD)
rocking curve gives an indium concentration of ~34.8% and
a nitrogen concentration of ~1.1%. The linear reflectivity of
the antiresonant SESAM measured with a CARY SE spec-
trophotometer is shown in Fig. 1 (dotted line).

For the full characterization we used five different
SESAM pieces all based on the same MBE growth run: one
as-grown and four SESAMs annealed at temperatures be-
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FIG. 1. Photoluminescence intensities (solid lines, arb. u.) and linear reflec-
tivity (dotted line) of the GalnNAs SESAMs vs the wavelength. #1:
1371 nm (as-grown); #2: 1354 nm (1 min RTA at 560 °C); #3: 1345 nm
(I min RTA at 580 °C); #4: 1334 nm (1 min RTA at 600 °C); and #5:
1330 nm (1 min RTA at 600 °C and 1 min at 560 °C).
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tween 560 and 600 °C for 1 or 2 min. In addition, for in-
creased measurement accuracy in the band tail, where the
modulation depth becomes very small, we deposited a
220 nm SiO, dielectric layer by electron-beam evaporation
on top of each of the five different SESAMs just mentioned
to increase the field enhancement factor in the absorber by a
factor of about 2. We have verified that the coating process
does not change the absorber properties: the GalnNAs
SESAMs feature broad PL spectra with maxima at
1371 nm to 1330 nm (Fig. 1: solid lines) that are nearly at
the same wavelength (£2 nm) before and after the SiO,
deposition, contrary to plasma-enhanced chemical vapor
deposition of SiO, and Si3N4.17 As mentioned earlier, the
shape of the absorption spectrum is not revealed from linear
reflectivity measurements using a simple spectrophotometer.
Thus, we performed nonlinear reflectivity measurements on
the SQW SESAMs just described and linear transmission
measurements on a multi-quantum-well (MQW) SESAM
structure (eleven 10-nm GalnNAs QWs with 60-nm GaAs
barriers and fourteen 10-nm GalnNAs QWs with 20-nm
GaAs barriers). XRD measurements of both single and
MQW structures prove that the well compositions have al-
most the same indium and nitrogen concentrations of ~35%
and ~1.2%, respectively.

We used a commercial tunable optical parametric oscil-
lator with 80 MHz repetition rate, 200 fs pulse duration, and
17 nm full width at half-maximum spectral bandwidth.
Spectrally resolved measurements were performed from
1330 to 1360 nm in 5-nm increments on each of the 5
SESAMs."” The tuning range was limited by the laser source
on the short-wavelength range and by the DBR on the long-
wavelength range. To enlarge the accessible tuning range, we
take advantage of the specific GaInNAs behavior to blueshift
the PL spectrum with postgrowth rapid thermal annealing
(RTA). Usually this feature is exploited for targeting the right
PL wavelength. Here we use it to enlarge the tuning range
relative to PL peak wavelength Ap; from 30 nm to about
70 nm. It has been demonstrated that no change in the sto-
ichiometry of the QW occurs upon RTA.'"® We have shown
that the decay times do not change significantly upon RTA,
and our measurements have demonstrated that the shape of
the absorption does not significantly change for moderate
RTA temperatures up to 600 °C. Most likely this applies
even for higher temperatures. Consequently, the presented
data are valid for 1.3 um GalnNAs in general and not only
for a specific annealing temperature.

Figure 2 displays the nonlinear optical parameters (full
squares for AR, empty squares for AR+AR,, and crosses for
F,,) versus the laser wavelength \ relative to the PL peak
Ap.. We concatenate the results obtained with the five
SESAMs according to their respective PL peak. The nonsat-
urable losses AR, of 0.2%, which are only about 10% of the
maximum linear absorption, are nearly constant over the
whole measurement range and only become comparable or
larger than AR for A>\p +30 nm. The origin of nonsat-
urable losses could be transmission losses through the DBR,
free carrier absorption (FCA), or nonsaturable defect absorp-
tion in the absorber. We measured the transmission losses
through one SESAM to be almost negligible (less than
0.03%), which confirms the good quality of the DBR. In case
of FCA, we would expect AR, to increase for shorter wave-
lengths where a higher free carrier density is needed to reach
transparency, but AR . remains constant. Therefore, nonsat-
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FIG. 2. Nonlinear parameters such as saturation fluence Fy, (crosses, right
axis), modulation depth AR (full squares, left axis), added with the nonsat-
urable losses AR+AR,, (empty squares, left axis) of the GaInNAs SQW
SESAMs and linear absorption (solid line, arb. u.) of the MQW around the
band edge. Bottom axis gives the laser wavelength N relative to the PL
wavelength Ap;. Top axis gives the corresponding photon energies £, rela-
tive to the PL peak Ep;.

urable defect absorption is probably the main contribution to
AR,

The linear losses are proportional to 100% —R;;,=AR
+AR,,. For comparison, the linear absorption obtained from
the transmission measurement of the MQW SESAM an-
nealed at 600 °C for 1 min is plotted in Fig. 2 (solid line)
which fits well with AR+AR,,; (open squares) obtained for
different annealing temperatures from the five SQW
SESAMs. This further supports our conclusion that anneal-
ing at moderate temperatures blueshifts mainly the band
edge of GalnNAs but does not significantly affect the non-
linear parameters and their spectral dependence.

The saturation fluence (Fig. 2, crosses) has a minimum
at A= \p.+ 10 nm. F, increases about linearly with decreas-
ing \ for A <\p; with a slope of 0.35 uJ/cm?/nm for a field
enhancement of 0.76 in the absorber. This linear dependence
is due to the constant density of states in a QW and to ther-
malization: excited carriers fill the bands from their bottom
up to the states resonant with the laser wavelength. Obvi-
ously, at the band edge F, will not reach zero, but will have
a value determined by the thermal broadening of the Fermi-
Dirac distribution, the effective masses of electrons and
holes, and the spectral width of the laser pulses. In our case
we observe a minimum of 4 uJ/cm? at N=\p +10 nm,
where AR is about 60% of its maximum value. In the band
tail, F, increases again for longer wavelengths because of a
lower absorption cross section and less overlap between ab-
sorber and laser spectrum.

Figure 3 displays the product AR-Fg, versus wave-
length. It decreases linearly for A <<Ap; with increasing
wavelength, which is consistent with the theory described
earlier. We observe an even more linear dependence as com-
pared to F, versus N—Ap; only, as a varying absorption
cross section oy, cancels in the product: AR is proportional
t0 O, Fsoe 1nversely proportional to o, In the band tail,
AR-F, slowly decreases down to 20 nJ/cm?. Accurate mea-
surements for A>\p; +30 nm are challenging because AR
becomes very small and F, rather high. However, even if
AR-F, might become a little bit smaller, the individual val-
ues of AR and F, do not fit most devices’ needs any more
for such a large \pp, offset. Note that AR-F, is the maxi-
mum fluence that gets absorbed by the (saturable) band-to-
band transition.'’ Accordingly, AR-F,/fiw is the maximum
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FIG. 3. Product of the saturation fluence and the modulation depth AR- F,
around the band edge versus the relative wavelength offset A—\p;. Right
axis: corresponding transparency carrier density AR-F,/hw.

amount of absorbed photons, which is equal to the transpar-
ency carrier density of the absorber plotted on the right axis
of Fig. 3. Finally, 1.3-um GalnNAs SESAMs with low satu-
ration fluences and low QML thresholds are obtained when
the PL peak is 10 to 30 nm shorter than the laser wave-
length. This can be easily adjusted by postgrowth annealing,
as the nonlinear optical properties do not change signifi-
cantly upon moderate annealing.

In conclusion, we presented the first detailed spectrally
resolved characterization of nonlinear optical properties of
saturable absorbers. This is especially useful for SQW
GalnNAs SESAMs around the broad absorption edge be-
cause the behavior in the band tail was not a priori predict-
able. The spectrally resolved measurement gives a concrete
design guideline to optimize the GalnNAs SESAMs with
simple PL measurement to locate the absorption edge and
predict its nonlinear optical parameters around the absorption
edge. We observed that the maximum of the PL emission
wavelength \p; corresponds to the maximum of the absorp-
tion measurements. The saturation fluence has a minimum
where the modulation depth dropped to 60% of the peak
value, which occurs at Ap; +10 nm. The smallest values of
AR-F, required to suppress Q-switching instabilities are
observed around App+20 nm. For longer wavelengths F,
becomes too high and AR too low for most applications.
With the data presented, the efforts to optimize SESAM
designs for specific laser oscillators are strongly reduced.
The epitaxy requirements are also reduced because the target
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PL wavelength can easily be reached with postgrowth RTA
processing.
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