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1.3-+x:m Emission of Nd : Lak Thin Films Grown by
Molecular Beam Epitaxy

X. Zhang, F. Lahoz, C. Serrano, G. Lacoste, and E. Daran

Abstract—The 1.34+m emission of N& -doped LaFs thin films  the first to be investigated for this purpose. Although it usually
grown on LaF; and CaF, (111) substrates by molecular beam gives rise to an emissioARz/>—4l13/2) on the long-wavelength
epitaxy is reported. The waveguide behavior of the heteroepitaxial side of the 1.34m telecommunications window and sometimes

layers has been demonstrated and the refractive indexes mea- . . .
sured. Guided spectra have been obtained from these layers using_encounters a serious problem of excited state absorption (ESA)

a prism-coupling technique. The 1.34m emission corresponding N this wavelength range, its high luminescence efficiency is at-
to the *F3,,—*l;,, transition has been characterized as a tractive to researchers. In fact, laser emissions from theuth 3-
function of Nd** concentration and temperature. The relative transition have been obtained in various fluoride and oxide crys-
efficiencies of different excitation bands were compared. The (5|5 such as LaE YAG, and LiNbG; at both 77 K and at room

optimum concentration for Nd®+ dopant has been found to be temperature [6]. In Lagbulk crystals, laser emission in the
about 1 at.%. A narrowing of the emission lines is observed in the P [6]- y '

homoepitaxial layers compared to the heteroepitaxial layers. The 1.34im band range has been observed by Kamirslkﬁ_l. [7]
decay of the luminescence of théF; /. level measured at room at 300 and 77 K with a very low threshold. As for optical am-

temperature is similar for homoepitaxial and heteroepitaxial plification, a 10-dB gain has been reported by Sugatrel. in

layers. a ZBLAN glass-based fiber amplifier [3]. Even higher gain has
Index Terms—1.3-um emission, LaF;, molecular beam epitaxy, been predicted in this material by Zemenal. [8]. Moreover,

Nd®+. the refractive index of these fluoride materials is a good match

to silica-based optical fibers, leading to low reflection losses,

I. INTRODUCTION and hence a good waveguide-to-fiber coupling efficiency. All

o .. these results indicate that Riddoped fluoride materials are
T HERE EXIST two intrinsic low-loss telecommunicationg,qg candidates for this application, due in part to their low
windows in silica-based optical fiber communicatiorhhonon energy, which reduces the nonradiative relaxation pro-

systems: one is at 1.55m and the other is at about 1.8In.  cagqes of the excited RE ions increasing the lifetime of the emit-
The development of the erbium-doped fiber amplifier (EDFAﬁng level [9].

operating at 1.um during the last decade has already brought compact and efficient waveguide lasers offer some advan-
a tremendous increase in optical fiber communication capaciyyes for applications in integrated optical devices. Due to the
However, a large component of the worldwide terrestridlna| areas in which the light is constrained to be guided, a

telecommunications network operates at the second low-19§§h-power density of the excitation light is achieved and lower
window at 1.28-1.3pm [1]. Unfortunately, the performance of 5, thresholds than in bulk samples is expected in the waveg-

the optical fiber amplifier and laser operating at this wavelengffijes [10]. Molecular beam epitaxy (MBE) has been demon-
is far less efficient than those operating at firh, and the high g4t to be a suitable technique to grow fluoride layers on flu-
gan Foefﬁuent of 0.36 dB/mW demonstrated at 8 with  qriqe or semiconductor substrates and is characterized by easy
a Pr:PbR/InFs-glass amplifier is far smaller than the highyonirol of the dopant content and high-quality crystal layers
EDFA value off111 dB/mW [2]. Therefore, much research hag) 17 | aser action at 1.08m has recently been shown at room

been undertaken to develop efficient optical systems Operat'l'é%perature (RT) in N&t—doped Lag-CaF(111) MBE grown
in the 1.3um window. planar waveguides [12]. This result strongly supports the idea

The possibility of using rare-earth (RE) ion doped systemgy; these systems can be seriously considered as a candidate
to meet the requirement of the 1 telecommunication has ¢;, rT 1.3um lasers.

been studied for a long time. According to their energy level | inis paper, we report the ordinary and guided (8-

diagrams, three RE ions have been chosen as possible Ca@ﬁlﬁssion in MBE grown N@&t-doped LaB-CaR(111) het-
dates: P&+ [3], Nd3+ [4], and Dy3* [5] ions. The N@*ionwas  groepitaxial planar waveguides, as well as refractive index

results. The luminescence properties of3Ndoped Lak
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TABLE | ’ R, — Z,
REFRACTIVE INDEX VALUES FOR THE TE - ‘ | ‘ ‘ ’ | ‘
AND TM MODES MEASURED AT DIFFERENT WAVELENGTHS IN A LaFs @ 'or s 7 1
LAYER GROWN ON A CaF, (111) SUBSTRATE = T F’ i |
S oost |
s I n.
Refractive index (n) s
A (nm) g T 1
TE modes (nordinary) TM modes (nexlraordinary ) ':
O 04 ¢ E
488 1.6097 £2.10* 1.6026 £2.10" E
b
514 1.6082 +2.10°* 1.6000 +2.10°* £ ozf 5 X0 il
633 1.6033 £2.10°* 1.5953 £2.10°* 0.0 . . - Ty
1300 1320 1340 1360 1380 1400

WAVELENGTH (nm)

LaRs crystal was used as a substrate for the homoepitaxial laygy. 1. Emission spectra of the Ritl4Fs/, — 4113/ transition in (a) Lag; 1

and commercially available polished G&EL1) crystals for the at.% Ncé+-CaR(111) at 300K, (b) Lag:1 at.% N&+-CaR(111) at 25K, and

heteroepitaxial layer. The nominal concentrations determin La'%:lhatg/" '\ll(d“‘b"laalat ﬁ% Th% bﬁ;ﬂ'agrams.fsgow the transitions
) - : een the Stark sublevels of tHey» and thetl 132 manifolds.

from the calibration curves for N@Flopant range from 0.5 to

5 at.%. Undoped Laf~Cak(111) layers were also prepared.. ) . _ .

Epitaxial growth was performed at a substrate temperaturef s. With this assumption, calculations show that four modes

about 520°C and a typical growth rate of 0,7m/h. The layer are guided in the studied hgteroepitaxial layers a3 It is
thickness of the obtained films is about 3ué. The lattice pa- necessary to reduce the thickness of the ayer to abput fo

rameter mismatch between tt# = 2 subcell of the hexag- obtain a monomode guide, which results in a practical problem

onal basal plane of LaFand the hexagonal symmetry unit 0fof coupling the pump light into the end-face of the guide. On the

the Cak(111) surface is about 7% and could result in strairﬁher hand, the large difference t_)etween the refractive in(_jex of
and/or disorder in the layers. Nevertheless, the thin films wet2® Caf2 substrate and the LaRctive layer gives rise to a high

found to be free of cracks and exhibited a featureless surf erica_ll f”‘pe”We of abogt 0.71 at. 790 nm, WhiCh is favorable
under optical microscopy. or an efficient direct coupling of a diode laser into the end-face

A photoluminescence study was performed by using a tu?1f-the planar wavegwc_ie.
able Ti: sapphire CW laser as the excitation source. The sam gor the homoep|taX|_aI s_ample, both th_e layer and subst_rate
was fixed in a cryostat circulated by liquid helium, and the ave the_ same refract|_ve index and the light cannot b(_a guu_jed
temperature can be continuously changed from 25 K to rodh® the film. Howe_ver., .'t has peen observed that codopmg.wnh
temperature. The luminescence signal was dispersed by aj:_ ain elements S|gn|f|cantlymcreasesﬁhmlue of the media
monochromator and detected by a liquid-nitrogen cooled Ge ;1:!4 i In the case of Lak calculations .ShOW that a smaII_reIa-
tector. The guided spectra for the active layers were obtainde Increase ofn — 0.19% Ie_ads to smgle-mode_operatlon_ at
using a prism-coupling technique. The emission signal frogn_Sum|na411m-th|ckwavegmde. Low concentration codoping

the guide was collected by a cylindrical lens and focussed 0|Wgh some RE such as CeFl13] could probably be enough to

the entrance of the monochromator. For luminescence de@égduce this effect.
measurements, the excitation beam was modulated with a
chanical chopper. The decay signal detected by a photomu
plier (PM 636) was recorded on a digital oscilloscope (Philips A typical emission spectrum of the heteroepitaxial layers is
PM/3323). shownin Fig. 1(a) and (b) at room temperature and 25 K, respec-
tively, exciting at about 788 nm. The observed emission lines
IIl. EXPERIMENTAL RESULTS AND DISCUSSION have energies slightly different from those reported for bulk
crystals [15], [16]. Two partially overlapped patterns of seven
lines corresponding to the transition from the two Stark sub-
The refractive index of the heteroepitaxial layers was mealevels of thedF3,2 level (R) to the seven Stark sublevels of the
sured by the m-lines method as a function of the wavelength 32 manifold (Z) are observed in the low temperature spec-
and the dopant concentration. The optical quality and flatnetssm (see the bar diagrams in Fig. 1). With increasing tempera-
of the surface layer was confirmed by the good optical couplirigre, the emission intensity is decreasing progressively, and, at
achieved when a glass prism was placed over the film fixed withom temperature, the integrated emission intensity decreases
pressure. Doping with Nt results in a hardly detectable modi-to about 1/5 of that at 25 K. Two reasons can be responsible for
fication of the indexes for the studied concentration range (0.5tHs diminution: the first is the increase of the nonradiative tran-
at.%). For the undoped LaFCaR(111) layer, several guided sition probability with increasing temperature, and the second
modes were observed at 488, 514.5, and 633 nm, and a shgathe redistribution with temperature of the branching ratio of
birefringence was also detected. Table | shows the measuredtbe4Fs/; to the different; levels. We have noticed that the in-
dinary and extraordinary refractive indexes. The same valueared emission located between 840-900 nm corresponding to
are found as those observed for kdfulk crystals at the wave- the4Fz—4lg/2 transition is reinforced with increasing temper-
lengths studied [13]. It therefore seems reasonable that theure, which means a decrease in the branching ratio to the other
wavelength dependence can also be applied for the MBE-grotinlevels.

r__Luminescence Properties

A. Refractive Index
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by Casperset al. [15] and Vignanesvarat al. [16] are also
collected in Table Il for comparison. Small energy differences
are observed between the layers and the bulk crystal. Notice
that the energy interval between the two crystal field-splitting
components of théFz,2 level is 37 cml for LaF3: Nd—Cak
Fig. 2. Relative intensity of the 1323-nm emission line measured at 25 (€11), while those for the homoepitaxial layer and bulk crystal
under two excitation wavelengths as a function oBNdoncentrations for the are both about 42 crh. The difference is probably due to the
heteroepitaxial layers. Decay times at 25 and 300 K offap level of NdB+asa  |gttice mismatch and the difference in expansion coefficient
function of the N@&+ concentration in these layers and in kaF at.% Nd-Lak . . .
are also shown. between the layer and the substrate, which results in the strain
and defects in the epitaxial layers.

spectra can be deduced from Fig. 3 and the results are shown in
Table II. Values from bulk Lag: Nd crystals reported earlier
—o— Ex.=850.5nm O
021 _m— Ex.=78850m

L
(=)

F O mROoe

L 1 1 i
0 1 2 3 4 5 6

Nd" CONCENTRATION (at.%)

i i At room temperature, the short-wavelength excitation spec-
_ f trum becomes a broad band ranging from 782 to 798 nm cen-
.A‘E_J ot W - tered at about 792 nm [Fig. 3(c)]. This band covers most of the
N o, 4 emission regions of commercially available high-power diode
£ o BN e S lasers.
o e l Guided spectroscopy was performed at room temperature,
% I 1 taking advantage of the waveguiding behavior of the heteroepi-
E 5 _.l _,-WL_I . L sercer | '._.'k\ ; FaX|aI samples. In this conf|gurat|or_1, excitation I!ght is coupled
= - |. . into the doped layer by a glass prism. The main advantage of
- | | e cmsmen this configuration is a huge enhancement of the emission in-
i Ot i it PO Al e el tensity, which is estimated to be at least an order of magnitude
| & H M e T Bl AN @D 5 5§ . . . . . .
WAVELENGTH {nmi higher than in the ordinary nonguided configuration. The ob-

tained guided spectrum in the spectral region ofilrBat room
Fig. 3. Excitation spectra for the monitoring emission line at 1323 nm éfNd temperature has the same shape and line positions as that of the
ions in Lak layers grown on Lagsubstrates at (a) 25 K, (b) on Cai11) at nonguided configuration (see Fig. 1(a)). The only difference is
25K, and (c) atroom temperature. a large increase in the luminescence intensity.
It is worth mentioning that, for the room-temperature guided

The emission spectrum of the LaANd—Laks layer mea- spectra, the integrated emission intensity for 4Rgo—4l11/2
sured at 25 K under 788.5-nm excitation is shown in Fig. 1(dyansition (at 1.06um) is about 4.8 times of that of the
Slight differences in the positions of the lines comparetf3;,—4l13/2 transition (at 1.3um). This value is close to the
with those of bulk samples are observed. A narrowing of thgroportion of the theoretical branch ratios (about 4.6) [18] of
linewidth is seen between the homoepitaxial and the heteroeghiese two transitions calculated by the Judd—Ofelt theory from
taxial layers. The strains, defects, and/or disorder of thesLathe room—temperature absorption spectra oBNuh LaFs
films, which originated from the lattice mismatch and thermddulk crystals. Obviously, for the theoretical results, the excited
expansion differences between the layer and the substratate absorption (ESA) was not taken into account. As reported
are avoided in the homoepitaxial growth and the narrowirgy Page [5], in some materials, like oxide glasses, ESA is very
of the lines suggests that a better crystal quality is achievaahportant, completely overwhelming the stimulated-emission
It is important to note that the crystal quality of the films igain, and actually leading to pump-induced loss a3 The
an important factor in the propagation losses obtained in thesults observed in this work indicate that, in the gdifms,
waveguide. the ESA of N@+at 1.3um is probably not an efficient process.

The dependence of the emission intensity on th&\an- It is important to note that in a planar waveguide the light is
centration has been studied in the heteroepitaxial layers. Thegenfined in just one direction. An additional confinementin an-
sults are shown in Fig. 2. The most intense emission is obseraher direction can be achieved in channel waveguides, typically
for the 1 at.% layer both under 788.5- and 859.5-nm excitatiorlsading to an order of magnitude increase in the gain. There-
For higher N@+ concentration, quenching of the luminescend®re, as laser action at 1.@6n has already been demonstrated
occurs, which is in agreement with the results observed in buikLaFs: Nd planar waveguides at room temperature, it can be
crystals [17]. expected that, even if the branching ratio fréfg, to 41132

The excitation spectrum for 1% N¢d doped layers is is lower than that t@l11/2, laser action at 1.gm could be ob-
given in Fig. 3 for both heteroepitaxial and homoepitaxidhined in channel waveguides. Channel waveguide fabrication
samples. These spectra can be ascribed to three transitionaraf laser tests at 1}8n will be shortly attempted in both het-
Nd3+: 4l g/o—4F3/2 (852—-864 nm)4lg;o—4F5/2(792.5—-798 nm) eroepitaxial and homoepitaxial MBE samples.
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TABLE I
THE 4F3)2, 4F5/2, AND 2Hg/2 ENERGY LEVEL POSITIONS OFNd3+ MEASURED IN LaFs EPITAXIAL LAYERS AT 25 K (ENERGY IN AIR). VALUES
FOR BULK CRYSTALS ARE ALSO PRESENTED

SLT manifold Values of this work (cm™) Values in bulk crystal (e
Homoepitaxy Heteroepitaxy Ref[15] Ref[16]
“Fa 11590 11597 11595 11592
11632 11634 11637 11634
*Fsn 12584 12588 12596 12596
12601 12603 12613 12615
12609 12613 12621 12622
*Hypy 12663 12664 12675 12676
12682 12682 12693 12694
12745 12747 12755 12753
12841 12842
12904

C. Lifetime Measurements about 1 at.%. The most efficient excitation band is observed for

Another important spectroscopic parameter to characterif§ 4l9/2—2Ho/2,4Fs)2 transitions located at room temperature
the luminescent behavior of Rtlions in these films is the decay Petween 780 and 800 nm, which is compatible with commer-
time of the emitting level. The results measured at both 25 afi@!!y available high-power diode lasers [20]. A narrowing

300 K for a series of Lag=Nd layers with N&* concentrations °f the emission lines is observed in homoepitaxial samples,
from 0.5 to 5 at.% are shown in Fig. 2. These values are oi#99esting an improvement of the crystal quality. In this case,

tained by monitoring the Nt 4Fs/,—4lg)5 transition at about codoping with an additional impurity is necessary to increase

860 nm. A nonexponential decay curve was observed for all ¢ refractive index of the layer. As value dfn as small

concentrations. The criterion chosen to evaluate the decay tifife 0-19% would be enough to obtain monomode operation

is the 1/ dropping time. As shown in Fig. 2, for all the sam@ 1.3 um in a 4um-thick homoepitaxial waveguide. The

ples, the 300 K decay times are always longer than those @nditions for MBE growth of low-loss, high-crystal-quality,
served at 25 K. This unusual temperature dependence feaff}8 film waveguides is under study. _

has also been observed for Mddoped LaF bulk crystals and ' "€ fact that laser action at 1.Qén has been obtained by
has been interpreted by Voron'led al. [17] as the effect of the the authors in LagzNd3* planar waveguides with less than
energy migration among the Rdions, and the energy transfer: dB/cm of propagation loss and lasing threshold of 80 mW
to inactive centers. They have shown by experimental resdfi€] @nd that 1.34m laser emission has already been already
and model calculations that the energy migration probability d@Ptaineéd in Lak: Nd bulk crystals, both at 300 and 77 K sug-
creases as the temperature goes beyond 50 K. This resultd§ats that laser action at Jué can be envisaged in LaFNd3+

the increase of the luminescence decay times with increasfiitnne! waveguides, for which a higher confinement of light
temperature. It is difficult to compare decay time values witl§ achieved. Nevertheless, absorption and stimulated emission
those given in the literature as the calculation criterion is nGfOSS Sections measurements should be performed to determine

always known. The values for other systems are given for infdfl€ Suitability of Lak : Nd3* thin films for laser operation.
mation. The values for 1 at.% Rttdoped samples are 413
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