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Hetero- and homoepitaxial Nd 3*-doped LaF ; thin films grown by molecular
beam epitaxy: A spectroscopic study

F. Lahoz,® E. Daran, X. Zhang,” and A. Mufoz-Yagle
LAAS-CNRS, 7 avenue du Colonel Roche, 31077 Toulouse, France

R. Cases and R. Alcala
ICMA, Universidad de Zaragoza&SIC, 50009 Zaragoza, Spain

(Received 5 April 1999; accepted for publication 22 June 1999

Hetero- and homoepitaxial N&-doped Lak thin films have been grown by molecular beam
epitaxy. Two different orientations of CaRubstrates(111) and (110, have been used for the
heteroepitaxial structures. High-resolution emission and excitation spectra as well as the decay time
of the emission have been measured. The spectroscopic measurements demonstrate tht one Nd
site is present in the LaRayers grown on Caff111) substrates but two slightly different Rid
centers are resolved in the films on GEFLO) substrates. One Rid site has been found in the
homoepitaxial sample. Slight differences are observed between the centers found ingtheyeed-

and the one observed in the Nddoped Lak bulk crystal. For the homoepitaxial layer, the
linewidths are similar to those of the bulk crystals, whereas for the heteroepitaxial layers, a
broadening is observed. @999 American Institute of Physids§0021-89709)00519-9

I. INTRODUCTION For high enough dopant concentrations the RE ions and their
associated Finterstitials aggregate to form complex centers.
Rare-earthRE) -doped thin films are of increasing in- |n particular, clusters of two and four Ro—-F~ pairs have
terest because of their application as active waveguides iBeen identified in CafENd/CaF, layers®
optoelectronic devices. Miniature solid-state lasers and am-  For some applications it is desirable to avoid the broad-
plifiers activated with RE ions could be associated withening of the emission lines associated with the presence of
semiconductor lasers in this type of application. Compactifferent configurations of the RE ions in the crystal and to
and effiCient Optica| SyStemS Could thus be Obtained Usin%a\/e just one type of |mpur|ty center with narrow lumines-
thin-film waveguides, and the light confinement achieved incence lines which increase the effective absorption and emis-
planar and channel waveguides would also reduce the lasgfon cross sections at specific wavelengths. In order to avoid
pumping threshold and increase the gain per unit puMpne influence of interstitial F ions, N&*-doped Lak thin
power as compared to bulk materiafs.For certain specific films have been grown. LaFhas a trivalent cation and no

applications, fluoride materials have been shown to be MOrBharge compensation mechanism is needed when ti& Nd
suitable laser host matrices than oxides, owing to their lowejy,s are incorporated as a dopant.3Ndons enter in L&*

phonon frequencies, which reduce the nonradiative relaXsjies and only one center is expected.
ation processes of the excited RE ions increasing the lifetime  p.o\ious ‘work on LafENd®* thin films on Cak sub-

of the emitiing levels. . . . strates has shown encouraging results. The refractive index
hi hlﬁllolecular t?]eam ﬁp}taxﬂMBE) IS an ultlrla-hlgh—lvacudur? difference between the layer and the substrate allows both
thin-film -growth ‘technique, conventionally employed for the pumping and the emitted light to be guided into the film.

Z(lce)mtlCotgd?act;?iLgt(zv';ce;\./eMﬁulzc)rri]c?g azsediﬁzn?tﬁﬁﬂrg Sour:f_'aser emission at 1060 nm was obtained at room tempera-
y 9 ture (RT).° However, no laser emission was found in

d!electn(f’ or semlcqnduct&rsubstrates, qnd o mcorporate CaF,:Nd/CaF, layers. This reveals the great interest in using
high-RE concentrations without quenching of the lumines- . . . :
LaF; as a matrix for trivalent RE ions. To acquire a deeper

keepi llent tallinity of the | . . -
cence and keeping an excellent crystallinity of the Iayer knowledge of these systems in order to optimize them, a

‘N3 thin fi
havgzki)ltzaze.zldext(tar:gi\tlérr;/ss?:()j\iﬂér‘;s.b'lyril\\gBleEn?anfﬁfisoL:]bssgr?:grs photoluminescence study of these materials has been carried
in divalent C&" sites. A charge compensation mechanism isOUt' . . . . .
needed to ensure the global electrical neutrality of the crys- In this article a (;omparatlve spectroscopic study oriented
tal. This is provided by interstitial fluoride ions. Depending towargls I_aser applications of Rickdoped hetero- and ho-
on the different relative positions of the interstitial Bith moepltaX|aI-LaI§ layers grown by.MBE on Qag:apd Lak
respect to the Nt ion, different configurations are possible. substrates is presented. Two different or|entat'|ons of the
CaF, substrates(111) and (110, have been considered for
the heteroepitaxial structures. The G@H 1) surface shows

dpermanent address: ICMA, Universidad de Zaragoza—CSIC, Pza Sag h ; ; ;
i : ' X ) ; ' . exagonal geometrical arrangement of the ions which
Francisco s/n, 50009 Zaragoza, Spain. Electronic mail: lahoz@laas.fr 9 9 9

YPermanent address: Laboratory of Excited State Processes, Chinese AC&QUId be, in pringiple, the most suitable for the grovvth of the
emy of Sciences, 130021 Changchun, China. hexagonal tysonite structure of LaFOn the other hand, the
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CaF(110) substrates show a technological advantage as
(110 planes are perpendicular to tfEL1) cleavage planes. a)
In this case, the end faces of the waveguiding systems can be
obtained by cleavage rather than by a long and arduous cut-
ting and polishing process. High-resolution emission and ex-
citation spectroscopy as well as lifetime measurements have
been performed. As expected, only one’Ndenter has been
found in LaR:Nd®"/CaF,(111) samples. However, two
slightly different centers have been resolved in
LaF,;:Nd®**/CaFR,(110) layers. The influence of the substrate
orientation on the spectroscopic properties ofNébns is
discussed.

The N&#*-doped Lak homoepitaxial layer shows a nar-
rowing of the emission lines by a factor of about 3 as com- ' . . . .
pared with the heteroepitaxial ones, which are inhomoge- 850 860 870 880 890 900 910
neously broadened. This reduction of the linewidth is WAVELENGTH (NM)
considered as an improvement in the crystal quality of the
layers in order to increase the laser performance. All the b)
results are compared with those of Netloped Lak bulk Ri— Y;
crystals.

INTENSITY (ARB. UNITS)

Il. EXPERIMENT

The monocrystalline thin films studied in this article
were grown under ultra-high-vacuum conditions by MBE us-
ing separate effusion cells for Lgfand NdR. CaFk, sub-
strates with(111) and (110 orientation and Lafsubstrates
were degreased and mounted on molybdenum blocks. For all
the layers, the evaporation rate of the L&ffusion cell was /\J

INTENSITY (ARB. UNITS)

kept constant, corresponding to a growth rate of @ré/h,
while the NdR cell temperature was varied from 988 to ) , , .
1073 °C in order to obtain Nd concentrations ranging from 1040 1050 1060 1070
0.5 to 5 mol %. Previously, the Lafand NdF effusion cells WAVELENGTH (NM)
were calibrated separately by measuring the deposited layer
thickness as a function of the cell temperature. The layergig. 1. photoluminescence spectra of a y:4fmol %Nd/Cag(111) layer
under study were grown at a substrate temperature of aboukcited at 514.5 nm at 25 K. The bar diagrams correspond to the transitions
550 °C. The thickness of the layers was measured by profilgeetween the Stark levels of ti€5, multiplet and the(a) *lg, and(b) “I1p,
metry and ranged from 0.7 to 4m. manifolds.

Luminescence spectra were obtained by two methods.
First, under excitation with the 514.5 nm line of an'Amser ~ _ 4 11> transition[Fig. 1(b)]. Due in part to the focusing of

using af =1 m monochromator and a cooled Ge photodiodene excitation laser, the sample is heated and thus the two
for the detect|0n._ Second, h|gh-resolutlon measurementgia k levels of théF 5, excited levellabeledr; andR,) are
were performed with the following setup. A pulsed 1-064thermally populated. The bar diagrams correspond to the
um Nd:YAG laser was frequency doubled to pump a tunablgyansitions from theR, andR, levels of the*F 5, manifold to

dye laser, the_ ou.tput of which was passed t.hroughz Rat the 4l o), [Fig. 1(@)] and*l 1,5, [Fig. 1(b)] multiplets (labeled
man cell and its first Stokes was used to excite the samples P andY;, respectively.

the 860—-870 nm region. The luminescence was focused on a Erom each of th®, andR, excited levels, five emission

f=1.7m monochromator and detected by a silicon photodijines are detected to the Stark sublevels of 4hg, ground
ode. The reproducibility of these measurements has been espie and six to those of thi,,, manifold. It seems that

timated to be better than 0.1 nm. only one Nd* center is present in LaFl%Nd/Cak(111)
thin films, as expected. Similar spectra have been observed
IIl. RESULTS AND DISCUSSION for 0.5, 2.5, and 5 at. % Nd concentrations. All these layers

have a thickness of about 3.6n. The highest luminescence

intensity appears for a Nd nominal concentration of 1 mol %.
Figure 1 shows two regions of the emission spectrum ofAt higher dopant contents quenching of the luminescence

a Lak;:1 mol%Nd layer grown on a Caflll) substrate occurs.

under excitation at 514.5 nm and measured at 25 K. The The same luminescence measurements have been per-

850—-910 nm region corresponds to the;,—*lg, transi-  formed on Nd-doped Laflayers grown at the same time on

tion [Fig. 1(a)] and the 1035—-1075 nm region to tAE;, CaRy(110) substrates. The Nd concentrations and the layer

A. Heteroepitaxial layers
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FIG. 2. Emission spectra of Nl in the*F5,,—*l 11, region excited at 514.5

nm for Lak, layers grown on two different Cafsubstrate orientationga) FIG. 3. Excitation spectra of thl g;—*F 3, Nd®" transition measured at

(111 and(b) (110. The dotted lines enclose the region where a broadeningl0 K for: (& LaF;:1 mol %Nd/Cak(111) detected at 1040.7 nm;

can be appreciated. Arrows indicate the wavelength used for site selectivd®)  LaF;:1 mol %Nd/Cak(110) detected at 1040.3 nm;(c)

spectroscopy. LaF;:1 mol %Nd/Cak(110) detected at 1039.5 nitd) LaF;: 2 mol % bulk
crystal detected at 1040.5 nm; aie) LaF;:1 mol %Nd/Lak detected at
1040.7 nm.

thickness were the same as on the gaF1) substrates. The On the other hand, in the LaA mol %Nd/Cak(110)
maximum of the luminescence intensity is also obtained foisample the detection wavelengths were set at the sides of the
the 1 mol % Nd-doped sample. When exciting at 514.5 nmemission line indicated by the arrows in Fig. 2, trying to
the emission spectrum in the 850-910 nm and in the 1035+esolve the possible contributions of different centers to the
1075 nm regions show the same pattern as that in Fig. emission spectrum. Indeed, two different excitation spectra
However, a broadening of some of the lines is observedwere observed detecting at 1040.3 and at 1039.5 Figs.
Figure 2 shows the emission spectrum corresponding to th&b) and 3c), respectively. This result indicates the pres-
4F4,— 141, transition under excitation at 514.5 nm for a ence of two different N& centers(labeled center 1 and
LaF;:1 mol %Nd/Cak(110) layer. The spectrum of the same center 2 in the Lak layers grown on a CagFsubstrate ori-
layer on a Caj{111) substrate is also reproduced for com-ented in thg110) direction, in contrast with the films grown
parison. The number of lines in both spectra is the samegn a (111)-oriented Cak substrate, which have just one
however, the line at about 1040 nthetween the dashed Nd®' site. From these spectra the splitting of RReandR,
markers in Fig. 2is broader in the spectrum associated withStark levels of the*F, manifold can be calculated. For
the Cak(110) substrate and a shoulder is observed on itgenter 1 and center 2 in the layer grown on a £{aE0)
high-energy side. The line corresponds to the transition fronsubstrate this giveAE=41.5cm * andAE=40.2cm %, re-
the R, to theY; Stark levels of théF5, and®l;, multip-  spectively, and for the Nd center in the film on a
lets, respectively. The shoulder is observed for all the NdCaR(111) substrateAE=37.2cml. These small differ-
concentrations studied in the layers grown on the CBFD)  ences in the energy splitting are due to slight variations in the
substrate. local surrounding of the Nt ions, which produce a differ-

In order to obtain more information, high-resolution ex- ent crystal field.
citation and emission measurements have been performed. Taking advantage of the different excitation spectra of
Figures 3a)—3(c) show the excitation spectra recorded at 10the two centers in Figs.(B) and 3c), site selective excita-
K in the 860—868 nm region, which corresponds to the trantion has been performed to obtain the emission spectra asso-
sition from the“ly, ground state to théF g, excited state. ciated with each of them. The luminescence of the
The arrows in Fig. 2 indicate the detection wavelengths used.aF;:1 mol %Nd/Cak(111) layer was also detected, with
For the Lak:1mol%Nd/Cak(111) layer the detection excitation at 865.5 nm. The emission spectra associated with
wavelength was set at 1040.7 nm, which corresponds to thie *F 3,,— 41,4, transition are shown in Figs(#—4(c). The
maximum of the emission line. Two lines appear in the ex-sample temperature was about 10 K. At this temperature the
citation spectrum corresponding to the transition fromZhe R, Stark level of the*F 5, state is not thermally populated
Stark level of thé'l 3, manifold to theR; andR, Stark levels and the only populated level is the, Stark level, from
of the*F 5, multiplet[Fig. 3(@)]. This spectrum together with which  luminescence  occurs. The  spectrum  of
those of Fig. 1 agrees with the assumption of only oné"™Nd LaF;:1 mol %Nd/Cak(111) is presented in Fig.(d). Six
center in the film. lines are observed which are associated with the six Stark
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From Figs. 8a—3(c) and 4a)—4(c) it can be observed
that neither of the spectra of the two centers which appear on
2 a (110-oriented substrate coincide with that of the center on
)\ Jk A A AN a (111)-oriented Cak substrate. It could be interesting to
know if any of them corresponds to the one observed in
b) Nd®*-doped Lak bulk crystals. Figures (@) and 4d) show
the excitation and emission spectfaad® mol % N&*-doped

LaF; bulk crystal measured at 10 K. The line positions do
© A )\ A N A not coincide with either of those of the two centers in
' LaF;:1 mol %Nd/Cak(110) or with those of the NY site
in LaR;:1 mol%Nd/Cak(111). The splitting of the Stark

d)_J A h levels of the*F, multiplet deduced from Fig. (@) is AE

=44 cm 1, which is bigger than that found in the films. An-
other significant difference is the narrowing of the lines in
E)J A A the bulk sample as compared with the heteroepitaxial layers.
' " ) . The linewidth of the emission line at about 1040 nm in the
1040 1048 1056 1064 1072 bulk crystal is 0.2 nm and for the films grown on Gafis
WAVELENGTH (NM) about 0.6 nm. A broadening of the lines by about a factor of
3 is observed in the heteroepitaxial films due to an inhomo-

FIG. 4. Emission spectra of tH#F 5,—*1;,,Nd®" transition measured at geneous distribution of those centers. To date, we do not

10 K for: (@) LaF;:1 mol%Nd/Cak(111) excited at 865.5 nm; .
(b)  LaF,1mol%Nd/Ca(110) excited at 8656 nm: () have an explanation for the presence of the twd"Neknters

LaF,:1 mol %Nd/Cak(110) excited at 865.4 nmid) LaF;:2mol % bulk  in the films grown on Cajt110) substrates. X-ray diffrac-
crystal excited at 865.6 nm; antk) LaF;:1 mol %Nd/Lak excited at  tion measurements would be useful to better understand this
865.6 nm. prob|em_

It is well known for heteroepitaxial structures that the
mismatch of the lattice parameters and the difference in the
thermal expansion coefficients between the substrate and the
with the existence of only one Nd center in this layer. layer can indL_Jce some residual stress which shoulfj produce
Figures 4b) and 4c) show the emission spectra of SOMe crystalline def_ects, redu_cm_g the homoge+ne|ty Sf the
LaF;:1 mol %Nd/Cak(110) exciting at 865.6 and at 865.4 sample and broadenmg the emission lines of thé N",'“S-, ,
nm, respectively. In both cases, a pattern of six lines is oblt could also be possible that an inhomogeneous distribution
tained but the positions of the lines are slightly different.Of centers could be intrinsically associated with the MBE
This is clearly seen in the line at about 1040 nm. The broa@"oWth process, for which the thermodynamic conditions dif-
line which appears in Fig.(B) can be understood now as the fer greatly from those of bulk crystal growth. In order to

envelope of the lines at 1039.5 and 1040.3 nm observed i"SWer this question and to optimize the crystal quality of
Figs. 4b) and 4c), respectively. It can be concluded from the layers, a N& -doped Lak homoepitaxial layer has been

the emission and excitation spectra that two different centerstudied.
in the Lak:1 mol %Nd/Cak(110) layer have been resolved.
This is quite an unexpected result as only onéNeken-
ter has been observed in Nddoped Lak bulk crystalst’
Nd®* ions enter in a L& position and just one site is ex- The strains due to the lattice mismatch and thermal co-
pected. However, for the MBE-grown thin layers the crystalefficient differences between the layer and the substrate can
orientation of the Caj-substrate seems to play a role. be avoided in a homoepitaxial growth, i.e., depositing a Nd-
To check if one of the two NY centers in LaFon  doped Lak layer on a Lak substrate.
the Cak(110) substrates could be related to strained Figures 3e) and 4e) show the excitation and emission
regions of the layer close to the interface, a newspectra of a LafE1lmol%Nd/Lak layer of about 4um
LaF;:1 mol %Nd/Cak(110) film was grown under the same thickness measured at 10 K. The number of lines indicates
experimental conditions, but with a thickness of about 0.7that just one N&" site exists in this sample. Their positions
um, i.e., five times thinner than the layer studied in Figs.are slightly different from those of the bulk crystal, as well as
4(b)—4(c). If one of the centers were associated with thethe splitting of the Stark levels of tH& 5, multiplet deduced
interface, the ratio of the intensities of the emission lines ofrom Fig. 3e), AE=41.5cm *. However, the linewidths are
center 1 and center 2 would change from the @nd-thick  very similar.
sample to the 3.@sm-thick sample. However, no significant The widths of the emission and excitation lines indicate
change in the ratio between the intensities of centers 1 andthat the inhomogeneous broadening detected in the het-
was detected in the 0.zm film as compared with the 3.6 eroepitaxial layers is likely to be due to the strain, disorder,
wm one. These results indicate that the two differenf™Nd and/or defects originated by the lattice mismatch and thermal
sites in the Lak layers grown on110)-oriented Cak sub-  expansion differences between the layer and the substrate
strates are present throughout the layer and neither of them &nd that this is avoided in homoepitaxial MBE-grown films.
preferentially placed at the substrate—layer interface. These results also suggest that the crystal quality obtained in

INTENSITY (ARB. UNITS)

levels of the*l ;;, manifold. This spectrum is in agreement

B. Homoepitaxial layers
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FIG. 5. Luminescence decay in center 1 in kaFmol %Nd/Cak(110) at FIG. 6. Lifetime of the*F g, level of N&®* as a function of temperature in

(a) 10 K, (b) 30 K, and(c) 100 K. LaF;:1 mol %Nd/Cak(111), center 1 and center 2 in
LaF;:1 mol %Nd/Cak(110) and Lak:1 mol %Nd/Lak; layers. Dotted lines
are only guides to the eye.

the homoepitaxial growth is similar to that of the bulk crys-

tal. It is important to remark that a good crystal quality en-

sures low propagation losses, which is a main parameter tgvolution of 7 is similar to the one observed in Rittdoped
optimize materials for laser applications. To obtainLaFs bulk samples, which has been explained as due to the

waveguiding in these homoepitaxial films, doping with an-difference between the combined probabilities of the radia-

other additional impurity, such as CgE can increase the tive transition from the ground and excited components of
refractive index of the layer. A complete study and characthe excited statéF 3, and to the cross-relaxation transition
terization of this homoepitaxial system for laser applicationsProbability between energy levels of Rfd ions’*'* The
will be shortly carried out to reduce the laser pumpinghigher 7 values obtained in the homoepitaxial sample could
threshold and to increase the slope efficiency found irPe due to small differences in the {id content of the

LaF;:1 mol %Nd/Cak(111) heteroepitaxial layefs. samples* No significant difference is detected in the life-
time of center 1 and center 2 in the LdEaFR,(110) layer at

any temperature. The small differences in the local environ-
ment of center 1 and center 2 are responsible for slight shifts
Another important parameter to characterize the emittingn the excitation and emission spectfgigs. 3b), 3(c), 4(b)
levels of RE ions for laser applications is the decay time. and 4c)] but do not give a place for any detectable change
The decay of the luminescence of tiey, level of NB™  in -
has been measured in all the layers. In the
LaF3:1_moI %N_d/CaE(llO)_ sample, centers 1 and 2 were IV. CONCLUSIONS
selectively excited to obtain the decay curve of each of them.
As an example, the decay of center 1 measured at different High-resolution excitation and emission spectroscopy
temperatures is shown in Fig. 5. A nonexponential curve isand lifetime measurements have been performed on hetero-
clearly observed. The decay is faster at the beginning andnd homoepitaxial Nt -doped Lak layers. In the heteroepi-
slower after some hundreds of microseconds. Even at thitaxial layers, the highest luminescence intensity is obtained
relatively low N&* concentration(1 mol %), cross relax- in the samples doped with 1 mol%. One Ndcenter has
ation is already occurring and gives rise to these kinds obeen found in the films grown on CgH11) substrates.
nonexponential decay curves, which are also observed fddowever, two slightly different centers have been resolved
the other Nd" concentrations. in the layers deposited on CAEL0 substrates. Neither of
In order to compare the different decay curves a criteriorthe two sites observed in the films grown on g@R0) sub-
has been established to associate a decay tinvéh each  strates is specifically associated with the layer—substrate in-
decay curve. Since the decay at long times seems to be eterface. On the contrary, both centers seem to be present
ponential, the first 50Qus have been neglected and the restthroughout the thickness of the film. None of the centers
of the curve has been fitted to an exponential function. Theoincide with the single center found in LaRd®*" bulk
temperature dependence ohas been measured in 1 mol % crystals. The linewidth of the emission lines of Ndons in
Nd-doped Lak/CaF,(110), Lak/CaF(111), and Lak/  the heteroepitaxial layers is about three times larger than in
LaF; samples. The results are shown in Fig. 6. The estimatethe bulk sample, indicating a broadening of the lines associ-
accuracy of these values is abatit5%. In all the measure- ated with an inhomogeneous distribution of the*Naen-
ments a nonexponential decay was observed. The thermtdrs, which is not present in the bulk crystal.

C. Decay time measurements
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