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epitaxial growth of CaF , on Si(110)
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Molecular beam epitaxial growth of Can Si110 was studied using reflection high-energy
electron diffraction(RHEED) and scanning electron microscop$EM). An optimum substrate
temperature range exists between 800 and 900 °C within wtiizb)-oriented epitaxy can be
sustained. At the initial growth stage, long strips of gpBrallel to thg 110] direction are formed

due to the growth anisotropy on th@10 surface. This is followed by the development of
low-energy{111} facets, producing a ridged and grooved surface morphology. Growth then proceeds
via the stacking of111} planes on the sidewalls of the ridges. This surface morphology is believed
to result from the combination of favorable energetics in exposing the low-efigtdlyfacets and

the presence of twinned crystallographic domains1@95 American Institute of Physics.

Epitaxial layers of group Il fluoride insulators grown on Beam equivalent pressu@EP) of ~7.0x10°8 Torr was
Si and other substrates have been studied for a variety efsed, resulting in a growth rate of approximately 20 A/min.
potential applications such as in semiconductor-on-insulatogubstrate temperature3{,) were measured, by a thermo-
structures, metal-insulator-semiconductor devices, surfacgouple located at the center of the substrate heater and were
passivation, electron beam resist, and buffer layers foyaried from 700 to 900 °C in this study. All samples were
heteroepitaxff. Recently, interest has shifted towards usinggrown on 3 in. diamp-type S{110 substrates(Silicon
epitaxial fluorides as rare-earth dopant hosts for solid statgensen, Ing.cleaned using the Shiraki methddhe passi-
microlaser fabricatio-° For example, neodymiuniNd)®  vating oxide formed during thex situcleaning procedure
and erbium(Er)® doped Cak layers grown on Si substrates was thermally desorbed in the growth chamber-a1.00 °C
have exhibited strong photoluminescence at 1.04 and 1.54s confirmed by Auger electron spectroscopy.
oum, respectively. With suitable optical feedback cavities, it We have pre\/ious|y shown that RHEED characteriza-
is possible to fabricate lasers on Si substrates using thesgn, in spite of the known effects of electron-beam-induced
materials. A potentially attractive substrate for in-plan lasefyorine desorption, can be used to analyze the growth mode
fabrication is Si110. Parallel cleavage faces, and hencequring fluoride depositiofi.Electron beam irradiation time
Fabry—Perot cavities, can be obtained by cleaving the,CaRyas kept to a minimum and RHEED patterns recorded at
layer along two of the fouf111} cleavage planes that inter- gifferent growth stages were taken from previously unex-
sect the(110 surface at 90°. Earlier work by Schowalter posed areas to ensure that the observed diffraction features
et al” showed that CafFgrows on Si110) via ridges and reflected real growth morphology and were not related to
grooves running along th@ 10 directions. In this letter, we  electron-beam induced artifacts. Digitized images of these
confirm this earlier reSl}".y as well as present detailed patterns were obtained using a CCD camera and a data ac-
in situ reflection high-energy electron diffractid®RHEED)  quisition system developed lySpace Associates, Inc. Scan-
and scanning electron microsco$EM) data on the mo- ning electron microscopySEM) data were obtained using a
lecular beam epitaxidMBE) growth of Cak on S(110. We  JEOL JSM880 microscop@5 KV, 1x1078 A emission cur-
also propose a growth model to explain the observed ridgegeny, and all Cak layers were coated with200 A of AuPd
and grooved surface morphology. Our results, which concerrior to SEM characterization to reduce electron beam charg-
initial growth kinetics and the effect of growth parameters onjng effects.
the surface morphology, should prove useful for subsequent  \yell-defined(1x 1) RHEED patterns produced hiy situ
fabrication of solid state microlasers on(Bi0) substrates.  cleaning of S{110) surfaces change dramatically as soon as

CaF, growth was carried out in an Intevac modular growth of Cal commences. Figure(d) shows the RHEED
GEN-Il MBE system equipped with a Varian electron gun patterns of a Caffilm grown on S{110) with equivalent
operated at 9.5 keV fdn situ RHEED observations. A high  fjim thickness of<20 A. Long Caf diffraction streaks ap-
purity polycrystalline Caf source was evaporated from a pear along th€001] azimuth and elongated spots can be seen
graphite-coated PBN crucible. Background pressure in th?ying on the zeroth-order Laue zone an[rTglO]. Fractional-
range of 10"° Torr was maintained throughout deposition. orqer (1/3 and 2/3 spots are also clearly observable in the
latter azimuth. During this initial stage, heteroepitaxy pro-
3Electronic mail: wliu@phyast.nhn.uokinor.edu ceeds smoothly without producing 3D transmission spots.
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FIG. 2. SEM micrographs of the surface morphology of £8F110
(Tsup ~840 °0O at different stages of growttia) average thickness 100 A
(inset: 10< lower magnificatioh and (b) average thickness- 400 A. The
irregular ridge spacing ranges from400—-800 A.(Inset: plan view of a
possible bonding arrangement at the ¢8K110) interface relative to the
ridges in the main figupe

o orientation and growth anisotropy on the surface. Facet
FIG. 1. RHEED patterns along the main azimuths recor¢®dafter growth | t the side of the rid Iso b in the SEM
of ~20 A of CaFR, and(b) after growth of~200 A of Cak, (arrows indicate planes at the side or tne ndges can also be seen In the

positions of integral-order streaks micrograph[boxed in Fig. 2a)].
After the growth of ~200 A of CaF, the diffraction

_ o ) streaks along001] and the two(111) azimuths become
Considerable surface ordering is present as evidenced by t'%?)otty as shown in Fig.(b). In addition, the diffraction ring

(1%3) sqrface recon;truction observed. While the diffractionobserved alon110] is replaced by slanted streaks with an
streaks in these_ azimuths are _normal to the shadow edgg . iped angle of-70° [Fig. 1(b)]. These RHEED patterns,
those observed in the twd11) azimuths are curved towards \ypich remain unchanged with further growth, indicate the
opposite directionFig. 1(@)]. Curved stre_aks Ina RHEED presence of111} facets on the surface. This is supported by
pattern are known to result from the intersection of theSEM characterization of a4000 A thick Cak layer grown
Ewald sphere with two-dimension&2D) reciprocal lattice on Si110 at ~840 °C[Fig. 2b)]. The Cak surface mor-
planes ansing from one-dimension@D) features on the  hhoi0gy consists of long, parallel ridges with extremely
real surface? This suggests the presence of domain Struc'straight edges and smooth sides. The ridges run along the

tures on'the surface separated by.1D. O.'°mai” boundaries. [110] direction and the sidewalls are exposdd}-faceted

_ At higher cove'rage(~1.00 A)’_ individual spots along faces, which are the lowest energy surfaces for,CaPther
[110] are merged into a single ring and can no longer bey owih conditions show variations of this unusual growth
resolved. This ring is not an indication of random crystalmorpho|ogy_ ForT,,z;<800 °C, the surface is dominated by
orientation since such a case will give rise to multiple con-miseriented grains and growth becomes increasirigi}
centric diffraction rings of much weaker intensities. Instead,griented. This is consistent with the earlier repdhtat the

it is indicative of one-degree orientation in which the grow- g ;rface morphology and RHEED patterns of thick Cky-

ing surface structure has one axis preferentially aligned partsyg grown afT ;=600 °C are indistinguishable from those
allel to the inciden{110] electron bean’: The correspond-  of layers grown on $111) substrates. Epitaxial orientation
ing SEM micrograph is shown in Fig(®, where the darker with the S{110 substrate improves considerably with in-
region was identified by energy dispersive x-ray analysis t@reasing substrate temperature. In particular, misoriented
be bare Si and the lighter region GaFhe equivalent layer grains are virtually eliminated &tg,;>840 °C. However, the
thickness is~100 A. Long strips of Cafare seen extending CaF, layer, with a thermal expansion coefficient of 19.2
along th¢110] direction with some irregularity at the edges x107® per degree compared to X80 ® per degree for the
[inset of Fig. Za)], confirming the presence of one-degreesilicon substrate, will experience more in-plane tensile strain
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- tures fabricated from this material. Our own preliminary
i ) rare-earth doping experimefhtshow that there is no signifi-
| sortace cant difference among photoluminescence emission intensi-
3 W I F ties from Cak layers grown on(110), (100, or (111)-
! A X .’ oriented substrates. We therefore conclude that it is possible
el ' g to fabricate rare-earth doped Gaficrolasers on $110)
l substrates. However, since the refractive index of LaF
4 4 z (n=1.43 is smaller than that of Sin=3.44), further work
[001] has to be done in designing the waveguide structure to

achieve efficient light confinement within the Cdayer.

(111)
surface

G L

FIG. 3. Schematic illustration of the CgBi(110) interface locking in the In summary, we report the use of RHEED and SEM to
[110] direction. Twin boundaries can originate from parallel rows of adja- '

cent F—Si bonds. Low surface energy of the A1} planes and high twin StUdy the growth'm'oq'e of Cak_-)n S(llO). Qur results show
boundary interface energy result in a ridged and grooved surface morphothat Cak growth is initiated by 1D nucleation of CaFdges

0gy. parallel to the[110] direction due to asymmetric bonding
arrangement on thél10 surface. Low-energy111} facets
develop and a ridged and grooved surface morphology re-
fsults. Further growth occurs via stacking{afL1} planes on

the sidewalls of the ridges. This surface morphology is be-
eIieved to result from the combination of favorable energetics

ment on the(110) growth plane. Nucleation is much more . .
energetically and stochastically favorable anng[EllaO] di- In exposing the low-energjl 11} facets and the presence of

. . . . twinned crystallographic domains. Twin boundaries can
rection where both Ca—Si and F—Si bonds can form simul-

: : originate from random attachment of Gafolecules to the
tgneously at the CQB'(H.O) mterfa(_:e upon attachment of a Si substrate such that parallel rows of adjacent HaBd/or
single Cak molecule[see inset of Fig. @)], whereas two or —

more Cak molecules are required for nucleation in the or- Ca—S} bonds occur along thid 10] direction. The optimum

thogonal[001] direction. Such bonding also allows forma- substrate temperature range delO)o—onented epitaxy was

tion of twin boundaries since there is no restriction on thefound to be between 800 and 900 C'.

order of bonding in th€110 plane along[001]. It is thus . we Fhank Matth(_aw Johnson a}nd M'kef Santos for helpful

possible, for example, to obtain two parallel rows of adjacenfj'scuss'ons’ Bill Chissoe fpr assistance n the SEM studies,

F-Si or Ca-Si bonds along the10] direction. Figure 3is a a_md Joel Young for technl_cal support. This worl_< was par
. : . tially supported by the National Science Foundation through

schematic repre_sentatlon of the ka-‘r interface along _the Grant No. OSR-9108771.
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The growth anisotropy observed at the initial stage o
growth can be attributed to the asymmetric bonding arrang
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