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Scandium nitridg001) oriented layers have been grown on magnesium o¢0@4) substrates by
molecular beam epitaxy using a rf-plasma source and a scandium effusion cell. The Sc/N flux ratio
is found to be critical in determining the structural, optical, and electronic properties of the grown
epitaxial layers. A distinct transition occurs at the point where the Sc/N flux ratio equals 1, which
defines the line between N-rich and Sc-rich growth. Under N-rich conditions, the growth is
epitaxial, and the surface morphology is characterized by a densely packed array of square-shaped
plateaus and four-faced pyramids with the terraces between steps being atomically smooth. The
films are stoichiometric and transparent with a direct optical transition at 2.15 eV. Under Sc-rich
conditions, the growth is also epitaxial, but the morphology is dominated by spiral growth mounds.
The morphology change is consistent with increased surface diffusion due to a Sc-rich surface.
Excess Sc leads to understoichiometric layers with N vacancies which act as donors. The increased
carrier density results in an optical reflection edge at 1 eV, absorption below the 2.15 eV band gap,
and a drop in electrical resistivity. @001 American Institute of Physics.
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I. INTRODUCTION (111) oriented surfaces, each atom will have three dangling
Transition metal nitrides are well known for their excel- bonds p ointing out of the surface. Indeed, wild1) ori-
(?nted films have been reported by a number of groups, none

lent physmgl properties mcludmg_hlgh hardness, _mechamc%ave reported smooth growth, suggesting that a high surface
strength, high temperature stability, and electronic tranSporéiffusion barrier exists for(111) oriented surfaces10 B
properties that vary from semiconducting to metallic. Tita- : for thé001) bulk-terminated surf ' hy
nium nitride, the most studied transition metal nitride andcomparlson,'”otr) S d) du —fgrmlng ib surz?ce, gach sur-
which is used in optical and wear-resistant coatings, has tace atom will be onde to five neighbors, four |n_t € sur
face layer and one in the second layer, thus leaving just a

high hardnes$i ~20 GPa-~2 However, only a limited num- @ : e
ber of articles have been published on the growth and propiNdlé dangling bond pointing out of the surface. There may

erties of ScN, which is also hart~21 GP& and has a high thereforg be a lower diffusion barrier ¢801) compgred to
melting pointT,,~ 2600 °C* Yet the major interest in ScN is (111) oriented surfaces. Ga#t al. reported(001) oriented
for its electronic properties. While early theoretical work SCN growth in the case of sputter deposition; however, in
suggested that ScN might be a semimefagarly experi- ~order to avoid the inclusion afl11) grains, it was necessary
mental work by Dismukes and more recently by severafo apply a substrate bias resulting in incident N ions with
other groups have all shown that ScN has a direct optica@nergy about 20 eV.
transition in the range 2.1-2.4 é¥:"~%In addition, recent Only two articles have reported the growth of ScN using
theoretical work has shown that ScN is a semiconductor wittnolecular beam epitaxyMBE).8®> Moustakaset al. grew
a direct transition at th& point near 2.1 eV and a possible ScN on sapphif®001) using electron cyclotron resonance-
indirect transition froml"— X at a lower energy in the range MBE, resulting in polycrystalline films with highly preferred
0.9-1.6 eV 13 (111) orientation, consistent with the findings from other
Further progress in understanding the properties of Scyrowth method§.Recently, we reported the growth of ScN
requires detailed investigations of its crystal growth. Theusing rf-MBE® For growth on sapphiré001), we also ob-
Sc—N bond is partially ioni¢; which leads to its rocksalt tained(111) orientation with a rough surface. Rough growth
crystal structure. In order to understand the growth of ScN, itlso occurred on MgQ10). For growth on Mg@001) on the
is important to consider various possible crystalline orientagther hand, we found that smooth, epitaxial films wid01)
tions of the rocksalt structure. In the rocksalt structure, eaclyrientation were obtained, thus showing that the surface dif-
Sc atom is bonded to six N atoms and each N atom is bondegision barrier on Sck00)) is indeed lower compared to
to six Sc atoms with octohedral geometry. In the case o5cn111). Furthermore, since atomically smooth surfaces
having terraces and well-defined step edges were obtained as
dElectronic mail: smitha2@ohio.edu shown by scanning tunneling microscof§TM), the growth
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mode is evidently two-dimensional, indicating fairly large measured using a quartz crystal thickness monitor located
surface diffusion lengths at the growth temperature we usethside the growth chamber, and with the deposition rate as
— about 800 °C. determined by measuring the sample thickness using optical
Although epitaxial growth of ScN has now been methods.

achieved, it is still not known how the growth and properties  For purposes of defining the Sc/N flux ratio, it is impor-
of the ScN001) depend on the growth conditions such astant to know the active nitrogen flufy. In an effort to
substrate temperature and Sc/N flux ratio. An advantage ahaintain the same effective N flux for this study, samples
MBE growth over other methods like reactive sputtering orwere grown using the same rf plasma powB60 W. Back-
chemical vapor deposition is that it allows to controllably ground chamber pressure is set in the range 81@ ° Torr.
vary the Sc-to-N flux ratio over a wide range. Thus, here wdt is difficult to measure directly the value of the active ni-
report the strong effects of the Sc/N flux ratio on the growthtrogen flux at the sample position in the case of a nitrogen
mode, surface morphology, and optical and electrical properplasma source. Myounet al., who reported a flux ratio de-
ties of ScNO00J) films. When the Sc/N flux ratio is less than pendent study of GaN growth by rf MBE, defined the effec-
1 (N-rich conditiong, we find smooth epitaxial films, indi- tive nitrogen flux as the incorporated N flux at the highest
cating substantial surface adatom mobility. Excess N atomgrowth rate in their systertf. Such a procedure is possible in
recombine and desorb as, Nthus, the resulting stoichiom- the case of GaN because of the unique kinetics of GaN
etry is 1:1, and we observe a direct optical transition neagrowth in which excess Ga actually reduces the growth rate,
2.15 eV. As the Sc/N ratio exceedg3c-rich conditions a  as reported by Held and co-workéfsHowever, in the case
Sc-rich surface structure is formed. This changes the diffuef ScN growth, we have not observed such a maximum
sion barrier, resulting in a net increase in the surface mobilgrowth rate. Instead, whedy, exceedsly, the growth rate
ity. This increased surface mobility completely changes theontinues to increase, resulting in nonstoichiometric growth.
surface morphology to a much smoother surface. Howeves we shall show, the value afs. at which this occurs
since the Sc desorption rate from the surface is negligiblehecomes quite clear upon examining the film properties.
defects, most likely N vacancies, are incorporated into the Therefore, we define the active nitrogen flux as that
film, leading to understoichiometric films; these show de-which gives the highest growth rate of ScN resulting in sto-
graded optical properties, including absorption below 2.15chiometric films as determined by Rutherford backscattering
eV and a reflection edge at 1 eV. and by examining the film properties. The active N flxin

our system is then the Sc flux at this transition point, which

we refer to asls. . In our system, this value dfs¢; and thus
Il. EXPERIMENTAL PROCEDURE the active N fluxJy is ~3.6x 10" cm™2 s~ L. The flux ratio

The ScN layers are grown by MBE on M¢@1), using  Jsc/In iS thus determined by dividindsc by Jy. ,
a rf plasma source for nitrogen and an effusion cell for scan- _1he growth process is monitored in real time using
dium. Substrate temperature is measured using a therm&HEED- At the end of growth, the Sc shutter is closed and
couple located behind the substrate heater and also using §}f N-Plasma source is turned off at about the same time or
infrared pyrometer looking at the front side of the sample Shortly thereafter. After the sample cools down, it is trans-
The MgQ001) substrates are 1 cxil cm square and pol- fe_rred under ultrah|gh_vacuum to an _adqunlng surface analy-
ished on the side where the ScN growth takes place. The!S chamber where it is analyzed usingsitu STM and Au-
samples are coated on the backside with titanium or molyb9er €lectron spectroscopfAES). Finally, the sample is
denum to absorb heat from the radiant substrate heater. émoved from the vacuum chamber where it is analyzed us-

The growth procedure begins by cleaning the substratid atomic force microscopy(AFM), x-ray diffraction
using acetone and isopropanol. Then, after introducing th&RD), Rutherford backscatteringRBS), spectrophotom-
substrate into the growth chamber, it is heated-as0°C ~ ©try, and four-point probe measurement of the room-
with the nitrogen plasma source turned on. After 30 min, thd®mPperature r$S|st|V|ty. TheumP program is used to analyze
substrate temperature is lowered 800 °C, and the flow the RBS data!
rate of nitrogen is set to 1.1 sccm. At this point, the
MgO(001) substrates typically show streaky reflection high-|j|. RESULTS AND DISCUSSION
energy electron diffractiofRHEED) patterns along both
(100 and (110) directions. Using such starting templates,
ScN growth begins. The crystalline orientation of the ScN films is deter-

To investigate how the growth depends on the flux ratiomined using XRD. The x-ray wavelength is that of u;
Js./Jyn, samples are grown at different Sc flux in the rangesince we usually do not resoeal (A =1.5405 A vs Ka2
0.3-4.2< 10" cm 2 s~ ! by adjusting the temperature of the (A=1.5443 A, we use an average value forof 1.542 A.
scandium effusion cell. The flux is determined by measuringrigure 1 shows a typical XRD spectrum for ScN grown on
the thickness of the sample using a thickness profilometegO(001) using MBE. In this case, the Sc flux was 2.9
and then computing the growth rate by dividing by the totalx 10'* cm™2 s~ 1, which equates to a Sc/N flux ratio of 0.80.
growth time. Multiplying the growth rate in A'¢ by the A typical XRD rocking curve -scan profilg¢ is shown in
number density of Sc atoms in ScN (4:380**cm 2 A~1)  the inset. Similar XRD 2 spectra are observed over a wide
yields the Sc flux in atoms cit s . The obtained growth range of Sc/N flux ratio from 0.13 to 1.17. A correction is
rate is in excellent agreement with the Sc deposition rat@applied to the XRD spectrum so that the 002 peak of MgO is

A. Structural properties
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FIG. 1. 29 x-ray diffraction spectrum for ScN film grown on Md@pn2);
inset shows typicab rocking curve profile for the same sample.

J A,

shifted to 42.94°, in order to give the value found in tables
for the MgO lattice constant of 4.213 ®.Then for this
sample we find the 002 peak of ScN at 39.84°, correspond-
ing to a perpendicular lattice constant @f., =4.526 A.
The measured value is a little larger than the expected bulk
relaxed value of 4.501 A This indicates the layer may not
be completely relaxed and/or there may be a small amount of
compressive strain due to cooling from the growth tempera-
ture. Since 002 is the only significant ScN peak seen, we find [100] [110]
that the ScN films grown on Mg@01) substrates have a
single orientation which i€001). Thus, rf MBE growth of :;Ife'rsz 'aF;HaE i?ns;lg: r?j g?NMf?ﬁ(izﬁosthéZ%5:?)2;(’8)0%3(01%)3,
ScN on MgQo00]) is a reliable method to obtaif001)- and 1.17.
oriented ScN layers, in contrast to growth by reactive mag-
netron sputtering which yields to a mixture 301)- and
(111)-oriented grains. some three-dimensional surface features. Since the ScN
In Fig. 2 are shown RHEED patterns for the M@01) rocksalt lattice is just fcc with a two atom bagSc and N,
substrate and four different SEOD films grown on the reciprocal lattice is bcc with a possible intensity modu-
MgO(001) substrates at different flux ratios. The images onlation of the spots. Therefore, the nodes seen aldf)
the left are acquired with the RHEED beam normal to thecorrespond to reciprocal lattice points on ti®0) face of
square sample edge, and it is known that the directions pethe body-centered cube. Nodes seen akitif) correspond
pendicular to the sample edges &t€©0). The images on the to reciprocal lattice points on th@10 plane of the body-
right side of Fig. 2 are acquired with the sample rotated 45°%entered cube which slices through the center of the cube.
in the azimuthal direction compared to the images on the left  For flux ratio Js./Jy=0.8, streaks are still present, but
side, and are thus aloqd10). Because of the fcc structure, the nodes are brighter, indicating more three-dimensional
the spacing between the rows of Sc atoms ald@) isa/2,  features under N-rich conditions. However, for Sc/N flux
whereas the spacing between the rows of Sc atoms alongtio=1.03 (Sc-rich conditions as seen in Fig. @), the
(110 is a/\/2. Therefore, in reciprocal space the spacingnodes are much weaker compared to Fig).2This shows
between the primary diffraction lines f¢d.00) is J2 larger  that the three-dimensional structures corresponding to the
than the spacing alongl10). Since we do not observe any nodes are reduced in size or in number on the surface for
fractional order lines, the surface structure is 1 both dur-  slightly Sc-rich conditions. We thus find that Sc-rich condi-
ing and after growth. The RHEED patterns are also equivations result in smoother surfaces. Even for very Sc-rich con-
lent under 90° rotations. Therefore, these films have fourditions (Js./Jy=1.17), the RHEED patterns are quite
fold symmetry as expected for tl{@01) face of the rocksalt streaky as shown in Fig.(@.
structure and are thus epitaxial with the M@01) substrates To see how these RHEED patterns correlate with the
with [100]30,\J|[100]Mgo. surface morphology, we have performed AFM imaging on
The Sc/N flux ratios for the films of Figs.(®), 2(c), the same samples. Shown in Figéa)3 3(b), 3(c), and 3d)
2(d), and 2e) are 0.26, 0.8, 1.03, and 1.17, respectively. Asare AFM images of the same four ScN films grown using
seen in Fig. B), for a flux ratio of only 0.26, the RHEED flux ratio Js./Jy=0.26, 0.80, 1.03, and 1.17, respectively.
patterns along both directions are streaky but not totallyThe size of each image is2mXx2 um, and the images are
smooth as seen by the nodes. While epitaxial growth occurgriented with sides parallel §d.00] and[010] directions.
the nodes correspond to some diffraction from the lattice As seen in the AFM image of Fig.(8), for the sample
perpendicular to the surface. This occurs when there exisirown atJs./Jy=0.26 (very N-rich conditiong the surface

1 /1, =1.03

J /.

Sc

=1.17

N
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FIG. 4. STM images of Sc{001) surfaces{a) N-rich growth surface. STM
sample bias—2.0 V, tunnel current0.2 nA; (b) Sc-rich growth surface.
Sample bias2.0 V, tunnel current0.2 nA.

cal diameters of 2000—3000 A and have smaller helgtey
scale range showr52 A, rms roughnessll A). In addi-
tion, the mound density is only about 10 rounded mounds
_ _ _ wm~2, Compared to N-rich grown films, there are 4—7 times
FIG. 3._ AFM images of ScN films as a functl_o_n of Sc/N ﬂ_ux ratﬁa)_ an(_j fewer moundsum=2 which are also nearly two times
(b) N-rich conditions;(c) and (d) Sc-rich conditions. Each image size is 2 ) ; K Yy
AMX2 gm. smaller in height. Fewer and shorter mounds correspond to a
smoother surface which correlates with the streakier RHEED
patterns shown in Fig. (d). Even at very high Sc/N flux
is made up of many small mounds. While not all identical,ratio=1.17, shown in Fig. @l), the surface morphology still
close inspection reveals that many of these mounds haweonsists of smooth rounded mounds.
almost square shapes with flat tops; a typical flat-topped To examine these surfaces with atomic-scale resolution,
mound is outlined by a white square on the image. Thdn situ STM has been performed. Shown in Figagis a
square-shaped mounds have their sides alpgi@)] and STM image of a sample grown under N-rich conditions
[010]. These square-shaped mounds are approximately 12q0¢./Jy=0.46). This image shows a zoom-in view of one of
Ax1200 A in lateral size and about 74 A in maximum heightthe square, flat-topped mound800 A across and one of the
(=gray scale range showrirhe surface is thus very smooth pyramidal-shaped mounds. Individual atomic steps separat-
(rms roughness only 19)Aas also indicated by the streaky ing smooth terraces are observed. The atomic steps are gen-
RHEED pattern shown in Fig.(B). Other mounds having a erally along[100] and[010] directions. The terraces on the
similar or slightly smaller size are pyramidal in shape. Anpyramidal mound are very narrow compared to those on the
example is indicated by in the image. The pyramids are flat-topped mound but also alof$j00] and[010] directions.
gently sloped, with apex angles of about 165°. The totaMe attribute the pyramidal mounds to growth around screw-
density of both types of mounds is about 40 moupats 2 type dislocations in the film. Assuming one dislocation per
of which there are about 10 pyramigsn™2. pyramid, we estimate the dislocation density to be in the
As seen in Fig. @), for increaseds./Jy=0.80, we find  range 1X10°-3x10° cm 2 for our samples grown under
a similar surface morphology composed of both flat-topped\-rich conditions.
and pyramidal-shaped mounds. The mound heights are very In Fig. 4b) is shown a zoom-in STM image of a sample
similar (gray scale range show86 A, rms roughness surface grown afs./Jy=1.03. This image shows that these
=21 A); however, the mound densities are higher. The totatounded mounds are in fact large growth spirals. The growth
density of flat-topped and pyramidal mounds is about 7Gspirals completely dominate the ScN surface morphology un-
mounds um~ 2 of which there are about 30 pyramidal der Sc-rich growth conditions. Two single bilayer height
moundsum™2. This increased density of pyramidal mounds steps(2.25 A) emanate from the center of the spiral; there-
explains the increased node intensity seen in Fig).2 fore, the spiral is centered on a dislocation having a screw
Therefore, the nodes seen in the RHEED patterns for N-rickomponent of the Burger’s vector equal to 4.50tAe ScN
conditions[Figs. 2b) and Zc)] are a consequence of diffrac- lattice constantand pointing in the001] direction. Every
tion through the pyramidal-shaped mounds, which are thenound on these surfaces has at least one dislocation at the
three-dimensional surface structures. We thus observe irgenter. In addition, we also find other dislocations not at the
creased pyramid density with increased Sc/N flux ratio inmound centers. Therefore, the dislocation density calculated
N-rich conditions. from the number of mounds isX110° cm™?, but including
As shown by the AFM image in Fig.(8), as the growth  all dislocations, not just those at mound centers, we estimate
becomes Sc-richJs./Jy=1.03), we find distinctly different from other STM images as many as<10'° cm? for the
surface morphology. In place of the square and pyramidalSc-rich grown film.
shaped mounds, the Sc-rich grown film shows smoother, We have shown that dislocations cause pyramid growth
rounded mounds; a typical rounded mound is outlined by an the case of N-rich conditions and round spiral growth in
white circle on the image. These rounded mounds have typithe case of Sc-rich conditions. We now consider the reason
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why we observe this difference. For a constant substrate tem- 1.4 3
perature, there are three important factors affecting film mor- /
phology - deposition rate, desorption rate, and diffusion rate. ,
As the AFM images of Fig. 3 illustrate, we observe a major ’-Os?
change in the morphology with only a small change in the ';5'/6&
deposition rate. Moreover, as Sc/N flux increases, we ob- ¢
serve a linearly increasing growth rate which suggests that

there is very little desorption. Therefore, since the substrate
temperature is held approximately constant, the most prob-
able explanation for the change in morphology is a qualita-
tive change in surface diffusion.

The ratio of the diffusion length under N-rich conditions, 0.8 T T T T
Lnrich,» to that under Sc-rich conditionkgc.ich, Can be es- 00 02 04 06 08 10 12 14
timated by comparing the terrace width for the pyramidal AN
mound to that for the spiral mound. For the pyramidal
mound shown in Fig. @), the terrace width is~30 A,
whereas for the spiral mound of Fig(b}, the terrace width
is ~110 A. This is about a % increase in terrace width for
Sc-rich conditions compared to N-rich conditions. Assuming

-
N

!/
7

stoichiometric

Bulk Sc¢/N Ratio
]
1

FIG. 5. Incorporated Sc/N concentration calculated from RBS data as a
function of Jg./Jy -

that the diffusion length is proportional to the terrace width, L scrich

the ratioL s¢.ricn/ L nrich~ 4. We attribute this increased diffu- En-rich™ Escaric= 2KgTIn . 2
sion length to a qualitative change in the Sc/N surface sto- e

ichiometry.

For our typical growth temperature of 800 {0073 K),

The well-ordered X 1 reconstruction on one of the flat- e thys calculate the difference in surface diffusion barriers
topped mounds occurring under N-rich growth conditions;y pe about 0.26 eV.

. 5
has been atomically resolved by STghown elsewheje Increased diffusion length due to a change in surface
Calculations by Takeuchi show that a slight relaxation of thestructure under Sc-rich conditions would explain the cross-
surface atoms of the bulk-terminated surface occurs, with thgVer from plateau-pyramid to rounded spiral morphology.
Sc atoms being d|?T[1)]I§aced downward by about 0.03 A comanqther question is whether the excess Sc on the surface will
pared to the N atoms. Therefore, under N-rich conditions, - jesorh pack into the vacuum or incorporate into the film. To
the s.tgble surface is nearly bulk-like. Under Sp—nch growthcheck the Sc/N bulk composition ratio of our samples, we
conditions, RHEED, XRD, and RBS channeling all show performed Rutherford backscattering on three samples
that the NaCl-structure is maintained. Yet close inspection Ogrown at different flux ratios. The RBS spectra are then ana-
the STM image of the ScN surface in Fig(b# shows a lyzed and simulated using tteumP code. Figure 5 shows
qualitatively different surfacg in which we do qot observethe results of the RBS RUMP computations of the incorpo-
any well-ordered reconstruction as we do for N-rich surfaces,aeq Sc/N ratios plotted versus the incident flux ratios. As is
For these STM tunneling conditions, the surface appearggen the incorporated ratio is equal to @02 for
mostly flat and featureless, aside from some nanometer-sizgﬂ%C/J’Nz 0.26+ 0.03. This indicates that excess N atoms are

pit features. This weak contrast strongly suggests a surfaGgy: incorporated under N-rich growth conditions. The RBS
with metallic character. We infer that it is likely the surface o it also shows that ScA\L.00*0.02 for Je/In=1.03

has much more than just a few percent additional Sc. Calcus. g o3 (slightly Sc rich. Although we expect a slight devia-
lations are underway to show an energetically favorable Scgon from 1:1 stoichiometry for this sample, this is near the
rich surface structure model, such as a single Sc adtay®r. jinit of the RBS uncertainty. However, for incident flux ratio
If such a Sc-rich surface structure exists, it could reSUIUSC/JN=1.17tO.O3 (very Sc rich, the RBS result shows
in a decreased surface diffusion barrier due to weaker meta{hat Sc/N=1.20+0.02. We conclude that for Sc-rich condi-

lic Sc-Sc bonding. From our estimate of the increase in SUrgions, the incorporated Sc/N ratio is equal to the incident
face diffusion lengthiearlien, we can calculate the approxi- g¢/N flux ratio(within uncertainty.

mate change Fn the\ﬁiurface diffusion barrier using the well-  gjc¢ RHEED, XRD, and also RBS channelimgt pre-
known Arrhenius la sented all show that ScN films grown under Sc-rich condi-
N=w,eEolksT (1) tions are of high crystalline quality, the off-stoichiometry

must be explained by the existence of various point defects.
whereN is the average number of hops per unit time interval,Possibilities could include Sc-on-N-site (Jcantisite de-
wp is the atomic oscillation frequendyttempt frequengy  fects or Sc interstitials; however, since these could lead to
andE, is the surface diffusion barrier. The diffusion length local metallic bonding with different structufee., Sc metal
is proportional to the square root of. Assuming that the is hexagonal we would expect substantial degradation of
diffusion hop length and the attempt frequency are indepenthe NaCl crystal structure, which we do not see even for the
dent of surface composition, we obtain the following expres-highest flux ratio. We therefore think that a more plausible
sion for the difference in the diffusion barrie&, and  explanation is the formation of N vacancies. NaCl-structure
Esc.ich for N- and Sc-rich conditions transition metal nitrides are known to exhibit large single
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phase fields; thus they can sustain large vacancy concentra- (a)

tions. For example, TiN is stable in the NaCl structure for 0.8+ J /I =10.26 | 410’
N/Ti ratios ranging from 0.6 to 1.2 Transmission [
------ Reflection
0.6 e ACSOPIN o 3107

B. Optical and electrical properties : = 45

As with the structural properties, the optical properties 04 : / r2x10° 5
of ScN layers are found to be critically dependent on the fooaf s T s
Sc/N flux ratio. In this section, we describe how these prop- 0.2 F1x10°
erties vary withJg./Jy. We find that although the films
grown under Sc-rich conditions have smoother overall mor- 0.0 — 0
phology, we also observe significant changes in the optical e (e\%)o 25 30
and electrical properties. In particular, we will show that the
incorporated defects have a major effect on the reflection, (b)
transmission, and absorption coefficients of the film. 1.0

For samples grown under N-rich conditions, holding .
them up to a white light one observes an orange-red color, _~ Jo/3=0.26 .
and the sample is very transparent. On the other hand, ‘& r
samples grown under Sc-rich conditions are darker in ap- ”%

pearance. To make a quantitative comparison, we have mea- «_ 5| :
sured the reflection and transmission coefficieRsnd T, s
for ScN layers grown using different Sc/N flux ratios using
spectrophotometry. Then the absorption coefficiantvas
calculated from R and T using a method described
elsewheré.In Fig. 6 are shown representative sets of data. 0.0 .

For the sample seen in Fig(a® which was grown under 0.5 1.0 1.5 2.0 25 30
N-rich conditions (s./Jy=0.26), R and T both show big hv (V)
oscillations due to multiple reflections at the interfaces. For
hv<2.1 eV, R oscillates in the range 0.1-0.5, but thBn (c)
levels out to about 0.3 fony>2.1 eV. Forhv<2.1 eV, T 08k T /3, =117 fax0’
also oscillates in the range 0.4-0.8, but therdrops off \ Tramsmission
sharply forhv near 2.1 eV. Similar behavior to that shown 06 L e Reflection | s
here is observed for all samples grown under N-rich condi- S serens Asomption %
tions. 3 [

Nearhv=2.1 eV, whereT drops off, we observe an in- 041 %
crease in the absorption up to about 3 10° cm™*. Below SN
2.1 eV, «a falls off to very small values and is essentially flat. o2k N NN L1x10°
If the absorption threshold near 2.1 eV corresponds to a di- s
rect band gap, the quantith¢«)? should be a linear func- 0.0 . . . X
tion of hw. This plot is shown in Fig. ®) where it is seen 0.5 1.0 1.5 2.0 25 30
that the data is indeed linear, strongly indicating that this hv (eV)
threshold corresponds to a direct transition at the energy of
2.15 eV. No other absorption thresholds are observed dowﬁ'G- 6. Transmjssion, reflection, and absorption coefficients for(Gmﬂ
to 0.5 eV. If an indirect transition exists over the range of our'"™ms & function of photon energy i a sample grown under N-rich

. . . conditions with(b) the corresponding graph oh¢a)“ vs hy; and(c) a

measurement, it is below the sensitivity of our instrument. sample grown under Sc-rich conditions.

The R and T spectra are substantially different for the
films grown under Sc-rich conditions. As shown in Figc)6
for the sample grown at a Sc/N flux1.17, T is strongly  grown under N-rich conditions. Several recent articles have
reduced in the range 1-2 eV and shows almost no thicknestescribed the calculation of carrier concentrations and mo-
oscillations.R also shows a strong reduction in its oscilla- bility from infrared reflectivity measurements in the case of
tions in the range 1-2 eV, and it exhibits a sharp reflectiorGaN?*? Fitting our ScN reflection spectrum with a Drude
edge at 1 eV, where it increases from 0.15 at 1 eV to 0.7 afree electron gas model via a method described elsevifiere,
0.5 eV. The direct absorption at 2.15 eV is still observed, butve estimate the carrier density to be about ! cm™3 for
subbandgap absorption is also observed at the level cfamples grown under Sc-rich conditions.
0.3-0.5<10° cm™ L. Very similar results are also obtained One possibility is that the free carriers are coming from
for the sample grown atg./Jy= 1.03. the N-vacancies acting as donors. For the sample grown with

We attribute the sharp reflection edge near 1 eV for thelg./Jy= 1.03, we would expect a carrier concentration of
films grown under Sc-rich conditions to the existence of arabout 1.%10?* cm™3, in reasonable agreement with the
increased number of free carriers compared to the sampleslue estimated from the Drude model fit. If all defects were

(hva) (10

R, T

=
g
5
3

F2x10
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700 lead to nonstoichiometric growth. Held and co-workers
600 + showed that the excess Ga on the surface led to a Ga-rich
5 500 surface layer but with the excess Ga re-evaporating back into
S 100 | e the vacuunt?® Smith and co-workers showed that the stable
E surface reconstructions occurring on both polar faces of
S 300 1 wurtzite GaN contained one or more layers of &&° Tarsa
2 200 and co-workers showed that Ga-rich conditions led to large
2 100 - HH round growth spirals, indicating that the diffusion length of

0 . . i . adatoms is increased under Ga-rich condititn.the ex-

0 025 05 075 : 125 cess Ga layers are remo_ved_, however, the surface structure
) : 1) ) ' becomes unstable, resulting in rough growth._ _
oo We have shown that Sc-rich growth conditions also lead
FIG. 7. Room temperature resistivity of several efl) films as a func-  t0 large round growth spirals in the case of ScN growth. We
tion of Jsc/Jy . have explained this is due to increased adatom diffusion
length under Sc-rich conditions. However, since re-
evaporation of Sc into the vacuum is negligible, Sc-rich con-
donors, the sample grown withs./Jy= 1.17 should have a gitions also lead to nonstoichiometric growth, unlike the case
carrier concentration of about K0 cm™°. This is al-  of GaN. A reason for this is the fact that the vapor pressure of
most 4x higher than the value from the Drude model fit, 5c metal at the growth temperature of 800 °CX(B) 8
indicating that some compensating defects may occur at th'r$0rr) is much lower than that of Ga metal at 800 °C (6
very high Sc-flux. % 10~8 Torr). Since the rocksalt structure is maintained, N
Finally, we have also measured room-temperature resiszacancies are incorporated into the resulting film, and we
tivity as a function of Sc/N flux ratio. The results of this gpserve a degradation of the optical properties, including
study are plotted in Fig. 7. Under N-rich conditions syppandgap absorption, reduced transmission, and a reflec-
(Jsc/In=0.26), the measured resistivity is 5880 u{l cm.  tjon edge near 1 eV. Hence, while Ga-rich conditions may be
For Js/Jn=0.8, the resisitivity decreases to 4480  preferable for GaN growth, N-rich conditions are clearly

©Q cm. Then for Sc-rich conditionslg./Jy=1.17), the re-  preferable for ScN growth by rf—-MBE for the conditions
sistivity drops significantly to 10810 x€) cm. This large  gescribed here.

drop in resistivity is explained by the increased carrier con-
centration.

C. Discussion and comparison to the case of MBE IV. SUMMARY

growth of GaN We have grown ScN on Mg@©01) substrates by rf—

In the N-rich growth regime, the growth rate of ScN is MBE and investigated how their structural, optical, and elec-
limited by the incident Sc flux since excess N atoms recomirical properties depend on the Sc/N flux ratio during growth.
bine and leave the surface as.NWe have shown that such We find (001) orientation for all flux ratios. RHEED patterns
surfaces are still stable and that smooth, epitaxial, and stabtained during growth show that the surface is epitaxial
ichiometric films are obtained under this condition. Theseunder N-rich conditions and that the surface morphology is
films are transparent with a direct optical transition at 2.15dominated by flat-topped and pyramidal shaped mounds. For
eV. In the Sc-rich growth regime, where the Sc flux exceedsSc-rich conditions, the growth is also epitaxial, but the sur-
the N flux, the growth rate is still determined by the Sc fluxface morphology is distinctly smoother and is dominated by
since desorption of Sc from the ScN surface back into theound spiral mounds. The transition to spiral mound growth
vacuum is negligible. However, the excess Sc does not denorphology is explained by an increased diffusion length of
grade the crystal structure or lead to amorphous growth aadatoms when the surface becomes Sc rich. Candidate Sc-
seen by the RHEED pattern which remain clear and streakyich model structures are currently being investigated.
under Sc-rich growth conditions. We also find a smoother The XRD and RHEED observations correlate well with
surface morphology in AFM images and excellent singlechanges in the surface morphology as measureth ksitu
crystal structure by RBS channeling. Even for flux ratio asSTM andex situAFM. The excess Sc flux during Sc-rich
high as 1.17, we still obtain excellent crystallinity. growth leads to an increased growth rate which involves

Comparing to the case of MBE growth of GaN, in the most likely the incorporation of N vacancies. This conclu-
N-rich growth regime the growth rate of GaN is also limited sion is supported by RBS measurements which show that the
by the Ga flux2® N-rich conditions for GaN, however lead to incorporated Sc/N ratio is equal faithin uncertainty the
a spotty transmission pattern in RHEED, indicative of aincident Sc/N flux ratio forJsc>Jy. In addition, optical
rough surfacé’-?8 Several different groups have shown thattransmission and reflectivity measurements show very high
Ga-rich growth conditions in MBE are favored for obtaining reflectivity for photon energies in the range 0.5-1 eV and
GaN with the smoothest surfaée?® The reason for smooth significant absorption below the bandgap in the range 1-2
growth of GaN under Ga-rich conditions is that GaN sur-eV, consistent with an increased carrier concentration.
faces are stabilized by the presence of one or more layers of On the other hand, fodg.<Jy, the incorporated Sc/N
Ga at the surfac?”*%3'However, the excess Ga does not ratio measured by RBS is equal to 1. For these films, we find
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an optical absorption edge corresponding to a direct transi“we calculated ScN to be-18% ionic by setting a linear combination of
tion at 2.15 eV. ScN therefore attains its best structural and ionic and covalent radii equal to the known lattice constant of ScN, 4.501

optical properties when grown under N-rich conditions. s, 1\ 5inen and A R. Smith Appl. Phys. Letf7, 2485(2000.
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