Structural change and heteroepitaxy induced by rapid thermal annealing
of CaF, films on Si (111)
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In this article we show that heteroepitaxial Ga#fms can be induced on @i11) with a rapid
thermal anneal. The change from preferentially oriented polycrystals to a single crystal with type-
B epitaxy is visible by different structural techniques. The x-ray photoelectron spectroscopy results
indicate the presence of a reacted layer at the,{ZiFnterface with a pronounced increase of
fluorine atoms at this interface. Transmission electron microscopy results show that big structural
changes occur due to the thermal pulse. 1@98 American Vacuum Society.
[S0734-210(98)07004-3

[. INTRODUCTION of tensile planar strain and free of defects employing RTA

The heteroepitaxial growth of Cafon Si111) has re- situ a_t the deposition. That.exploratory work opens some
cently received much attention due both to fundamental induestions about the crystalline structure of annealed films,

terest and potential technological applications for the futuréhe reasons for reduced planar strain and defects, as well as

such as very-high-speed integrated circulS8s) and opto- detlalls;]_of thg ICaESlrllnterfr?ce. low film d .
electronic devices. n this article we show that a low film deposition tempera-

In particular, Cakis a material almost isomorphous to Si. IU'€: followed by RTAIn situ, leads to high quality typ&

At room temperature the lattice parameter mismatch betwee%p'taXlal Caf films on S{111).
these two materials is only of 0.6%. Heteroepitaxial fluoride
films grow on S{111) in two possible orientations. Typk- Il. EXPERIMENT
growth occurs when the CaFerystallographic orientation The Cak films were deposited by sublimation of GaF
matches that of the substrate, while in typeepitaxy, the  with a resistively heated tantalum crucible in a BALZERS
orientation is rotated 180° around the surface nor(hal) UMS 500P ultrahigh vacuuriUHV) machine with a base
axis® Ohmi et al? showed that the role of the first layers pressure of X107 8 mbar. The film thickness was con-
through a so-called two-step growth method can be very eftrolled by a quartz crystal microbalance. The nominal thick-
fective for growing rotational twin-free CaFfilms. The ness for different CafFsamples was of 40, 150, and 300 nm
CaF,/Si interface has attracted several efforts in fundamentahnd the deposition rate was stabilized at 0.1 nm/s. The sub-
research. Tromp and Reutefound that a Ca silicide is strates, commercial Qi11) wafers cut off-axis by 2.5°, were
formed at the Caf7Si interface in films deposited at 770 °C. cleaned by dipping in HF immediately before loading. Dur-
Choet al? reported on a new method to grow G#fms on  ing deposition the substrates were kept at 300 °C. After
Si(111), which exhibit typeA epitaxy with good crystalline deposition some of these samples were annealesitu at
quality, based on a heating ramp during the initial 5 min 0f1000 °C for 1 min. The heating during the film deposition
the deposition at low temperatures. The epitaxial growth ofand during the flash was accomplished using a halogen lamp
CaF; at low deposition temperatures indicated that at up to 8ocated at the back of the Si wafer.
monolayers the typé- epitaxy are formed even when sub-  We employedw-scan rocking curve and asymmetrioal
mitted to a subsequent thermal annealing at 600 °C foscan x-ray diffraction geometries using &y radiation to
30 mirf. We found only one article about the use of rapid- characterize the samples, as well as reflectometry measure-
thermal annealRTA) in the deposition of Cafilms grown  ments with grazing angle reflected x rays to probe the true
on Si111).° Singhet al> have reported on films almost free thickness and interface roughness of the films. The,QaF
terfaces were investigatesk situwith x-ray photoelectron
dElectronic mail: mattoso@fisica.ufpr.br spectroscopyXPS) with Mg K, radiation(1253.6 eV, us-
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Fic. 2. X-ray reflectivity of 40 nm Caffilm deposited on $111). (a) Curve

x (degrees) reflectivity profile of the sample without RTA whilé) is referent to the
) o sample with RTA. These measurements were performed in a double axis
Fic. 1. Asymmetricy scan of thg311) planes for a 40 nm CaFhin films.  gjtfractometer using a first crystal monochromator 6181 bulk crystal.

(a) Diffraction for the unannealed filmb) Result for the rapid thermally

annealed film. Theg scans were obtained usingHl1) channel-cut Ge four

crystal monochromator, the radiation having a grazing incidence of 0.8°

with respect to the sample plane. The detector was placed fixed at 56° witabrupt interface as compared to the sample without

respect the incident beam and at 79.52° with respedtlid) direction,  RTA_ The thicknesses were calculated using the spacing be-
where thg311) diffraction is expected. The samples were rotated by 360° to . . .
record the signal. tween Kiessig frangesFor the sample with RTA the true
thickness is 26.30.2 nm, while the sample without RTA is
30.9+0.2 nm. This indicates that at the interface of the
ing an UHV system with a base pressure of 2071 mbar ~ sample without RTA much less interdiffusion is present
and a CLAM2 analyzer at 50 eV pass energy. Depth profilegvhile RTA promotes a strong interdiffusion and probably
were investigated using Arsputtering at 2.75 kV. The mor- reactions as well. In addition, x-ray diffractiemnscan results
phology and the microstructure of the samples were investishow a very low strain level for the sample without RTA
gated by transmission electron microscd¥M) as well as ~ (see Table )l A small broadening of the &ill) peak ob-
selected area electron diffracti®AED), using a JEOL served inw scans for the 40 nm sample with RTA show that

1200EX-II microscope operating at 120 kV. the Si substrate is slightly expanded due to Chilf on the
top.
. RESULTS Figure 3 shows the calcium (C@R XPS spectra of the

40 nm samples with and without RTA near the interface. As

Figure 1 shows an asymmetrijg scan of the samples the samples have different true thicknesses, as can be seen in
probing the (311) diffraction lines of Cak and Si. In

Fig. 1(b) the label on the peaks helps to show that the epitaxy
of the CaR(40 nm film with RTA is type B, that is, the  Tagie I. Full width half maximum(FWHM) of the S{111) line for a wafer
lattices of Cak and Si are rotated relatively to tig11) axis  of silicon without film, for a 40 nm Caffilm without RTA and for a 40 nm
by 180°. For comparison, we show in Figalthe y scan of  Cak film with RTA. The  scans were performed using a(Ei1) bulk
the sample with the same thickness but without RTA. In thiscrystal as the first crystal monochromator in a double axis diffractometer.
sample the typ® epitaxy is absent. Samples FWHMarcseg

X-ray reflectivity results are shown in Fig. 2 for both 40 .
nm samples, with and without RTA. These curves show a \é’:ée(:g(nlnlj?smll) without RTA 1111122
large difference in roughness and in the true thickness of cag 40 nmysi(111) with RTA 14.83
Cak films. Qualitatively, the sample with RTA has a more
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Fic. 3. Deconvoluted XPS spectra of 40 nm Gdifns. (a) Ca 2p spectra to samples wittD) and without(®) RTA for Ca/Si ratio is equal to 0.80 in both
samples(b) and(c) spectra with Ca/Si ratio equal to 0.24 for samples with and without RTA, respectively. In this figure the dashed line corresponds to Ca—F
bonds, the doted line corresponds to Ca—O bonds and solid line corresponds to Ca—Si bonds.

x-ray reflectivity curves, we adopted the criteria of Hong andsmooth film. Misfit dislocations along the growth direction
Dillingham,” who use the Ca/Si ratio to compare equivalentare clearly visible and we can estimate a dislocation density
points in different samples. Figuréa shows the XPS spec- of about 18° cm 2. The inse{Fig. 5(f)] shows the SAED of

tra at the same Ca/Si ratio in the samples at a point in fronthe 10um? portion shown in Fig. &) and we see a clear
of the Cak/Si interface. Both samples present similar spec-monocrystalline structure. By contrast, Figabshows an

tra with less evidence of bonding between Ca—O and Ca-Si.

Using the same criteria, for a point after the Gt inter-

face, both the samples present a much more pronounce

Sputter Time (min)

Ca-Si bonding. Therefore the samples with RTA present . 0 5|0 1?0 15|0 2<|)0

relatively 64% more Ca-Si bonds in comparison with the 58]

sample without RTA. These results are shown in Figb) 3 26

and 3c). The depth profilgnot shown reveals that the in- 2'4_ after RTA

terdiffusion layer is reduced by 40% in the sample with 2'2_ -

RTA, relative to the sample without RTA and the presence§ 2‘0_ "'._II .

of 7 at. % Si at the surface of the sample with RTA. S NS .y
Figure 4 shows the F/Ca ratio obtained by XPS profiling. ! 8', ottt e,

This ratio increases 48% at the G#&i interface for the 1] B

sample with RTA relative to the 40 nm sample without RTA. 47 as-deposited

This indicated that half of Ca—F bonds present at the inter- 121 . . . .

face were broken. In contrast, the sample without RTA ‘0100 150 200 250 300 350

shows a relative decrease of about 6% at an equivalent poir

Sputter Time (min)

at the interface. This suggest that a fluorine evolution durin
99 %IG. 4. Ratio of F/Ca concentrations sputter time for 40 nm samples with

the deposition of the sample without RTA can be occurrll']g'and without RTA. The top axis corresponds to the sample with RStvare

Figure 5 shows the TEM results. In the 40 nm sampléjotg and the bottom axis corresponds to the sample without Riiémond
with RTA [Fig. 5b)], we find no grains in the otherwise dots.

JVST A - Vacuum, Surfaces, and Films
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Fic. 5. TEM results fori@ 40 nm sample without RTA(b) 40 nm sample with RTA(c) 150 nm sample with RTA, an@) 300 nm sample with RTAe),
(f), (g), and(h) are the insets showing the selected area electron diffraction patterns of the main figures, respectively.

average grain size of around 24 nm for the 40 nm film with-obtain best quality CafFfilms on S{100. Singh et al’®

out RTA, evidencing its polycrystalline character. The insethave shown that best results are obtained when RTA is ap-
[Fig. 5€)] shows the SAED of the portion displayed in pliedin situ at the deposition, i.e., without vacuum break, to
Fig. 5@ and we find a clear polycrystalline structure with a CaF, films deposited on $111) at room temperature. Cho
(111) texture as evidenced by the rings intensity. For theet al* applied a thermal ramp in the first stage of the depo-
150 nm sample with RTA Fig. (§) shows a morphology sition, leading to a better quality of CaFlms compared to
with grains and cracks. The average grain size is around 20iose obtained at low deposition temperatures. In our case,
nm and the width of the cracks is of about 17 nm. The SAEDthe samples are grown at 300 °C and after that they are sub-
of this samplesee Fig. $g)] shows fanlike decorate@20)  mitted to RTAin situ at 1000 °C for 1 min by a halogen
spots. The average-angle value of this decoration is a fan @amp situated at the back side of Si substrates. This charac-
9.5°. This angle represents the average angle of rotation beeristic RTA promotes a thermal pulse from the substrate to
tween grains, characterizing a mosaic structure. For the 300

nm sample, we observe in Fig(d grains with an average

size of 46 nm and cracks of about 23 nm. The insertTasLe Il. Average grain size of CaFfilms with and without RTA. The
Fig. 5(h), shows the polycrystalline structure without an in- values o_f grain size were_obtained by_TEM micrographs and the thickness
plane texture. Table Il shows the dependency of the averagt® "ominal values used in the deposition.

grain size with the film thickness. Samples Average grain sizem)
CaF»(40 nm)/Si(111) without RTA 24
IV. DISCUSSION CaFRy(40 nm/Si(111) with RTA >1000
L . ' . CaRy(150 nm/Si(111) with RTA 200
The application of RTA in Caffilms grown on Si sub- 0222300 2:;,3:211]1; a;th RTA 46

strates is well known. Pfeiffeet al® use anex situRTA to
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the Cak film. This thermal pulse produces mainly three ef- films grown on Si111). Our structural results show that
fects in the Caffilms. First, the thermal pulse promotes a films grown at low deposition temperatures can be single
strong reaction between CaBnd Si at the interface as can crystalline with typeB heteroepitaxy after ain situ RTA.

be seen by the XPS results as well as by the x-ray reflectivityhe production of single crystals depends on the sample
measurements. XPS analysis clearly show evidences of a @ickness which determines the propagation time of the iso-
silicide formation, a partial consumption of original GaF chronous thermal pulse. Furthermore, the application of RTA
films, and an accumulation of fluorine at the interface. Aleads to sharper interfaces in comparison with as-deposited
reduction in the roughness at the interface by RTA is in-samples. In this process the formation of a Ca silicide is
ferred by x-ray reflectivity measurements. Tromp andinevitable.

Reute? reported on the presence of this Ca silicide with a In summary, this study demonstrates that, in spite of the
bond length very close to the bond length of GaSiecond, mostly phenomenological approach, the thermally induced
the TEM results show that RTA induces a morphologicdiffusional flux and reaction near the GaBi interface can
change improving the polycrystalline structure to a singleindeed contribute to the epitaxial mechanism. Therefore, fur-
crystal structure. Generally, the increase of the sample thickher XPS research on Cafilms in the near future might
ness for the same thermal annealing produces a decreaseifglude studies on duration of the applied thermal pulse as
average grain size as well as in the crystalline quality, as cawell as diffusional mechanism.

be seen in Table IIl. The microcracks observed in Figs) 5

and §d), not present in the 40 nm samples, can be explained

by a reduction in elastic constants as a function of the thick-

ness, using Karaninkast al® results on the basis of Bril- ACKNOWLEDGMENTS
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