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The growth of thin films made from Samarium-doped alkaline earth fluoro hal(lJE&EH) of
composition SiCa,_FCI:Sn?* (0=<x=1) is presented and the possibilities are studied to increase
significantly the inhomogeneous width of the Snoptical zero phonon transitions. The best films
were obtained when grown with a molecular beam deposi(MBD) method involving two
separate molecular beams: one for the alkaline earth fluoride, the other one for the alkaline earth
halide (Cl or Br). The results demonstrate that the double beam MBD technique employed is able
to produce pure and mixed Matlockite films with targeted composition. The results of mainly optical
studies of the samariuff transitions and of other complementary techniques are used to assess
the composition and homogeneity of the films. With the aid of a model the composition dependence
of the positions of specific opticél-f emission lines is established. Their inhomogeneous linewidth

is compared with that of corresponding emission lines obtained from bulk samples of the same
chemical composition. The linewidths of the films are only slightly largel.5—2 time$. Thus,

the film morphology cannot be exploited to increase substantially the inhomogeneous broadening of
the luminescence lines. A novel approach to increase this broadening was devised, theoretically
modeled and successfully tested by using multilayered sandwich-type thin films in conjunction with
interdiffusion. Films with cation disorder of composition,Sg, _,FCl (x=0.5 /0/ 0.5/ @..) were

grown. The®D;—'F, Sn?" emission linewidth is thereby increased to 70 ¢nfull width half
maximum. A width of 100 cm® may be obtained within the composition range 0, x=1. This
represents an enhancement by a factor of 3—5 in comparison with the largest values obtained in
appropriate mixed bulk AEFH of constant composition. A factd0 is gained in comparison with

pure bulk AEFH hosts. The room temperat(R¥) homogeneous linewidths, on the other hand, are
similar to those found in bulk mixed crystals of constant composition. The intrafilm host cation
diffusion during film growth of the sandwich structures was further studied. A diffusion constant of
2-10 ¥ m?s™! for the Sr and Ca ions was deduced from this observation. These films are among
the most promising materials for optical mass data storage through RT hole burning99®
American Institute of Physic§S0021-897807)05314-(

I. INTRODUCTION lockite structure hosts[=alkaline earth fluorohalides
AEFH)] of composition MFX with M=Ca,Sr,Ba and
=CI,Br are centrale.g., Ref. J. One of the enticing prop-
erties of these hosts is to form mixed compounds of the same
BJ\/Iatlockite structure as the pure parefgpace groum g4,).

Since the first reports of persistent spectral hole burnin
(HB) (at 4.2 K'? much research activity has developed
worldwide on this subjecte.g., Refs. 3 and)4 The pub-
lished demonstration of reversible room temperature H - !
with production of stable holes on samarium-doped mixedndeed. crystals of composition M2, _)FX, Y 1) with

crystals of the PbFCIMatlockite) family® represents an ex- Ml,M2:Ca,<Sr,Ba<and X,¥-Cl,Br can.be synthesized. for
citing milestone when applications of the spectral HB2anY valus(0=<Xx, y<1) of the mole fractions,y. The partial

method are envisionedlor applications see also Refs. 3, 4, replacement of one cation/anion species by another one of
and 6, in part because up to now all HB experiments onthe series essentially introduces random occupation of the

organic systems only worked at low temperatures. In the lastites Of the corresponding persisting Bravais lattices, thereby
few years this promising result has stimulated an outgrowtfnaintaining a structurally crystalline state of the compound.
X 8 . ! . . . . 11 :
the mechanisms influencing the room temperature HB chathe inhomogeneous optical linewidths of the Zgrﬁ im-
acteristics of the photoactive $tintroduced into bulk Mat- ~ purity incorporated into these crystals. A theoretical mbdel
describes this linewidth as a function of composition. Note

dAlain Monnier died most prematurely at the age of 34 years on August 19that a Iarger mhom.OQeneous linewidth may contain more
1996. burned holes of a given homogeneous width and thus more

PElectronic mail: bill@sc2a.unige.ch information can be stored. On the other hand the composi-

536 J. Appl. Phys. 82 (2), 15 July 1997 0021-8979/97/82(2)/536/12/$10.00 © 1997 American Institute of Physics



tion of a chemically homogeneous and homogeneously
doped sample can be predicted with the aid of the model if
the numerical values of the parameters of the theory have
been determined for the specific set of compounds. We apply

i i i Mass spectro.
this mt_athod in t.he following. _ _ o Sample transfer
This possibility to create disorder by chemical mixing is RUEED
further important in regard to the homogeneous linewidth of Thickness SCfeenO"
the holes burned. Low frequency phonons contribute impor- monitor = / Electron gun

tantly to its broadening at room temperature. Such phonons
are, for instance, massively present in glasses where holes
burned into the emission bands of Smimpurities show
sizable (5—10 cm') homogeneous broadening. On the con-
trary, the persistent crystal structure of the mixed AEFH pre-
sents more suitable vibrational properties in spite of the oc-
cupational disorder, vyielding in comparison smaller
homogeneous linewidths:? For this reason a comparatively S Turbo pump
large ratio(inhomogeneous/homogenepumewidth is ob-
served in bulk mixed AEFH materials. These are at the mo-
ment among the best and most promising hosts for stable and
reversible HB application¥ One of the ultimate goals of
our contribution to this fieldsee also Ref. 13s to improve

the performance of AEFH related materials regarding these LiquidNiwogen () Computer controlled value

applications. In order to progress along this line of thinking
?. 1. Schematic view of the MBD apparatus. See Sec. Il for details.

cerf[aln queSt.lonS had to be asked: Can. the I_nhomOgeneOEarameters controlled by computek ) shutter, ) temperature, R) pres-
optical linewidth be enhanced by working with rare-earthge.

(RE) doped thin films of the same materials, instead of bulk

crystals, and can the homogeneous linewidth be modeled ex-

perimentally this way? Our preliminary experiments with | expERIMENT

molecular beam epitaxyMBE) grown Cak:Sn?* films!314

gave strong indications that, indeed, HB properties can bé&- MBD apparatus

substantially improved when thin films are used, rather than  The films were grown with an MBE apparatus built in

bulk materials. A further argument orienting our researchour laboratory(Fig. 1). Since our produced films are poly-

towards thin films in view of future applications is related to crystalline, for reasons to be given later, the name molecular

their lower production costs in comparison to bulk singlebeam depositioiMBD) rather than MBE will be used in this

crystals. article. The equipment consists of the main deposition cham-
As there is, to the best of our knowledge, little and indi- ber, the load-lock system, and the necessary vacuum equip-

rect published material available on the growth of Matlockitement. The deposition chamber allows the use of up to five

type th|n f||ms |t was necessary to deve'op appropriat@ffusion Ce”s pOinting from the bOttom tOWardS to the

growth procedures. This article gives a detailed account of@mple holder situated at the top of the chamber. The load-

the experiments, the apparatus, and the growth condition!2CK System is attached to the main chamber for clean and

First, the synthesis of films of pure members of the family is€2Sy Sample manipulation. A mass spectrométeybold

described. They acted as model systems for the developmehfnSPector 300s implemented for residual gas analysis. A

of the growth methods. Then results are reported on thguarz oscﬂ]gtor thickness monitgBycon Ins.t. STM'l.OD

growth of thin films of mixed compounds and of sandwich and a modified Bayard—Alpert gaugX-Tronix ultrahigh

) . .vacuum(UHV)] measure the beam fluxes. Finally, a reflec-
structures. We essentially present optical results characten%l—On high energy electron diffractiofRHEED) setup(Cam-

lidity of el and th isiti £ inf i “a CER-101ppermits checking the surface cleanliness of
validity of our modet” an € acquisition of information crystalline substrates. The vacuum is maintained by a 400 1/s

abogt the suitapility of these sys_tems for HB appli.catio.ns. I"urbomolecular pump together with a 38/mprimary pump.
particular we give results on the inhomogeneous linewidth ofy liquid nitrogen shroud is incorporated into the growth

the optical bands of the Sthimpurity for the different types  chamber and a cryopump is connected to the latter through a
of films and, to a lesser extent, HB results. Our results poinkigh throughput UHV valve. The different parametépses-

to the fact that the prOdUCtion of sandwich type mixed ﬁlmSSure, temperature, water ﬂow”_[he heaterS, and the beam
can bring a truly new dimension for possible applications ofshutter position of each effusion cell and of the sample
the Matlockite hosts as optical storage media. We develop Rolder are surveyed and governed by a computer to ensure
model that allows the description of the inhomogeneous opthe reproducibility as well as the flexibility of the manipula-
tical linewidths in these films with the aid of parameters oftion. The effusion cell{from EOSI and Mecca 200Gon-
controlled diffusion experiments. tain graphite crucibles coated with pyrolitic graphite. The

-9
=3 Water cooled Piage 107 [mb]
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source materials used were GadMerk Suprapuy, SrF (ul-
trapure, homemade from SrGGand HF, recrystallized
SrClL (Johnson Matthey 99%), CaCl (Fluka 99.5%,
SmC} (Cerac 99.9% and SrFCl(laboratory grown from a
melt of mixed Srk and SrC} powders. Crystals of the ma-
terials were first grown in our high purity Bridgman furnace
and then introduced into the crucibles. The RE impurity
SmCE was directly added to the alkaline-earth chloride
(AEC) during crystal growth in a nominal concentration of 1 (Vi)
mol %. X-ray fluorescence experiments of the Sm content
yielded a typical concentration of 0.5 mol % in several as-
grown films. Special precautions were taken while loading
the alkaline earth chlorides into the effusion cells to avoid
moisture contamination.

B. Film growth procedure
Film growth procedure includes the following steps.

(i) Substrate cleaning and drying:Substrates of
~1 cn? surface area were always used. Crystalline
SrFCI, LiF, or Cak plates (1.5 mm thick were
cleaved instants before their introduction into the
deposition chamber. Silicon platés mm thick were
cleaved from a semiconductor grade 3 in. Si wafer

at the end of the growth process. Thereby each cell
shutter is in turn opened for 5 min to measure the
individual fluxes while the sample shutter is main-
tained constantly closed. These control sequences al-
lowed for checking the beam flux stability during
growth (typically below 2% fluctuations The sample
was removed at the end after the cells had cooled
down.

Film transfer and encapsulationSome of the as-
grown AEFH films (especially CaFQl are hygro-
scopic. To ensure their required long term stability,
they were encapsulated under vacuum. The mount
consists of an o-ring gasket and an optical glass win-
dow stacked over the substrate area to be protected.
Assembly takes place in the deposition chamber under
high vacuum, just before the sample transfer to the
outside. There, the tightness of the mount is ensured
by the atmospheric pressure exerted. Silicon rubber
was then applied against the outside of the o-ring in
order to improve the mechanical stability and the
long-term tightness of the mount under the laboratory
conditions.

[(100 oriented and cleaned according to Ref. ]15 C. Control of the fluxes

Tantalum and molybdenum were electropolished by
suitable proceduré!” and subsequently spin dried
after a careful rinse with de-ionized water.

(i)  Substrate transferthe substrate was fixecha 2 in.
molybdenum sample holder, the mount introduced
into the load-lock compartment, and degassed for?
typically 3 h, followed by the transfer to the main
deposition chamber.

(i) Degassing:The temperature of the substrate was in-
creased up to 700 °C under high vacuum. During this
period, the effusion cells were progressively heated®
up to their standby temperatu(@00 °C for the alka-
line earth fluorides and 600 °C for the alkaline earth
chlorides. Degassing was considered to be achieved®
when the chamber base pressure had fallen to belo
10 8 mbar. The liquid nitrogen shroud was then
filed. Thereby the vacuum dropped typically to
10 °® mbar. Deposition was then initiated by bringing
the effusion cells slowly to working temperature.

(iv)  Effusion cell calibration and flux adjustmenthe
beam flux of each cell was calibrated while slowly
scanning the cell temperature up and down. The alka

The beam flux calibration is crucial to ensure good re-
producibility of the film composition. As the quartz oscillator
thickness monitor is inherently unstable in the long term, we
used a cross-calibration method based on the Bayard—Alpert
auge mounted on a translation arm. This gauge allowed for
absolute calibration of each of the fluxes. As the stoichiom-
etry needs to be maintained accurately, the relative beam
flux(eg of the other compour(d) had to be set precisely.
This can be determined rather precisely with the quartz os-
illator, despite errors due to the ill-defined elastic constants
of the film deposit on the quartz because these errors essen-
tially cancel out when taking the ratio. This can be shown by
tarting with the general formufarelating the sensor fre-
Vc\;uencyf and the accumulated mass per unit area

NgDg fo—f
(f,2)= 7 arcta+Ztar<wT

where N,=1.668x 10° ms! is the frequency constant for
the given crystalp ,=2648 kg m 2 is the density of quartz,

Z is a factor depending on the shear modulus of the depos-
ited material(this value is ill-defined and subject to change

: @

line earth chioride cell temperature was adjusted firsfor multilayered materials andf is the quart oscillator fre-

to produce a molecular beam flux between about
X107 % moless*m™2 and 910 ° moless'm2
Then the temperature of each alkaline earth fluoride

cell was adjusted with reference to the AEC beam flux

rh(f,Z)Z(—

gquency prior to any deposition. The mass flux is given by

Jm\ df [dm| dzZ 5
at) at\oz) dat @

(see details below The derivativedZ/dt vanishes only for a stationary flux of
(v)  Growth processafter the beam fluxes had stabilized deposited material. However, whenis close tof, (say

for 1 h the computer program governing the layerwithin 7.5%) and theZ factor not too greatless than § it

growth procedure was initiated. It automatically openscan readily be shown that the accumulated mass per unit

and closes the appropriate cell shutters in a precisaream, is almost independent &. Thus the second term of

timing schedule and commands three beam flux meathe right side in Eq(2) can be neglected and the molecular

suring sequences: at the beginning, in the middle, andlux ratio ¢;/¢;, of two sources andj may be given by
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The conditions forf andZ are fulfilled in our experiments.

Thus the relative fluxes are obtained accurately with a quartz "
resonator, despite the uncertainties concerningzZttiactor,
when the corresponding resonator frequency time deriva-

tives, f; andf;, are measured. 1

D. Luminescence and hole-burning equipment . 05

The emission spectra of the Smdoped films were re- X
corded on a modified Raman spectrometer with a SPEX 14400 0
1403 monochromator, a BURLE C31034-A02 photomulti- 14450 1, 1400
plier, a Stanford Research SRS400 photon-counting system, Emission frequency [em™]
a custom-built sample holder, and a laboratory-built PC con-
trolled data acquisition system. Our 699 Coherent dye lasariG. 2. Plot of the line profild(w,x) of Eq. (4) as a function of the molar
or a Spectra Physics Ar-ion lasgnodel 2016 provided the  fraction x between 0 and 1 in increments of 0.1, and of the emission fre-
excitation light. quencywo(cm™Y). The values of the parameters were obtained by least-

o0 . 7 o
Opical narrow-band_excitation and HB_ experiments;ers Mg £ o e opermenti o eneion bt
were realized with the equipment described in Ref. 12. Coltompounds for &:x<1. The relation betweer and w, (of the maximum

ored glass filters removed the spurious light of the dye backdeviates less than 2% from the experimental relation, whereas the line shape
ground luminescence in the excitation beam. New addition8f L(«,x) deviates from those of the experimeetg., Ref. 12 The line
were a Hamamatsu R2949 photomultiplier and a laboratory2radening is maximum near=0.5.

developed three channel photon-counting syst&é® MHz

bandwidth for detection. A photodiode monitoring the laser

beam was connected through an analog to digk#D) con- Aw(xX)=2.47+18.2&+ 272.2%— 610.%3

verter to the third channel. This allowed for normalization of

the photon-counting signal by the laser output intensity. Ad- +319.5¢ (cm™),

ditionally, the output power of the Coherent 699 dye laser

was held constant electronically during a wavelength scan 1 /1\°1 1

performed with the aid of a stepper motor. In the monitoring ~ a=— 7 |n(§) , Nf:m (4)

mode the nominal excitation power was about 5 mW. It was
raised to about 0.5 W during burning by removal of a 20 dB

attenuation filter. This latter power corresponds to a photorlfvhere @o IS the peak frequency anflo the FWHM. Th|s
flux in the range of 10W m 2 for our experimental setup. approach is less precise than the full theory regarding the
exact line shapes, but it is adequate for the description of the

concentration dependence of the band maximum. To obtain
numerical values of the parameters of the model for the
Sr,.Ca,_FCI;Sn?* compounds a set of seven crystals of
Configuration disorder in a solid containing impurities compositionsx={0,0.3,0.5,0.7,0.9,0.95,1.0nere prepared
generally leads to enhanced width of the impurity opticaland the’Dy="F, emission band of S recorded® These
bands!® We modified and applied this general theory by de-experimental results were fitted by E@) in a least square
veloping a detailed model of the inhomogeneous optical lineprocedure. The coefficients providing the best fit are directly
width of Sn?* in crystals with configuration disorder and implemented in Eq(4) above. With these values the maxi-
applied it to the family SrFC;I:Brl_y:Sm” (0=<y=1).'  mum deviation between the experimental and the param-
Although the general principles given are straightforwardlyetrized values of the band center frequency was less than 2%.
extendible to other families, for instance to The line shape functioh(w,X), resulting from this calibra-
Sr,.Ca _,FCI:Snt™ which is of particular interest in the fol- tion is plotted in Fig. 2 as a function of the emission fre-
lowing, for computational reasons we preferred to use a simguencyw (in cm™?) for 0<x<1, in steps of 0.1. Though its
plified approach of the general solution. Based on @@), detailed shape does not accurately describe the experimental
Ref. 11 only the first term in the cumulant expansion of theline shapes for 08x<0.75 it is not detrimental for the
line shape was retained and a polynomial fit for the linefollowing as we are using thposition of their (rather well-
shape and position was chosen: defined) maximurto relate it to the compositior. Thereby
the®D = 'F,, transition of the Sr" impurity of a given film
of unknown composition of the S€a _,FCI set is experi-
with mentally determined. Then, with the aid of Fig. 2, respec-
_ tively, Eq. (4), the effective composition of the compound,
wo(X) = 14403+ 143.6¢~ 61 (cm ™), can be determined. Of course the homogeneity of the film
and must be checked.

Ill. PARAMETRIZATION OF INHOMOGENEOUS
OPTICAL LINEWIDTHS

L(w,x) = Nre*[w*wo(x)]Z/aAw(x)Z’
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IV. RESULTS neous films with our setup. The choice of a suitable substrate
was essential and several types were compared. We noticed
that oxygen containing substrates such as quartz or optical

We started with the synthesis of these films as they havglass are attacked and lead to detrimental oxygen contami-
a model character for the development of a reproduciblgyation of the film. Crystal plates of CaFL11), LiF (100), or
growth procedure. Another reason to start with these was th&rFCI (001) can be used because they do not oxidize the
their optical luminescence and HB properties, which are ofsn?*. Useful and good quality films were obtained on tan-
central interest to us, can be compared directly with detailegalum, molybdenum and silicotiL11) substrates. All three
published resultge.g., Refs. 5, 9, 10, 3®btained from bulk  have several advantages. The handling and preparation of the
crystals of this same family. Initial experiments were donesubstrates is very convenient. Further, there is virtually no
by growing films with the pure SrFCI compound as the mo-substrate background luminescence, in contrast to the trans-
lecular beam source. Several were grown this way. Insighparent ones. Then, the mirror effect increases the excitation
into the homogeneity of the films during deposition wasbeam path length and, consequently, the emission signal in-
gained by growing individual ones as follows. At first the tensity, thereby enhancing its signal to no{S¢N) ratio. For
whole surface, then 2/3 and finally 1/3 was exposed to thghese reasons most of the films were grown on molybdenum
beam, always during time intervalAt, of the same length or silicon (111).
obtained by precisely positioning the substrate shutter. Val-  The characterization of the films again included visual
ues ofAt were 60 120 and 200, corresponding to nominal inspection under thépolarizing microscope, x-ray diffrac-
film thicknesses of 250, 480, and 950 nm in these experition experiments, and one sample was studied by SEM. The
ments. Experiments were realized at several substrate terfiims were found to be optically transparent, homogeneously
peratures(300, 550, and 750 °C The encapsulated films polycrystalline with grains of microsizéthe results from
were examined by the following methods: visual inspectionSEM showed the grains to k2200 nnj, and rather nonhy-
under a microscopéup to 500< magnification, with polar- groscopic. Growth was found to be very reproducible. Even
ization attachment one film was examined with SEM and those grown on a SrFG001) substrate were polycrystalline.
one by x-ray diffraction. Their luminescence emission wasin this latter case homoepitactic growth had been initially
recorded. The SAT ions dissolve uniformly into SrFCL. In  expected, but it turned out that a detailed optimization of the
the context of sample characterization we used the spatiallgarameters would be necessary. As this is not mandatory for
resolved luminescence to obtain information on the chemicabur purposes, this was not done. The homogeneity of one
homogeneity of these films as the positions and the shapes fifm was further verified with the aid of the spatially resolved
thef—f emission bands are sensitive functions of the specififuminescence emission of the Smimpurities. The surface
chemical environment of the samarium ion. This methodof the film was systematically scanned with the exciting laser
turned out to be very useful. All of the results obtainedlight and the®D,='F, luminescence line was recorded.
proved that highly hygroscopic films of bad optical quality Within experimental precision both the line shape and the
had resulted. Moreover, the sample composition varied dureenter frequency of the line were found to be independent of
ing the deposition process. These problems were identified ake position of the exciting light sp@80 um diameter, con-
being a consequence of nonstoichiometric evaporation of Setant power density, and excitation wavelengtbanned on a
FCI, evaporating as SgE,Cl, with 2=y>1. This fact was  surface of 5<5 mm active area. The following aspect was
further proved by x-ray diffraction analysis of the material used with advantage. The position and the line shape of the
remaining in the SrFCl cell crucible after a prolonged evapo-Sn?* luminescence bands were compared with those ob-
ration period. A new diffraction pattern, due to the formationtained from bulk single crystals of the same composition. We
of Srk,, progressively appeared. The preferential evaporatiofound that both have the same center frequency and inhomo-
of SrCl, explains both the poor material quality and the geneous linewidths that differed at most by a factor of 2.1.
highly hygroscopic nature of these films. It also explainsFigure 3 illustrates this point.
the change in sample composition during the cell charge HB at room temperature was performed on this same
lifetime. sample. A hole could be burned into th®,<"F, band of

In order to achieve reproducible film growth we under-the film. Figure 4 presents the excitation profile of the
took to synthesize the films on the substrate. Separate effdD,«F line, monitored on théD,='F, emission, before
sion cells, one for the alkaline earth chloride and one for theand after the HB experiment. It further shows the difference
alkaline earth fluoride, were used in order to obtain a stospectrum. After 10 s exposure time a remarkably d@€0)
ichiometric and stable beam composition. The justificationhole of a width at half heightv=3.2 cm* had formed.
for this successful solution is that anions and cations musThis result compares very favorably with those obtained on
necessarily evaporate stoichiometrically to maintain charg®ulk single crystals of this compound, where typically 5%
neutrality, as corroborated by residual gas analysis: no traageep holes of the same width resulted after an exposure time
of Cly or F, could be detected with the mass spectrometeof 1 min (see e.g., Refs. 5, 12, and)130 summarize, the
during the deposition process. These films were of muchine position is at the same frequency and the inhomoge-
higher optical quality, less hygroscopic, and of more reproneous linewidth is somewhat larger in the films than in a
ducible composition than those obtained with the single celbulk solid of the same composition, whereas the homoge-
arrangement. Films of thickness:1 um were grown. Sub- neous linewidth is of comparable magnitudderhe detailed
strate temperatures below 700 °C gave the best homogeature of the underlying electron transfer mechanisms in the

A. Films of composition SfFCl ,Br;_, :Sm?

540 J. Appl. Phys., Vol. 82, No. 2, 15 July 1997 Monnier et al.
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FIG. 3. ExperimentaPD,="F, emission line of a pure SrFCI;Sth film

(O) at room temperature together with the corresponding line obtained from a
a bulk single crystal of the same compositiof). The line positions are

identical but the linewidth of the film is broader by a factor of approximately

2. Argon ion laser excitation at 20492 ch (The marks identify each of the

two line traces.
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films seems to be quite complex and work on this subject is

in progress. o -
FIG. 5. Fluorescence polarization of the transitiéBg="Fo(A; —A;) and
5Dy="Fo(A;—E). (@ The experimental setup is shown in this figure.

B. Sr,Ca,_,FCl:Sm?* (L) lens; (P1) polarization vector in the reflection plan€?Z) same, per-

. . Eendicular; P) polarizer; §) polarization scrambler; beam input to SPEX
The results of the above section show that the opticaisoz monochromator. Laser wavelength 488 nm. Optical axis of the detec-
investigation must be extended to mixed films. We chose taon path horizontal in the drawing. Laser beam orthogonal to the film sur-
synthesize films of this family of compounds. Mixed films of face. (b) Fluorescence polarization of the film &g, _,FCl:Snf* (x=0.4
compositionx= 0.4, 0.5, and 0.65 were grown with the same :‘;p";:;';j”’ and (c) (for comparison of a SrFCI:S” film (labeling not
double cell arrangement described above by simply replacing
the Srk source by a Cafsource. The substrate temperature

was 790 °C. The important question on the crystallinity Ofthe films was also addressed for this family. Several films

were examined by the same methods as described above for
the SrFCI films. The result is that the films are also micro-
crystalline. They are transparent and show a granulation

_ Ta A ] smaller than the wavelengths of the visible light. Further,
E o8t l they were found to be homogeneous.
= To obtain information regarding the orientation of the
E 06T crystallites we performed fluorescence polarization measure-
: 04 ) ments on a film Sy,.CagFCl:Snt" (t=1 um). The fluores-
g B cence emission of theéDy='F, (A;—A;) and of the
= 02 °Dy='F, (A,—E) transitions was recorded at 488 nm exci-

0 : ; : ; : tation wavelengthlaser 10 mW, unfocused and directed

of ] along the surface normal, see FigaBfor the geometry of
0} b ] the experiment If the crystallites are not fully randomly
I ] oriented the polarization properties of these transitions

) ) ) ) ) should be different as thé&,<A; transition dipole is di-
15780 15800 15820 15840 15860 rected along the axis, whereas the ones of the doubly de-
generateA; < E transition are located in the plane perpen-
dicular toc. When the sample position was oriented such
that the surface normal coincided with the optical axis of the
FIG. 4. ExperimentaPD,<"F, excitation profile(monitored with the aid detection path, the signal was independ(ewithin 1.5% of

of the®D = "F, emission of Sn?" in a thin film of composition SrFCI, RT. . . . . .
Resolution of the monochromator set to 1¢m(a) Trace A: intensity the orientation of the polarizer in the detection path. The

| () before burning a hole, tracB: I(w) after hole burning(b) The  SPECtra shown in Fig. (6) were obtained with the surface
burned hole. The scale [$g(w) — | o()]/1a(®w) expressed in %. normal tilted with respect to the optical axis of the detection

[ %]

Excitation frequency [em™}]
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TABLE I. Polarization properties of mixed-cation thin films compared to the ones of a single crystal platelet
placed into the same substrate holder.

Theoretical degrees of the
fluorescence polarization

Transition Compound P2 pP P(clin)® P(cL—n)¢ P(iso)®
A—-A, CaSrFCl film 0.5 0.20...0.41 1 -0.17 0
SrFCI crystal 0.97 0.94 1 - -
A-E CaSrFCl fiim  —0.02 —-0.13..-0.35 -0.17 0.13 0
SrFCI crystal 0.15 -0.19 -0.17 -

3Measured fluorescence polarization degree.

PTrue degree of fluorescence polarization.

‘c axis is oriented along surface normal.

dc axis is randomly oriented in the substrate plane.
Fully isotropic distribution of the crystallites.

path (3=62.5°). The spectra were measured for two mutu-ther given for different orientations of theaxis. These val-
ally perpendicular polarizatiori3; andP,. One clearly sees ues were obtained by assuming that the excitation through
from Fig. 5b) that the polarization degree is different for the the f—d vibronic states is isotropic. This assumption rests on
A;=A; and theA;<E transitions. Experiments on a bulk the experimental result that the fluorescence spectra did not
high quality single crystal platelet of SrFCl:3mwere then  depend on the polarization of the 488 nm exciting laser beam
performed in order to have a reference system. This samplat any incident anglgs. Although the laser light was polar-
was encapsulated exactly like the thin films anddtexis of  ized, the excitation process can still tguasi) isotropic if
the crystal pointed along the substrate normal. Figuy® 5 different vibronic states involved in the absorption have dif-
shows the spectra obtained from this crystal under the sanferent symmetry properties.
polarization conditions as those used for the film. The other It follows from Table | that the experimental values of
experimental conditions were the same as given above. The for the thin film have the same sign as the values of
spectra shown in Figs(B) and Jc) are qualitatively similar, P(clin), i.e., thec axes are(preferentially oriented along
which points to the fact that the crystallites in the film arethe substrate normal. The values®fand P(clin) coincide
approximately oriented the same way as the bulk platelet imvithin the error margins for thé;< E transition but not for
the second experiment. Ai=A;. The fact that the polarization degree of the
For a detailed analysis it is at first necessary to eliminaté\; < A; transition is smaller than 1 may be caused by some
the polarizing effect of the cover plate and of the crystalangular distribution centered on the substrate normal. If we
surface. The true degree of the fluorescence polarization @ssume the axis of the crystallites to be tilted by an angle
given by vo With respect to normal, then the distribution forms a cone
and the polarization degrees are governed by the formulas:

Po—P
po e Pe _
1—Pg- P, (A A= Sir? Bo(3 cog yo—1)
where (A=A =55 Bo c0F o+ (1+cog Bo)sir o'
P,—P, P(A;—E)
P.=
P+ P,

. o _ Sir? Bo(3 cog yo—1)

is the_ measured quores_cen.ce polarization degrees the T Bo SIP 7o+ (1+co2 Bo)(1+c0% 7o)
resulting degree of polarization due to the cover plate and the

crystal surface. The indices of refraction were obtained bywhere the angle 8o=arcsin(sing/n,). The values of
very carefully measuring the intensities of the incident, re-P(clin) andP(cLn) in Table | were calculated by inserting
flected, and refracted beams and by applying the Fresnel re4,=0 andyy,= 7/2, respectively. By using this model dis-
lations. The experimentally determined refraction indicestribution one can now assert that the experimental polariza-
n,=1.52 for the plate and,=1.65 for the crystal allowed tion degrees agree with the theoretical ones when the devia-
the determination oP.. The value calculated i®.=0.33 tions of thec axes from substrate normal are around 25°—
for the angle=62.5°. The polarization of the thin film 30°.

fluorescence may also be somewhat altered by scattering on The question of whether the microscopic disorder of the
the crystal surface. Therefore we performed the measurddms influences in the same way the inhomogeneous line-
ments of P, with the aid of the unpolarized light reflected widths as predicted for bulk samples by our mofdeéf. 12
from the substrate through the film and the cover plate whictand Eq.(4) abovg was addressed by performing lumines-
yielded an experimental figuié,=0.22+0.11. The experi- cence experiments on th®,='F transition of the S
mental and corrected polarization degrees are presented impurity. The emission spectrum of the film, which had
Table I. For comparison the theoretical valuesPofire fur-  nominal compositiox= 0.4, was first verified to be spatially
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Photon counts [au] Fig. 6. This is smaller by almost a factor of 2 with respect to

. ' . . . . ' the results given in Fig. 4.
a The results given up to this point show that similar in-
homogeneous linewidths are observed in both the single
crystals and in thin films. To advance along the line of
thought exposed in Sec. |, it was necessary to turn to the
synthesis of multilayer structures as will now be described.

C. Multiple layer films

The arguments presented in Sec. V promise a total inho-
mogeneous broadening>90 cm'! for the system
Sr,Ca _,FCl, over the whole composition range, i.e., a
157 162 1575 1674 155 15 157 15 1819 broadening larger by about a factor of 3 in comparison with
x10° the largest values attainable with a bulk single crysaaid
probably also thin film formed by a mixed AEFH of con-
stant composition. The film growth procedure and the equip-
ment presented above are well-suited to build up multilayer
films. These can either be grown by continuous modification
of the beam composition or by stepwise growth of alternat-
ing layers of defined composition. We chose to grow films of
composition SfCa _,FCI formed by a stack of two alternat-
ing sublayers of respective compositions 0 andx=0.5.

tg=1.1s These values were selected because with the effusion cells at
our disposal the widest increase in linewitithis in this way
tg=0.1s attainable. The intervax=[0,0.5 gives a larger lumines-
WWMWWMMWWWMMMWW cence line shift between the host compounds corresponding
to the two extremes than does the interval[ 0.5,1]. A total
151 157 1578 e T8 18 TS 187 151 inhomogeneous broadening f70 cmi * is expected.
x 10’ Multilayers were grown as a function of the two param-
eters substrate temperatuig,= 350, 550, and 750 °Cand
FIG. 6. Hole-burning experiment as a function of the fluence of the burningsub|ayer thickness. The total film thickness was always kept

beam at constant burning intensiggxpressed in time Performed on the . . .
°D,="F, transition of the same sample as used for Fig. 5. The excitationconStam(l 'U“m) but different numbers of StaCkmg perlods

profiles were detected at wavelengths §20<800 nm(essentially with the ~ (N=2,10,20) were chosen giving an individual layer thick-
aid of the®Dy=7F, emission ling. (a) Excitation profiles recorded after hess oftg,=0.5, 0.1, and 0.0%m.
each of the totalized burhninlg pefifﬁaiiséfjr;méomes h(i%zs:om;:émsuzgtal The luminescence experiments realized on the different
gairaeti)pnc??t;j)th:r%ec? ﬁbllsib(t);\ilr?:d by subtracting thz unburned excitationm.UItIIayer films yielded sp7ectra of SIN _typlcally 50-70:1.
profile from each of the other profiles shown (&. Figure qa) shows the5D0:> Fo bands of films N=5) syn-
thesized at substrate temperatures of 350, 550, and 750 °C.
The influence of the thickness of the individual sublayers is
presented in Fig. (b) where results for films wittN=2, 10,
homogeneougon 4x4 mm). Then the above band was re- gnd 20 are shown. The other conditions during growth were
corded at a resolution better than 0.5 ¢mlts maximum always the same. The substrate temperalyra/as 350 °C.
was at 14447 C'_ﬁl- From Eq.(4) a compositionx=0.36  clearly, the diffusion processes between the layers play an
(t0.04) is _obtalned. The inhomogeneous full linewidth atimportant part and, depending on the precise experimental
half height is 22 cm’, only 4% larger than the one calcu- conditions, one reaches remarkably wide inhomogeneous
lated from the modeflEq. (4)] based on bulk crystals. lines. This is a clear demonstration of the effectiveness of the
A series of holes was burned on the,=F, transition multilayer approach to increase the broadening. Holes were
of this (x=0.4) sample. Exposure times ranged from 0.1 tog,ccessfully burned and detected at room temperature on the
390 s. The holes were detected by monitoring the luminesapsorption bands of several multilayer samples. Experimen-
cence emission at wavelengths greater than 670 nm undey| results obtained on the sample specifiedNby 10 and
conditions described in Sec. Il. Holes of a deHig. 6) T.=350 °C of Fig. Tb) are shown in Fig. 8. We observed
comparable to those found in single crystalsould be (and used the fakthat holes burned into tHD ;& ’F, band
burned into the film at approximately 6—10 times weakergre detected in théD, < F, as well as in théDysF,
excitation intensity and at an exposure time of only 1 sycitation bands.

instead of 10—-100 s in single crystals. Hence the quantum
yield is approximately two orders of magnitude higher in the
thin film than in a bulk crystal for the same transition and for
identical chemical composition. A homogeneous linewidth  The initially applied method of simple thermal evapora-
of about 2.0 cm? is estimated from our spectra shown in tion of the compound to grow thin films works well, of

Excitation frequency [cm'I]

b "~ t3=390s

V. DISCUSSION
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FIG. 8. Hole-burning experiment performed on two Bntransitions of a
Sr,Ca_,FCIl: sandwich multilayer film grown at a substrate temperature
T,=350°C. The film consists of alternating layers of compositigs- 0
andx,= 0.5, respectively, with a layer thicknetg,=0.1 um. (a) Excita-
tion profile of the®D,«<"F, transition before and after 10 s hole burning.
The difference spectrum is shown below the zero line. Its intengipast
hole-burning intensity - prehole-burning intengitprehole-burning inten-
sity] expressed in %. The excitation profiles were detected at wavelengths
670<\ <800 nm(essentially with the aid of theD,=>"F, emission ling.
o (b) The holes observed on th® < F, optical transition after they had
r‘} been burned intdD ;= "F, transition. The excitation profile was detected at
wavelengths 726 X <800 nm (essentially with the aid of théD,="F,

14400 14450 14500 emission line.

Emission frequency [em’]

rarely differ by more than a factor of 1.7. This is in contrast
FIG. 7. °Dg=Fo Sn?" emission line of SiCa_,FCl:Snf" multilayer  with the results on CaffSm, where an increase of the inho-
films. Thgse had been grown by glternatlng, at equal intervals, the tW(mogeneouS linewidth by a factor 50 was obse?%d going
compositionsx; =0 andx,=0.5. (a) Films grown at various substrate tem- . .
perature§T, =350 °C(+), 550 °C(*), and 750 °QO]. (b) Films of various from the bulk crystal to a thin film. Further, the HB effi-
sublayer thicknessefts ;= 0.5 um (+), 0.1 um (O), and 0.05um (*)], at  ciency rose by a factor of 10. The following reasons explain
1 um constant total sandwich thickness. Substrate temperature 350 °C. this difference:
(1) the transitions are different for the two systems. For
the AEFH anf—f intrashell transition is observed while an
course, for Cafand other binary ionic compounds. But even intershelld—f transition to the mainly 8(T,,) excited state
the simplest Matlockite compound undergoes fractional disis involved for the AEF system. Consequently, the energy
tillation when heated under high vacuum. As a result oneshift of the excited state levels due to a given crystal field
observes chemical inhomogeneity and, depending on the eperturbation are very different for these two systems;
act conditions, solid/solid phase separations in the grown (2) the Cak films were grown epitactically while the
film. This was not only observed on the SrFCI compound buAEFH films are not. The topotactic strain, induced by the
we found the same effects with SrFBr and BaFCl in a pre-epitaxy, contributes appreciably to line broadening in £aF
liminary experiment. A publication exi¢fswhere the au- (3) The mixed bulk AEFH are intrinsically chemically
thors report the preparation of SrgBt,_,:Sn?* films by  disordered and surface strains arising due to the film mor-
simple thermal evaporation. Inevitably, problems are enphology add comparatively little to the total broadening of
countered regarding the stoichiometry of the film and there ishe AEFH.
the possibility of producing mixed phases. Instead, films of these latter compounds show a behavior
The pure and the mixed films of constant chemical com-similar to their bulk form. The line shape is determined by
position yield the remarkable result that the inhomogeneouthe chemical disorder, in particular the local disorder of the
linewidth of the SMA" optical emission bands are of the samefirst and second neighborhood of the Bnimpurities! The
order of magnitude as those obtained from crystalline bulkndividual crystallites in our films are thus sufficiently large
hosts of the same chemical composition. To be precise, thegompared to the dimensions of the local clusters so that
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much of the single crystal behavior is recovered. But the

similarity with the single crystal behavior is only partially ‘b1z 'y X  witvh hu
accurate because there are small differences in influence on | 1
the optical emission from the films or from the bulk crystal M

hosts. In particular the film grain boundaries cannot be ne- 15750 15800 15850 15900
glected in a refined treatment. Work on this aspect is in Emission frequency [em™
progress.

As the HB experiments presented in this article were
included to demonstrate that films are suitable for RT HB
work, we will not discuss this aspect in detail. This will be
realized in another paper. However, the remarkable fact that
the quantum efficiency in the films is definitely more favor- ' . .
able than in bulk crystals should be stressed. The reason for | a a b ¢ de
this difference is not yet fully investigated, but it is related to !
the existence of the grain boundaries and of electron traps in ;
addition to the S ions which are present in small quan- ',

tities. The possibility of writing a hole on one transition and ) L
reading it on another one is a direct demonstration of a L/ ]
strong correlation between different bands. The same result 15750 15800 15850 15900
was observed before for bulk host matefialg., Ref. % but Emission frequency [em™]

only through fluorescence line narrowing. The hole correla-

tion observed in the films gives experimental evidence tha't:IG 0 50,5 7F . lumi ssion of the &timpurity in vari
5 5 . . . . 9.°D;="F, luminescence emission of the mpurity in various
the D, and D excited levels have similar energy shifts bulk Matlockite structure compounds compiled on a common frequency

under a given ligand field perturbation. scale. As the position and the shape of an emission line depends on the
An interesting result of our study is the fact that thin structure and composition of the individual host a whole spectral range is
films offer an additional and genuine way to increase inho<evered by the lines from the different hosts. The maximum spectral range
. . . . . encompassed by all the materials we had investigated is further indicated by
mogeneous optlcal line broademng in the mixed AEFH SYS3a curve in Fig. @a). For convenience, the emission intensity maxima were
tems when the ability of MBD to freely vary the material arbitrarily scaled to the same value. Al lines were recorded at RT. Note the
composition across the film is exploited. This was obtainectizat}'e difference_in_linel\_/vidthf l?:twe?n dpure and m;éed Com'fgllﬁtﬁ)ds.
by producing multilayer structures. The potential effective- ‘:E"C'Eigffgc‘i;m;:;g;';‘é;:ZBr:sz’é‘)? Scrz:é':igéga Sgor-iroi o ((e;
ness of this compositional freedom was already recognlzeaa,:Cb‘SBrol5 (b) Luminescence emission line of the pure compoutals
earlier due to a detailed analysis of our first luminescencearcl,(y) SrFCI, (x) SrFBr, (w) BaFCl, (v) BaFBr, and(u) BaFl.
emission result3!?!® Figure 9 from Ref. 12 shows these
results and summarizes the point. It presents®e="F,
luminescence emission of the Simpurity in various bulk  tive relationship between the concentration profi{) and
AEFH compounds. As the position and shape of fhe the optical emission spectrufd(w). In the limit where reab-
transitions depend on the host composition and strutture sorption and other multiple path effects can be neglected, the
the °D,="F, emission lines of all the possible members of spectrum isover the full film thicknesg
the Matlockite family plotted on a common frequency scale tior
cover a certain spectral range as indicated in Fig. 9. There- Q(w)=f C(z)YJ w,x(z)]dz
fore, sandwich type films consisting of layers with different 0
compositions chosen among those of Fig. 9 will showwith
Snt* emission bands of a total inhomogeneous width given _
approximately by the sum of the individual widths. Our Slex) =) 70)LLe.X(2)], ®)
grown sandwich structure films indeed confirm this. The to-the film is planarz is the depth coordinate perpendicular to
tal observed optical emission linewidflfior instance Fig. the plane, measured from the film vacuum interface plane,
7(a), curve +] corresponds quite well to the prediction—as z=ty corresponds to the total film thickness, at(a) is the
long as ionic diffusion is of minor importance. The other composition profile of the film. The compositiof(z)dz is
curves of Fig. 7a) show that ionic diffusion between the assumed constant within an element perpendiculagz.to
layers introduces a gradual homogenization of the filmsC(z)=Cq: the Snf™ chromophore concentration is assumed
which, for our model system, leads to a rather uniform finalconstant throughout the filnh.(w,x) is the line shape func-
composition of the film witix=0.25. In the following sec- tion already defined in Eq4) and o(x) and »(x) are the

tion the effect of diffusion will be discussed with the aid of a chromophore absorption cross section and quantum yield.
model. These three functions are combined to yield the spectral

function S(w,x). The formula[Eq. (5)] is valid for an emis-
sion, excitation, or absorption spectrum, provided the el-
ementary volume contributions to the final spectr@rare
Modeling of the diffusion process in a sandwich struc-additive. This additivity hypothesis is restricted to systems
ture beforehand it will be necessary to establish a quantitaxvhere reabsorption and other light-scattering mechanisms

A. Modeling of the diffusion process in a sandwich
structure
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are negligible. There is an infinite ensemble of composition
profiles x(z) having the same spectrufd(w). Besides the
spectrum, these composition profiles share a unique compo-
sition distribution functionP(x) defined as:

z=t
P(x’)=j2205[x(z)—x’]dz. (6)

The interchangeability of integration of the integ(8) per-
mits us to experimentally test the validity of the additivity
hypothesis: any two composition profiles having the same
distribution function should yield the same spectrum.

The relation Eq. (5)] can be discretized in stegsx and
Aw and written in matrix form:

Q,=CoS,,Px. @)

P, is the vector representing the integrated thickness of the
sample at a composition comprised in the intexal Ax/2

and x+Ax/2. The sum of all the elements &, must be
equal to the total thickneds This formula allows for effi-
ciently calculating the spectrum knowing the distribution
function. Note that it is in principle possible to determine the
composition profile corresponding to a known spectrum.
However, there are some restrictions to the solutions because
all the element®, must be positive. Thus a simple inversion
of Eqg. (7) is not possible, a nonlinear minimization proce-
dure must be used instead. The next step is to modelize the
diffusion effects observed on the multilayers at high sub-
strate temperature and for thin sublayers. The film is as-
sumed homogeneous perpendiculaztorhe modulation of

the strontium concentration along thaxis is represented by
the functionx(z,t), and that of calcium by % x(z,t). Only

one degree of freedom subsists as the concentrations of
Ca&' and Sf' are linked in order to maintain the crystal
structure and charge neutrality. The homogeneity assumption
does not take into account the nanocrystalline nature of the
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films, but it leads to a useful first approximation to describeF!G. 10. (a) Time evolution of the square wave composition profile of Eq.

the diffusion. The time evolution of the functiax(z,t) is
given by the standard diffusion equation:

Px(z,t) 5 #*x(z,1) @

at? 7%

(9). The time is given in units odh=4 /7D and the lengthZ) in units of

S, the sublayer half-width. For computational convenience the origin of the
length scale £=0) is placed at the center of the adjacent elemental layer
yielding the center position a=2 for the layer considered. The initial
compositions are; =0 andx,=0.5. (b) Calculatec®D ,="F, emission line
intensity(in arbitrary unit$ as a function of time for the composition profile

displayed in(a). The spectra were calculated using Ed$, (5), (6), (7), and
Solving this equation by using a Fourier transform method®9). Same initial concentrations as unday.

for an initial infinite square wave composition profile, yields
the following expression for this quantity as a function of
time:

centration independent. At tinte=0, the sum in the square

n=+o

X(Z,t)=£(x1+x2)+— E ﬂ —(2n+1)2(t/b)
2 o™ n=0 2n+1
(2n+1)mz
C‘”(T (2 =xz)
82

TherebyS is half the sublayer thicknesgdentical for the
two species of sublayers<; andx, are the compositions of
sublayer of type 1 and type 2, respectively,a global dif-

bracket is simply the Fourier series of the initial square wave
composition profile. The exponential part damps out the con-
tribution of orderm in the Fourier series by a facter ™
whent increases. After a certain time, only the lowest order
terms in the Fourier series remain significant. Note that Eq.
(9) can be straightforwardly extended to any initial compo-
sition profile by appropriately choosing the Fourier coeffi-
cients fort=0. The parameteb sets the time scale of the
diffusion process.

The time evolution profile of an initial square wave com-
position profile is displayed in Fig. 18. The corresponding
optical spectra were computed by using Ed$.and(9). The

fusion constant of calcium and strontium, assumed to be corresults are shown in Fig. #0) as a function of the time
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expressed in units df and of the film thicknesg. Exami-  cal data storage at room temperature based on these materials
nation of this figure reveals that the collapse of the two bandsan be promising if the advantage is used to work with
is almost complete fot=2b and negligible fort<0.1b, multilayer films—ultimately protected by a film of pure
while t=1b corresponds to a partially collapsed spectrum.Cak..

The important modifications of the line shape effectively
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