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Molecular beam epitaxial growth of atomically smooth scandium
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High quality scandium nitride films have been grown on magnesium oXl8& substrates by
molecular beam epitaxy using a rf plasma source for nitrogen. Both reflection high energy electron
diffraction and x-ray diffraction confirm that these films ha{@1)-orientation. Atomic force
microscopy reveals a surface morphology consisting of large plateaus and pyramids. The plateaus
are found to be atomically smooth and have>allsurface structure, as revealedibgitu scanning
tunneling microscopy. €2000 American Institute of Physid$S0003-695(00)00142-X]

The growth and surfaces of nitride semiconductors havaitrogen plasma is also applied during this heating )step
recently been subjects of great interk$tMost of the work ~ Then the sample temperature is lowered-t800 °C prior to
has concentrated on group XllII nitrides, and GaN in particu-beginning the growth of ScN. The nitrogen flow rate is 1.1
lar. Yet there are other nitrides with interesting properties, assccm with the rf power set at 500 W. The effective Sc flux,
example of which is scandium nitride, a group Il transition estimated from the measured film thickness and the growth
metal nitride. For this unusual material, there is evidence thaime, is in the range % 10"°*-3x 10 cn?s. The growth
it is a semiconductor having a direct band gap in the rangeondition is monitored using reflection high energy electron
2.1-2.4 e\P~1° Different from most conventional semicon- diffraction (RHEED). Following growth, the sample is ana-
ductors, ScN is known to stabilize in the rock-salt crystallyzed byin situ scanning tunneling microscog$TM). After
structure>”° Due to the strong bonding between Sc and N,removal from the surface analysis chamber, the sample is
ScN is also thought to have a very high melting point of overanalyzed using x-ray diffractiofKRD) and atomic force mi-
1500 °C’** Finally, ScN has a very small lattice parameter CrOSCOpPY(AFM).
mismatch with GaN €0.3%), which might allow the Initially, we grew ScN on sapphir¢0001) substrates,
growth of GaN/ScN heterostructures or ScGaN alfys. resulting in(112)-oriented ScN. While the RHEED patterns

For a potentially useful electronic material, it is impor- during growth showed good ordering along the high symme-
tant to demonstrate that smooth epitaxial growth of singhyiry directions,(1120) and(1100), the patterns were very
oriented films can be achieved. Dismuketsal. grew ScN  SPotty, indicating a rough growth surface. The roughness of
using chemical vapor deposition on sapphire, resulting ifhese surfaces was later confirmed in AFM images, and XRD

(11D-oriented, but rough, film$.Moustakas grew ScN on confirmed the(111) orientation. We also tried growth on
sapphiré0001) using electron cyclotron resonan¢ECR) MgO(110), and although the RHEED patterns showed good

molecular beam epitaxyMBE), which also resulted in (110 orientation, they were also very spotty. _
(112)-oriented, but rough, film3.Gall et al. grew ScN on Evidently, ScN takes on the crystalline orientation of its
MgO(001) using reactive magnetron sputtering, resulting insubs?r_ate, but smooth growth 'S_ d|ff|(_:L(llunder_our MBE
films having both(001) and(111) orientation’ A subsequent conditions for (110 and (11,]’) o.rlentatlons. This could be.
paper by Gallet al. reported that the use of a 20 V substrate 4U€ 10 very srpall adatom diffusion lengths on surfaces with
bias during growth resulted in singl®01) orientation but tr]lesli;)ner_]tattlotl’_ls,ﬁ: was suggested by &al. in the case
that these films were also rou§h. 0 (If )do?en ":j.']ffm'. lenath | for theod)

In this letter, we report the smooth growth of ScN usingfaC adatom diriusion lengins are farger for Sur

radio frequency(rf) MBE. We find that rf MBE growth re- orieer’]tg:jegs&nov?/g] L?stgwl\tllrzxgo?)l g: gossjtl)bslter'at-lt—ao I?A(oglzlso
sults in well-oriented ScN films, having eithé01), (110), ' - V9

or (111) orientation, depending on the starting substrate ori_has rock-salt structure, and the lattice mismatch of ScN with

i 0,
entation. We find that111) and (110 oriented ScN films MgO is 7.3%.

) . The RHEED patterns shown in Fig. 1 illustrate the
grow ih a 3b g_rowth mode with rough surfaces, 001)- stages of the growth process. Prior to heating, the as-loaded
oriented ScN films can be grown in a 2D growth mode

iting in atomicall th surf 'substrate has good crystalline quality, as seen in Rig, 1
resuT;]ng In atomically Smoo fsur age_s. desi which shows the RHEED patterns along fi€0] and[110]
e experiments are performed in a custom- es'gnegzimuths. Clear diffraction spots are seen along both azi-

vacuum system consisting of a MBE chamber coupled 10 &, ihs a5 well as Kikuchi lines. However, the patterns are
surface analysis chamber. The substrates are first cleanggotty indicating some roughness

with solvents, then loaded into the MBE chamber and heated”  p¢ar heating the substrate to 1000°C for 30 min, the
up to ~1000°C for 30 min(for growth on sapphire, the gitraction spots elongate and sharpen into the distinct

streaks shown in Fig. (). These streaky patterns suggest
dElectronic mail: smitha2@ohio.edu that the MgO surface may be smoothened by the heating.
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FIG. 2. 29 x-ray diffraction spectra for two different ScN films grown on
MgO(001). Neither film shows any111) peaks.

Atomic force microscopy images of the S@01) films
clearly reveal a plateau-pyramid morphology, as shown in
Fig. 3. For this JumXx1 wm image, one observes numerous

[100] [110] plateaus with square shapes as well as many pyramids which
FIG. 1. Sequence of RHEED patterns for ScN growth process onare four-Sidec_j' Th_e edges of t_hese plateaus am_j p_yrami_ds are
MgO(001). (a) As-loaded MgO surface prior to heatingy) MgO surface ~ 210ng(100) directions of the film which also coincide with
after 30 min of heating at 1000 °Gg) ScN(00) surface during growth. the (100 directions of the substrate.

The pyramids have the sarf@@01)-orientation as the pla-
teaus. If they werd111)-oriented, we would expect to see
ythree(OOl) facets and #111) peak in XRD—but we do not.

s . In fact, the sides are gently sloping, with typical apex angles
from the very beginning. Figure(d) shows the RHEED pat- of about 165°. Moreover, STM images reveal closely spaced

terns during growth for a SC,:N film of thiC.kne.SS .about 1200steps on the sides of the pyramids. We believe the pyramids
A. These patterns are fairly streaky, indicating smoothy e centered on dislocations in the film. Assuming this, and
growth. The ratio of the line spacing alohg0Q] to the line

. : A counting the number of pyramids within the)u:m2 image of
spacing alond110] is close tov2, indicating four-fold sur- Fig. 3, we estimate a dislocation density efL0%/crr?.
face symmetry.

k i As seen in Fig. (c), the RHEED patterns for SER01)
Detailed analysis of the RHEED patterns can be used tQp gy only X1 symmetry. This is expected since ScN has
estimate the in-plane lattice constant of the film surface. Thigne ock-salt structure, and therefore the ionic character of
is done by dividing the spacing between the first-order difthe ponding will tend to suppress charge transfer, thus pre-
fraction lines for the ScNIFig. 1(c)] by the spacing between
the first-order lines for the MgO substraféig. 1(b)]. For the

Scandium nitride growth is initiated on this smoothened
MgO(00]) surface. The RHEED patterns show good epitax

than the ratio of the expected bulk lattice constants for ScN
and MgO at 800°C, 1.06%° For thicker films(=2000 A
and grown with higher Sc flyx we have measured ratios
which are very close to the expected bulk ratio.

Figure 2 shows XRD spectra for two films—one about
1200 A thick and the other about 2400 A thick. The two
spectra have been normalized to the height of the ®¢R)
peak which occurs near 40°. The peak in each spectrum nea
43.1° is the MgO(002 peak. No ScN(111l) peaks(which
would be at 34.5f are observed for these or for any of our
films grown on Mg@001). We conclude that rf-MBE growth
on MgQ(001) results in single oriented S¢B0Y).

By measuring the positions of the SqB02) peaks in
comparison to the Mg@002 peaks, we calculate the per-
pendicular lattice constants for these two films. In the case of
the thinner film, we get a value of 4.48 A, slightly smaller
than the expected value of 4.501 A. For the thicker film, the
ScN(002) peak gets closer to 40.0°, giving a perpendicular ™= 1000 A
lattice constant of about 4.51 A, slightly larger than the ex-gg 3. Atomic force microscopy image of S@01) grown on MgO, illus-

pected bulk value. trating the plateau-pyramid morphology. The gray scale range is 89 A.
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that we are imaging the N atonifilled state$. However,
dual bias images obtained &tl and—1V showed only a
small relative shift, much less than the expectéd. More
work is needed to clearly distinguish the two expected sub-
lattices.

While this letter has not presented data on the optical
properties of these MBE-grown ScN films, from visual in-
spection, the films have a reddish or rusty color when white
light is shined through them, consistent with an absorption
near 2.2 eV. Luminescence and optical transmission mea-
surements are currently being performed to investigate in
detail the optical properties.

In conclusion, we have investigated the growth of ScN
by rf MBE. We find that well-oriented ScN films can be
grown which take on the orientation of their substrate. While
(110 and (111) orientations have rough surface@01l)-
oriented ScN can be grown smooth, which has been shown
by RHEED, AFM, and STM data. For growth on M¢@1),
we find only(001)-oriented ScN. We have shown atomically
smooth terraces separated by single steps of height 2.25 A,
half the lattice constant of ScN. Work is underway to clarify
FIG. 4. Scanning tunneling microscopy image of plateau region omhe detailed surface structure, to understand the dependence
ScN001). The image was acquired at a sample bias-&5 V and a tun- . . .
neling current of 0.08 nA. The enhancement at the step edge is due toancQI]c the film properties on the Sc flux during growth, and to
background subtraction. The inset is an expanded view of the surface agneasure the optical properties of these films for different

quired with a sample bias of 1.0V and a tunneling current of 0.2 nA. A MBE growth conditions.
model of the rock-salt surface lattice is fit to the data.
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