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Ultrabroadband AlGaAs /CaF, semiconductor saturable absorber mirrors
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Ultrabroadband semiconductor saturable absorber mifS8EESAM9 are required to support
self-starting sub-10-fs-pulse generation with Ti:sapphire lasers. Conventiog@abAlAs/AlAs
SESAMs are limited by the reflection bandwidth of about 60 nm of the bottom Bragg mirror. In this
letter, we demonstrate a GaAs saturable absorber which is epitaxially grown onuSklg
molecular-beam epitaxy. Even though the difference of the thermal expansion coefficient is very
large, we were able to demonstrate good modulation depth with small nonsaturable losses. This is
interesting for ultrabroadband SESAMs because the large refractive-index difference betwgen CaF
and AlLGa _,As results in very broadband Abg _,As/Cak Bragg mirrors extending over about

a 400-nm-wide reflection bandwidth for a center wavelength of 850 nm.20@0 American
Institute of Physicg.S0003-695(00)04332-1

Semiconductor saturable absorber mirrd@ESAMS gated fluoride heteroepitaxy to increase the refractive-index
have been extensively used for passive pulse generation lifference(Fig. 2). Recently, we have demonstrated crack-
solid-state lasers? However, AlLGa, _,As/AlAs Bragg mir-  free broadband AGa, _,As/CaR, Bragg mirrorst2In this
rors limited the pulse generation with Ti:sapphire lasers to atetter, we demonstrate that a GaAs saturable absorber can be
short as 34 f3.In this case, a single GaAs quantum-well MBE grown on a Caklayer without significant degradation
layer was directly imbedded into an /Ma_,As/AlAs  of the saturable absorber parameters relevant for passive
Bragg mirror. Such a SESAM was later also referred to as anodel-locked solid-state lasers.
saturable Bragg reflect8rA different SESAM design, i.e., a For broadband SESAMs based on Bragg mirror struc-
high-finesse antiresonant Fabry+#te saturable absorber tures, a material pair is needed whi@ differs largely in
(AFPSA), was able to reduce the &a _,As/AlAs Bragg their refractive indices,(b) can be epitaxially grown in
mirror bandwidth limitation and supported 19%#n the lat-  stacks, and(c) allows for growth of a saturable absorber
ter case, the SESAM consists of a lower @8 _,As/AlAs material on top of the Bragg mirror or embedded in the mir-
Bragg mirror, a GaAs saturable absorber layer, and #or. For the best choice of a material pair fulfilling these
SiO, ITiO, top reflector with a reflectivity of 96%. This re- requirements, we have to look at the optoelectronic proper-
flector has a larger reflectivity bandwidth than the lowerties such as refractive index and band-gap energy, and ma-
Fabry—Peot mirror because the reflectivity bandwidth of terial properties like lattice constant, stability on air, and in-
Bragg mirrors increases rapidly with the ratio of the refrac-termixing. Figure 2 presents the refractive indices versus
tive indices of the materials forming the mirrécompare lattice constants of commonly used semiconductors and in-
Figs. 1 and 2 The GaAs absorber layer thickness is adjustedsulators. Material pairs only made of IlI-V semiconductors
for antiresonance of the Fabry4Be at the center wave- Will provide small bandwidth since their refractive indices do
length of the 19 fs pulse. The free-spectral range of thenot differ very much. Beside AGa _,As/AlAs Bragg mir-
Fabry—Peot is then large enough and gives no bandwidthrors mentioned above, ZnX (XS, Se, and Temixed crys-
limitations to the device. In addition, the bandwidth limita-
tion of the lower AlGa, _,As/AlAs Bragg mirror is reduced 1.0
by the broadband high-reflective Si(iO, top reflector,
which results in shorter pulses. So far, even shorter pulses ¢
were only obtained when the lower, &g _,As/AlAs Bragg
mirror was replaced by a silver mirr678 Since the semicon-
ductor saturable absorber cannot be grown directly on a sil-+
ver mirror by molecular-beam epitaxMBE), postgrowth
processing was applied to fabricate a low-finesse AFPSA.
Such devices then supported sub-6-fs pulsesich are 0.2
short pulses generated directly from a Ti:sapphire |&ser. HA IR »
Methods have been and are continued to be explored tc 0.0 LR L U, "N A
avoid postgrowth processing of ultrabroadband SESAMs. 05 06 07
To overcome the refractive-index limitation of Wavelength, pm

AlL,Ga _,As/AlAs Bragg mirrors(Fig. 1), we have investi-

FIG. 1. Calculated reflectivity spectra for different Bragg mirrqia: 25
pairs Al ,1/Ga gAS/AlAs on GaAs,(b) 4 pairs ZnTe/Bafon ZnTe, and
¥Electronic mail: schoen@ige.phys.ethz.ch (c) 4 pairs A} (Ga, ,As/Cak, on GaAs.
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4.0 4 necessary for demonstration of a GaAs saturable absorber
: G%ps'“f‘s epitaxially grown on Cag
3.6 P At this point, it is important to note that there are other
£ ) alternatives. Most low-index materials can be found among
£327 N GaP°A|AsZ Te the oxides. Since it is rather difficult to obtain epitaxial
3 . ° APy N growth with oxides, attempts have been made to combine
E’ : 7S ZnSe ZnS,., AlLO, with GaAs by selective oxidation of ABa, _,As with
8,44 GaN ‘h?%js 7ns® A CES a high Al concentration. The oxidation process proceeded
s ] :AIN """""" AN X Tio, laterally to create buried-native-oxide layers. However, the
250 oxidized area was restricted to a size of some f?.1°
£ Recently, InAs-nanocrystallite-doped Si¢hin films were
¢ 1.6 - - produced with rf sputtering’ However, the modulation
WGF. e T e T LS SO, depth was rather small and the saturation fluence very high
1.2 4 o U ngF CaF,SiF, Borz ? (i.e., 25 mJ/crfy), which is about 100—1000 times higher than
L — that of typical SESAM$’ A large saturation fluence
30 35 40 45 50 55 60 65 70 strongly increases the tendency f@+switching instabilities
Lattice constant, A in solid-state laser® and pushes the SESAM device closer

to the material damage. In addition, the refractive indices of
FIG. 2. Refractive indicesn,n,®,n.A) vs lattice constantéa, ¢ of com-  2.34 (TiO,) and 1.47 (SiQ) limit the reflection bandwidth
monly used semicon_ducto_rs and insulators.. The values fop ﬁiuj SiQ of SiO,/TiO, Bragg mirrors to about 200 nm at a center
are given by dotted lines since these materials are amorphous in broadband . . .
Bragg mirrors. wavelength of~800 nm. Chirped mirrors strongly increase

the reflection bandwidth for a given material p&if° Thus,

chirped SiQ/TiO, mirrors supported pulses in the two-cycle
tals with additional Mg or Cd incorporated were used inregime with a reflection bandwidth of about 400 A.
distributed Bragg reflectors as weflHowever, both IlI-V  Chirped AlAs/GaAs semiconductor mirrors have been used
and 11-VI Bragg reflectors face small spectral bandwidth andg passively mode lock a Nd:glass |a§%However, to more
large numbers of mirror pairs to obtain reflectivities of fully explore the possible bandwidth, many more lay@ss.,
>99%. An increase in refractive-index ratio can be providedn the order of 150 or mojehave to been grown. This re-
with ZnTe/Bak, Bragg mirrors. The materials are nearly lat- quires a very rigorous thickness control of each layer and the
tice matched and a high-reflection bandwidth of up to 31Qarge number of layers results in increased absorption. Thus,
nm can be obtained. However, Fig. 2 clearly shows that thehe Al Ga, _,As/fluoride approach looks very interesting.
highest difference in refractive indices is a combination of  GaAs was chosen as the absorber material. A multilayer
Al,Ga ,As with a group-lla fluoride, e.g., CaFFor the  stack consisting of 57 nm GaAs sandwiched by 90 nm and
wavelength range of intered.5—2 um), fluorides are non- 148 nm Cak was optimized for maximum modulation depth
absorbing and have no relevant dispersion. Most of them cagf the absorber layer taking into account the standing-wave
be grown epitaxially by high-temperature evaporation. Soméntensity pattern. This stack was grown by MBE on a
of the fluorides show a moré.iF) or less (Bak) hygro-  GaAg111) substrate. The growth was governed by a
scopic behavior. Initially, AlGa _,As/(Ca, SIF, Bragg re- temperature-dependent lattice mismatch with up to 3.5% and
flectors have been demonstrated with a 90% reflectandsy a large difference in the thermal expansion coefficients
around a center wavelength of 870 nm for only three period$19.2x 10 6/K for CaF, and 6.4<10 /K for GaAs) caus-
of layer pairs'* However, they suffered from serious crack ing strain in the layers. Thel11) orientation is the preferred
formation after the epitaxy due to the thermal stress betweearientation of the fluorides and allows for strain relaxation by
both materials, which exhibit a large difference in their ther-dislocation gliding in the fluoride layer. The drawback is the
mal expansion coefficient. We have demonstrated crack-fregery small growth window for thé€111)-oriented growth of
GaAs/fluoride Bragg mirrors using CaFBak,—Cak fluo-  GaAs. Homoepitaxial growth ofil11)-oriented GaAs sub-
ride M4 layers with only thin Cafparts® Since the differ-  strates is very sensitive to the absolute As pressure, the
ence between the refractive indices of ¢@F42) and growth temperature, and the As/Ga flux ratio. In addition, the
BaF,(1.46) (Fig. 2 is very small, the reflection at the low free energy of the CaFsurface introduced mainly is-
CaFR,—BakF, interfaces can be neglected. Bafan be grown landing, stacking faults, rotational twins, or microtwinning in
epitaxially on Cak and has a smaller stiffness constant,the GaAs growth causing nonsaturable losses. Buffer-layer
which was expected to help to overcome the crack problengrowth was carried out with growth interruptions on a
caused by thermal mismatch strain. However, to reduce theéy19x /19) reconstructed surface at 580°C. Gaver-
complexity of the fluoride stack, we recently have demon-growth of GaAs at 620 °C provided a flat interface. The most
strated that low-temperatufeT) growth increases the maxi- challenging part of the growth was the heteroepitaxy of
mum crack-free Caf-thickness. This allowed us to grow GaAs on Cak due to the low-free-surface energy of GaF
four-pair crack-free AlGa, _,As/CaF, Bragg reflectors with and a low-As sticking coefficient. An impinging As flux was
>98% reflectivity at a center wavelength of 880 nm with asuccessfully applied before growth to increase surface wet-
bandwidth of about 400 nrit. More recently, the interface tability for the ALGa,_,As overgrowth of Caf However,
roughness could be further improved usifid 1) substrate GaAs absorber layers grown under these conditions showed
orientation compared t¢100-oriented growth? This was  too fast recovery times due to high defect concentrations and
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60.5 an electron beam during growth was found to have 57.7% in
60.0-5 AR =3.2% : linear reflectivity and up to 3.5% in modulation depth, close
1 |Rn=577% to the calculated values of 58% and 4.5%, respectiely.
® 59.5] Fq = 60 pdicm? 3). A saturation fluence of 6@.J/cnf was measured, which
§ 590_5 is low enough to avoidQ-switching instabilities in mode-

8 locked solid-state lasers and material damage. For the unex-
}" 58.5 posed regions, we obtained much higher losses in the linear
580_}_ reflectivity (R;,=25%) and a modulation depth of approxi-

B O mately 1%. A constant recovery time of 450 fs was measured
57.54 . e — . e ——— in all regions over the sampléig. 4). Such a fast recovery
RS 1% 2% v set time makes the sandwiched GaAs layer an excellent choice
Fluence, pJ/cm2 for passively model-locked solid-state lasers.

FIG. 3. Nonlinear reflectivity vs pulse energy fluence a of GaAsjCaF In conclusmq, we showed that GaAs grown.on cak .

multilayer stackmeasured data, dots; fit function, full line an excellent choice for an absorber layer to be integrated in
ultrabroadband AlGa _,As/Cak, SESAMs. While other
material combinations were discussed with respect to the

additional nonsaturable losses caused by surface roughneéabrication of —ultrabroadband SESAMs, Ill-V/fluoride

In contrast to the LT-grown or ion-implanted GaAs absorberStacks are very attractive and have provide a large high-

layers used for conventional SESAMs, GaAs layers growrd€flection bandwidth.

on Cak at high temperatures already showed high defectiy yejier, p. A. B. Miller, G. D. Boyd, T. H. Chiu, J. F. Ferguson, and M.

concentration causing extremely fast recovery times and highT. Asom, Opt. Lett.17, 505(1992.

nonsaturable losses. Impinging As flux on a Galirface  °U- Keller, K. J. Weingarten, F. X. Kener, D. Kopf, B. Braun, I. D. Jung,

- . Fluck, C. Hmninger, N. Matuschek, and J. Aus der Au, IEEE J. Sel.
decreased surface roughness but did also supply too much A op. Quantum Electror, 435 (1996.

supporting twin formation. In our studies, we found that 3_ R. Brovell, I. D. Jung, D. Kopf, M. Kamp, M. Moser, F. X. kaer,
GaAs growth is more sensitive to excessive As on thedand U. Keller, Electron. Lett31, 287 (1995. _
growth interface than AGai_xAs. Therefore, we used S. Tsuda, W. H. Knox, E. A. d. Souza, W. Y. Jan, and J. E. Cunningham,

e Opt. Lett.20, 1406(1995.
electron-beam modification of the growth surface for the ab-s| p_jung, L. R. Brovell, M. Kamp, U. Keller, and M. Moser, Opt. Lett.

sorber growth. By breaking the Ca—F bonds with an electron 20, 1559(1995.

beam, the exposed surface region became more attractive fé- Fluck, I D. Jung, G. Zhang, F. X.'Kmer, and U. Keller, Opt. Let@1,

. . . . 743(1996.
Gaand As, improving grOWth and Iayer qua“ty' More details 1. D. Jung, F. X. Katner, N. Matuschek, D. H. Sutter, F. Morier-Genoud,

on the growth will be reported elsewhére. Z. Shi, V. Scheuer, M. Tilsch, T. Tschudi, and U. Keller, Appl. Phys. B:
The pulse-energy-dependent reflectivity at a center Lasers Optes, 137(1997. _ _
Wavelength of 830 nm using approximately 150 fs pulses Z. G. Zhang, T. Nakagawa, H. Takada, K. Torizuka, T. Sugaya, T. Mirua,

f - hire | d d . l and K. Kobayashi, Opt. Commua76, 171 (2000.
rom a Ti: sapphire laser was measured to determine Ineasp 1, Sutter, G. Steinmeyer, L. Gallmann, N. Matuschek, F. Morier-

reflectivity R;;,, modulation deptR, and saturation flu-  Genoud, U. Keller, V. Scheuer, G. Angelow, and T. Tschudi, Opt. Lett.
enceF, (Fig. 3. The definition ofR;,, AR, and Fg is 24, 631(1999.

10 H
given, for example, in Ref. 7. The temporal decay of the Séi;t]i'gz”;gyigo?'(g'gguuer' L. Galimann, N. Matuschek, and U. Keller,
absorption was measured in a standard degenerate timez, shi H. zogg, and U. Keller, J. Electron. Mat@7, 55 (1998.
resolved pump—probe setipig. 4). The area modified by '?S. Schim, H. Zogg, U. Keller, J. Cryst. Growt20¥/202, 1020(1999.
137, Tawara, M. Arita, K. Uesugi, and I. Suemune, J. Cryst. Groh8#
185, 777 (1998.
1C. Fontaine, P. Requena, and A. Munoz-Yagd. Appl. Phys68, 5366

(1990.
R 157, Shi, H. Zogg, P. Mlier, I. D. Jung, and U. Keller, Appl. Phys. Le9,
> 3474(1996.
2 8p_W. Evans, J. J. Wierer, and N. Holonyak, J. Appl. PI84.5436
] A (1998.
® 171, p. Bilinsky, J. G. Fujimoto, J. N. Walpole, and L. J. Missaggia, Appl.
= e Phys. Lett.74, 2411(1999.
2 ) 18C. Honninger, R. Paschotta, F. Morier-Genoud, M. Moser, and U. Keller,
T J. Opt. Soc. Am. BL6, 46 (1999.
3 R. Szipws, K. Ferencz, C. Spielmann, and F. Krausz, Opt. Lt.201
(1994.
R A e aaas aa s oo 20F, X. Kartner, N. Matuschek, T. Schibli, U. Keller, H. A. Haus, C. Heine,
1 2 3 R. Morf, V. Scheuer, M. Tilsch, and T. Tschudi, Opt. L&X?, 831(1997).
Time delay, ps 2IR. Paschotta, G. J. Shler, D. H. Sutter, N. Matuschek, U. Keller, M.

Moser, R. Hwel, V. Scheuer, G. Angelow, and T. Tschudi, Appl. Phys.
FIG. 4. Nonlinear reflectivity as a function of time measured with a standard Lett. 75, 2166(1999.
degenerate pump—probe measurement at 830 nm with 150 fs pulseseThe ##S. Scha, M. Haiml, M. Achermann, and U. Keller, J. Vac. Sci. Technol.
crossing time is 450 fs. B. 18, 1701(2000.



