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Molecular beam epitaxy control of the structural, optical, and electronic
properties of ScN „001…
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Scandium nitride~001! oriented layers have been grown on magnesium oxide~001! 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. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1388161#
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I. INTRODUCTION

Transition metal nitrides are well known for their exce
lent physical properties including high hardness, mechan
strength, high temperature stability, and electronic trans
properties that vary from semiconducting to metallic. Ti
nium nitride, the most studied transition metal nitride a
which is used in optical and wear-resistant coatings, ha
high hardnessH;20 GPa.1–3 However, only a limited num-
ber of articles have been published on the growth and p
erties of ScN, which is also hard,H;21 GPa,2 and has a high
melting pointTm;2600 °C.4 Yet the major interest in ScN is
for its electronic properties. While early theoretical wo
suggested that ScN might be a semimetal,5,6 early experi-
mental work by Dismukes and more recently by seve
other groups have all shown that ScN has a direct opt
transition in the range 2.1–2.4 eV.2,4,7–10In addition, recent
theoretical work has shown that ScN is a semiconductor w
a direct transition at theX point near 2.1 eV and a possib
indirect transition fromG→X at a lower energy in the rang
0.9–1.6 eV.11–13

Further progress in understanding the properties of S
requires detailed investigations of its crystal growth. T
Sc–N bond is partially ionic,14 which leads to its rocksal
crystal structure. In order to understand the growth of ScN
is important to consider various possible crystalline orien
tions of the rocksalt structure. In the rocksalt structure, e
Sc atom is bonded to six N atoms and each N atom is bon
to six Sc atoms with octohedral geometry. In the case

a!Electronic mail: smitha2@ohio.edu
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~111! oriented surfaces, each atom will have three dangl
bonds pointing out of the surface. Indeed, while~111! ori-
ented films have been reported by a number of groups, n
have reported smooth growth, suggesting that a high sur
diffusion barrier exists for~111! oriented surfaces.8–10 By
comparison, for the~001! bulk-terminated surface, each su
face atom will be bonded to five neighbors, four in the s
face layer and one in the second layer, thus leaving ju
single dangling bond pointing out of the surface. There m
therefore be a lower diffusion barrier on~001! compared to
~111! oriented surfaces. Gallet al. reported~001! oriented
ScN growth in the case of sputter deposition; however,
order to avoid the inclusion of~111! grains, it was necessar
to apply a substrate bias resulting in incident N ions w
energy about 20 eV.

Only two articles have reported the growth of ScN usi
molecular beam epitaxy~MBE!.8,15 Moustakaset al. grew
ScN on sapphire~0001! using electron cyclotron resonanc
MBE, resulting in polycrystalline films with highly preferre
~111! orientation, consistent with the findings from oth
growth methods.8 Recently, we reported the growth of Sc
using rf-MBE.15 For growth on sapphire~0001!, we also ob-
tained~111! orientation with a rough surface. Rough grow
also occurred on MgO~110!. For growth on MgO~001! on the
other hand, we found that smooth, epitaxial films with~001!
orientation were obtained, thus showing that the surface
fusion barrier on ScN~001! is indeed lower compared to
ScN~111!. Furthermore, since atomically smooth surfac
having terraces and well-defined step edges were obtaine
shown by scanning tunneling microscopy~STM!, the growth
9 © 2001 American Institute of Physics
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mode is evidently two-dimensional, indicating fairly larg
surface diffusion lengths at the growth temperature we u
— about 800 °C.

Although epitaxial growth of ScN has now bee
achieved, it is still not known how the growth and propert
of the ScN~001! depend on the growth conditions such
substrate temperature and Sc/N flux ratio. An advantag
MBE growth over other methods like reactive sputtering
chemical vapor deposition is that it allows to controllab
vary the Sc-to-N flux ratio over a wide range. Thus, here
report the strong effects of the Sc/N flux ratio on the grow
mode, surface morphology, and optical and electrical prop
ties of ScN~001! films. When the Sc/N flux ratio is less tha
1 ~N-rich conditions!, we find smooth epitaxial films, indi
cating substantial surface adatom mobility. Excess N ato
recombine and desorb as N2; thus, the resulting stoichiom
etry is 1:1, and we observe a direct optical transition n
2.15 eV. As the Sc/N ratio exceeds 1~Sc-rich conditions!, a
Sc-rich surface structure is formed. This changes the di
sion barrier, resulting in a net increase in the surface mo
ity. This increased surface mobility completely changes
surface morphology to a much smoother surface. Howe
since the Sc desorption rate from the surface is negligi
defects, most likely N vacancies, are incorporated into
film, leading to understoichiometric films; these show d
graded optical properties, including absorption below 2
eV and a reflection edge at 1 eV.

II. EXPERIMENTAL PROCEDURE

The ScN layers are grown by MBE on MgO~001!, using
a rf plasma source for nitrogen and an effusion cell for sc
dium. Substrate temperature is measured using a the
couple located behind the substrate heater and also usin
infrared pyrometer looking at the front side of the samp
The MgO~001! substrates are 1 cm31 cm square and pol
ished on the side where the ScN growth takes place.
samples are coated on the backside with titanium or mo
denum to absorb heat from the radiant substrate heater.

The growth procedure begins by cleaning the subst
using acetone and isopropanol. Then, after introducing
substrate into the growth chamber, it is heated at;950 °C
with the nitrogen plasma source turned on. After 30 min,
substrate temperature is lowered to;800 °C, and the flow
rate of nitrogen is set to 1.1 sccm. At this point, t
MgO~001! substrates typically show streaky reflection hig
energy electron diffraction~RHEED! patterns along both
^100& and ^110& directions. Using such starting template
ScN growth begins.

To investigate how the growth depends on the flux ra
JSc/JN , samples are grown at different Sc flux in the ran
0.3– 4.231014 cm22 s21 by adjusting the temperature of th
scandium effusion cell. The flux is determined by measur
the thickness of the sample using a thickness profilom
and then computing the growth rate by dividing by the to
growth time. Multiplying the growth rate in Å s21 by the
number density of Sc atoms in ScN (4.3931014 cm22 Å 21)
yields the Sc flux in atoms cm22 s21. The obtained growth
rate is in excellent agreement with the Sc deposition r
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measured using a quartz crystal thickness monitor loca
inside the growth chamber, and with the deposition rate
determined by measuring the sample thickness using op
methods.

For purposes of defining the Sc/N flux ratio, it is impo
tant to know the active nitrogen fluxJN . In an effort to
maintain the same effective N flux for this study, samp
were grown using the same rf plasma power5500 W. Back-
ground chamber pressure is set in the range 8 – 931026 Torr.
It is difficult to measure directly the value of the active n
trogen flux at the sample position in the case of a nitrog
plasma source. Myounget al., who reported a flux ratio de
pendent study of GaN growth by rf MBE, defined the effe
tive nitrogen flux as the incorporated N flux at the highe
growth rate in their system.16 Such a procedure is possible
the case of GaN because of the unique kinetics of G
growth in which excess Ga actually reduces the growth r
as reported by Held and co-workers.26 However, in the case
of ScN growth, we have not observed such a maxim
growth rate. Instead, whenJSc exceedsJN , the growth rate
continues to increase, resulting in nonstoichiometric grow
As we shall show, the value ofJSc at which this occurs
becomes quite clear upon examining the film properties.

Therefore, we define the active nitrogen flux as th
which gives the highest growth rate of ScN resulting in s
ichiometric films as determined by Rutherford backscatter
and by examining the film properties. The active N fluxJN in
our system is then the Sc flux at this transition point, wh
we refer to asJSc,t . In our system, this value ofJSc,t and thus
the active N fluxJN is ;3.631014 cm22 s21. The flux ratio
JSc/JN is thus determined by dividingJSc by JN .

The growth process is monitored in real time usi
RHEED. At the end of growth, the Sc shutter is closed a
the N-plasma source is turned off at about the same tim
shortly thereafter. After the sample cools down, it is tran
ferred under ultrahigh vacuum to an adjoining surface ana
sis chamber where it is analyzed usingin situ STM and Au-
ger electron spectroscopy~AES!. Finally, the sample is
removed from the vacuum chamber where it is analyzed
ing atomic force microscopy~AFM!, x-ray diffraction
~XRD!, Rutherford backscattering~RBS!, spectrophotom-
etry, and four-point probe measurement of the roo
temperature resistivity. TheRUMP program is used to analyz
the RBS data.17

III. RESULTS AND DISCUSSION

A. Structural properties

The crystalline orientation of the ScN films is dete
mined using XRD. The x-ray wavelength is that of CuKa;
since we usually do not resolveKa1 (l51.5405 Å! vs Ka2
(l51.5443 Å!, we use an average value forl of 1.542 Å.
Figure 1 shows a typical XRD spectrum for ScN grown
MgO~001! using MBE. In this case, the Sc flux was 2
31014 cm22 s21, which equates to a Sc/N flux ratio of 0.80
A typical XRD rocking curve (v-scan profile! is shown in
the inset. Similar XRD 2u spectra are observed over a wid
range of Sc/N flux ratio from 0.13 to 1.17. A correction
applied to the XRD spectrum so that the 002 peak of MgO
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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shifted to 42.94°, in order to give the value found in tab
for the MgO lattice constant of 4.213 Å.18 Then for this
sample we find the 002 peak of ScN at 39.84°, correspo
ing to a perpendicular lattice constant ofaScN,'54.526 Å.
The measured value is a little larger than the expected b
relaxed value of 4.501 Å.7 This indicates the layer may no
be completely relaxed and/or there may be a small amoun
compressive strain due to cooling from the growth tempe
ture. Since 002 is the only significant ScN peak seen, we
that the ScN films grown on MgO~001! substrates have
single orientation which is~001!. Thus, rf MBE growth of
ScN on MgO~001! is a reliable method to obtain~001!-
oriented ScN layers, in contrast to growth by reactive m
netron sputtering which yields to a mixture of~001!- and
~111!-oriented grains.9

In Fig. 2 are shown RHEED patterns for the MgO~001!
substrate and four different ScN~001! films grown on
MgO~001! substrates at different flux ratios. The images
the left are acquired with the RHEED beam normal to
square sample edge, and it is known that the directions
pendicular to the sample edges are^100&. The images on the
right side of Fig. 2 are acquired with the sample rotated 4
in the azimuthal direction compared to the images on the
side, and are thus along^110&. Because of the fcc structure
the spacing between the rows of Sc atoms along^100& is a/2,
whereas the spacing between the rows of Sc atoms a
^110& is a/A2. Therefore, in reciprocal space the spac
between the primary diffraction lines for^100& is A2 larger
than the spacing alonĝ110&. Since we do not observe an
fractional order lines, the surface structure is 131 both dur-
ing and after growth. The RHEED patterns are also equ
lent under 90° rotations. Therefore, these films have fo
fold symmetry as expected for the~001! face of the rocksalt
structure and are thus epitaxial with the MgO~001! substrates
with @100#ScNi@100#MgO.

The Sc/N flux ratios for the films of Figs. 2~b!, 2~c!,
2~d!, and 2~e! are 0.26, 0.8, 1.03, and 1.17, respectively.
seen in Fig. 2~b!, for a flux ratio of only 0.26, the RHEED
patterns along both directions are streaky but not tot
smooth as seen by the nodes. While epitaxial growth occ
the nodes correspond to some diffraction from the latt
perpendicular to the surface. This occurs when there e

FIG. 1. 2u x-ray diffraction spectrum for ScN film grown on MgO~001!;
inset shows typicalv rocking curve profile for the same sample.
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some three-dimensional surface features. Since the
rocksalt lattice is just fcc with a two atom basis~Sc and N!,
the reciprocal lattice is bcc with a possible intensity mod
lation of the spots. Therefore, the nodes seen along^100&
correspond to reciprocal lattice points on the~100! face of
the body-centered cube. Nodes seen along^110& correspond
to reciprocal lattice points on the~110! plane of the body-
centered cube which slices through the center of the cub

For flux ratio JSc/JN50.8, streaks are still present, bu
the nodes are brighter, indicating more three-dimensio
features under N-rich conditions. However, for Sc/N fl
ratio51.03 ~Sc-rich conditions!, as seen in Fig. 2~d!, the
nodes are much weaker compared to Fig. 2~c!. This shows
that the three-dimensional structures corresponding to
nodes are reduced in size or in number on the surface
slightly Sc-rich conditions. We thus find that Sc-rich cond
tions result in smoother surfaces. Even for very Sc-rich c
ditions (JSc/JN51.17), the RHEED patterns are qui
streaky as shown in Fig. 2~e!.

To see how these RHEED patterns correlate with
surface morphology, we have performed AFM imaging
the same samples. Shown in Figs. 3~a!, 3~b!, 3~c!, and 3~d!
are AFM images of the same four ScN films grown usi
flux ratio JSc/JN50.26, 0.80, 1.03, and 1.17, respective
The size of each image is 2mm32 mm, and the images are
oriented with sides parallel to@100# and @010# directions.

As seen in the AFM image of Fig. 3~a!, for the sample
grown atJSc/JN50.26 ~very N-rich conditions!, the surface

FIG. 2. RHEED patterns for~a! MgO~001! substrate and~b!–~e! ScN~001!
layers as a function of Sc/N flux ratio withJSc/JN50.26, 0.80, 1.03,
and 1.17.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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is made up of many small mounds. While not all identic
close inspection reveals that many of these mounds h
almost square shapes with flat tops; a typical flat-top
mound is outlined by a white square on the image. T
square-shaped mounds have their sides along@100# and
@010#. These square-shaped mounds are approximately 1
Å31200 Å in lateral size and about 74 Å in maximum heig
~5gray scale range shown!. The surface is thus very smoot
~rms roughness only 19 Å!, as also indicated by the streak
RHEED pattern shown in Fig. 2~b!. Other mounds having a
similar or slightly smaller size are pyramidal in shape. A
example is indicated byP in the image. The pyramids ar
gently sloped, with apex angles of about 165°. The to
density of both types of mounds is about 40 moundsmm22

of which there are about 10 pyramidsmm22.
As seen in Fig. 3~b!, for increasedJSc/JN50.80, we find

a similar surface morphology composed of both flat-topp
and pyramidal-shaped mounds. The mound heights are
similar ~gray scale range shown586 Å, rms roughness
521 Å!; however, the mound densities are higher. The to
density of flat-topped and pyramidal mounds is about
mounds mm22 of which there are about 30 pyramid
moundsmm22. This increased density of pyramidal moun
explains the increased node intensity seen in Fig. 2~c!.
Therefore, the nodes seen in the RHEED patterns for N-
conditions@Figs. 2~b! and 2~c!# are a consequence of diffrac
tion through the pyramidal-shaped mounds, which are
three-dimensional surface structures. We thus observe
creased pyramid density with increased Sc/N flux ratio
N-rich conditions.

As shown by the AFM image in Fig. 3~c!, as the growth
becomes Sc-rich (JSc/JN51.03), we find distinctly different
surface morphology. In place of the square and pyramid
shaped mounds, the Sc-rich grown film shows smoot
rounded mounds; a typical rounded mound is outlined b
white circle on the image. These rounded mounds have t

FIG. 3. AFM images of ScN films as a function of Sc/N flux ratio:~a! and
~b! N-rich conditions;~c! and ~d! Sc-rich conditions. Each image size is
mm32 mm.
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cal diameters of 2000–3000 Å and have smaller height~gray
scale range shown552 Å, rms roughness511 Å!. In addi-
tion, the mound density is only about 10 rounded moun
mm22. Compared to N-rich grown films, there are 4–7 tim
fewer moundsmm22 which are also nearly two time
smaller in height. Fewer and shorter mounds correspond
smoother surface which correlates with the streakier RHE
patterns shown in Fig. 2~d!. Even at very high Sc/N flux
ratio51.17, shown in Fig. 3~d!, the surface morphology stil
consists of smooth rounded mounds.

To examine these surfaces with atomic-scale resolut
in situ STM has been performed. Shown in Fig. 4~a! is a
STM image of a sample grown under N-rich conditio
(JSc/JN50.46). This image shows a zoom-in view of one
the square, flat-topped mounds;800 Å across and one of th
pyramidal-shaped mounds. Individual atomic steps sepa
ing smooth terraces are observed. The atomic steps are
erally along@100# and @010# directions. The terraces on th
pyramidal mound are very narrow compared to those on
flat-topped mound but also along@100# and@010# directions.
We attribute the pyramidal mounds to growth around scre
type dislocations in the film. Assuming one dislocation p
pyramid, we estimate the dislocation density to be in
range 13109– 33109 cm22 for our samples grown unde
N-rich conditions.

In Fig. 4~b! is shown a zoom-in STM image of a samp
surface grown atJSc/JN51.03. This image shows that thes
rounded mounds are in fact large growth spirals. The gro
spirals completely dominate the ScN surface morphology
der Sc-rich growth conditions. Two single bilayer heig
steps~2.25 Å! emanate from the center of the spiral; ther
fore, the spiral is centered on a dislocation having a sc
component of the Burger’s vector equal to 4.50 Å~the ScN
lattice constant! and pointing in the@001# direction. Every
mound on these surfaces has at least one dislocation a
center. In addition, we also find other dislocations not at
mound centers. Therefore, the dislocation density calcula
from the number of mounds is 13109 cm22, but including
all dislocations, not just those at mound centers, we estim
from other STM images as many as 131010 cm22 for the
Sc-rich grown film.

We have shown that dislocations cause pyramid gro
in the case of N-rich conditions and round spiral growth
the case of Sc-rich conditions. We now consider the rea

FIG. 4. STM images of ScN~001! surfaces:~a! N-rich growth surface. STM
sample bias522.0 V, tunnel current50.2 nA; ~b! Sc-rich growth surface.
Sample bias52.0 V, tunnel current50.2 nA.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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1813J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Smith et al.
why we observe this difference. For a constant substrate t
perature, there are three important factors affecting film m
phology - deposition rate, desorption rate, and diffusion ra
As the AFM images of Fig. 3 illustrate, we observe a ma
change in the morphology with only a small change in
deposition rate. Moreover, as Sc/N flux increases, we
serve a linearly increasing growth rate which suggests
there is very little desorption. Therefore, since the subst
temperature is held approximately constant, the most p
able explanation for the change in morphology is a qual
tive change in surface diffusion.

The ratio of the diffusion length under N-rich condition
LN-rich , to that under Sc-rich conditions,LSc-rich, can be es-
timated by comparing the terrace width for the pyramid
mound to that for the spiral mound. For the pyramid
mound shown in Fig. 4~a!, the terrace width is;30 Å,
whereas for the spiral mound of Fig. 4~b!, the terrace width
is ;110 Å. This is about a 43 increase in terrace width fo
Sc-rich conditions compared to N-rich conditions. Assum
that the diffusion length is proportional to the terrace wid
the ratioLSc-rich/LN-rich;4. We attribute this increased diffu
sion length to a qualitative change in the Sc/N surface
ichiometry.

The well-ordered 131 reconstruction on one of the fla
topped mounds occurring under N-rich growth conditio
has been atomically resolved by STM~shown elsewhere!.15

Calculations by Takeuchi show that a slight relaxation of
surface atoms of the bulk-terminated surface occurs, with
Sc atoms being displaced downward by about 0.03 Å co
pared to the N atoms.19 Therefore, under N-rich conditions
the stable surface is nearly bulk-like. Under Sc-rich grow
conditions, RHEED, XRD, and RBS channeling all sho
that the NaCl-structure is maintained. Yet close inspection
the STM image of the ScN surface in Fig. 4~b! shows a
qualitatively different surface in which we do not obser
any well-ordered reconstruction as we do for N-rich surfac
For these STM tunneling conditions, the surface appe
mostly flat and featureless, aside from some nanometer-s
pit features. This weak contrast strongly suggests a sur
with metallic character. We infer that it is likely the surfac
has much more than just a few percent additional Sc. Ca
lations are underway to show an energetically favorable
rich surface structure model, such as a single Sc adlayer19,20

If such a Sc-rich surface structure exists, it could res
in a decreased surface diffusion barrier due to weaker me
lic Sc-Sc bonding. From our estimate of the increase in s
face diffusion length~earlier!, we can calculate the approx
mate change in the surface diffusion barrier using the w
known Arrhenius law21

N5vAe2Eo /kBT, ~1!

whereN is the average number of hops per unit time interv
vA is the atomic oscillation frequency~attempt frequency!,
andE0 is the surface diffusion barrier. The diffusion lengthL
is proportional to the square root ofN. Assuming that the
diffusion hop length and the attempt frequency are indep
dent of surface composition, we obtain the following expr
sion for the difference in the diffusion barriersEN-rich and
ESc-rich for N- and Sc-rich conditions
Downloaded 23 Aug 2002 to 132.235.22.111. Redistribution subject to A
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For our typical growth temperature of 800 °C~1073 K!,
we thus calculate the difference in surface diffusion barri
to be about 0.26 eV.

Increased diffusion length due to a change in surfa
structure under Sc-rich conditions would explain the cro
over from plateau-pyramid to rounded spiral morpholog
Another question is whether the excess Sc on the surface
desorb back into the vacuum or incorporate into the film.
check the Sc/N bulk composition ratio of our samples,
performed Rutherford backscattering on three samp
grown at different flux ratios. The RBS spectra are then a
lyzed and simulated using theRUMP code. Figure 5 shows
the results of the RBS RUMP computations of the incorp
rated Sc/N ratios plotted versus the incident flux ratios. As
seen, the incorporated ratio is equal to 1.0060.02 for
JSc/JN5 0.2660.03. This indicates that excess N atoms a
not incorporated under N-rich growth conditions. The RB
result also shows that Sc/N51.0060.02 for JSc/JN51.03
60.03 ~slightly Sc rich!. Although we expect a slight devia
tion from 1:1 stoichiometry for this sample, this is near t
limit of the RBS uncertainty. However, for incident flux rati
JSc/JN51.1760.03 ~very Sc rich!, the RBS result shows
that Sc/N51.2060.02. We conclude that for Sc-rich cond
tions, the incorporated Sc/N ratio is equal to the incide
Sc/N flux ratio~within uncertainty!.

Since RHEED, XRD, and also RBS channeling~not pre-
sented! all show that ScN films grown under Sc-rich cond
tions are of high crystalline quality, the off-stoichiomet
must be explained by the existence of various point defe
Possibilities could include Sc-on-N-site (ScN) antisite de-
fects or Sc interstitials; however, since these could lead
local metallic bonding with different structure~i.e., Sc metal
is hexagonal!, we would expect substantial degradation
the NaCl crystal structure, which we do not see even for
highest flux ratio. We therefore think that a more plausib
explanation is the formation of N vacancies. NaCl-structu
transition metal nitrides are known to exhibit large sing

FIG. 5. Incorporated Sc/N concentration calculated from RBS data a
function of JSc/JN .
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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phase fields; thus they can sustain large vacancy conce
tions. For example, TiN is stable in the NaCl structure
N/Ti ratios ranging from 0.6 to 1.2.22

B. Optical and electrical properties

As with the structural properties, the optical propert
of ScN layers are found to be critically dependent on
Sc/N flux ratio. In this section, we describe how these pr
erties vary withJSc/JN . We find that although the films
grown under Sc-rich conditions have smoother overall m
phology, we also observe significant changes in the opt
and electrical properties. In particular, we will show that t
incorporated defects have a major effect on the reflect
transmission, and absorption coefficients of the film.

For samples grown under N-rich conditions, holdi
them up to a white light one observes an orange-red co
and the sample is very transparent. On the other ha
samples grown under Sc-rich conditions are darker in
pearance. To make a quantitative comparison, we have m
sured the reflection and transmission coefficients,R and T,
for ScN layers grown using different Sc/N flux ratios usi
spectrophotometry. Then the absorption coefficienta was
calculated from R and T using a method describe
elsewhere.9 In Fig. 6 are shown representative sets of da

For the sample seen in Fig. 6~a! which was grown under
N-rich conditions (JSc/JN50.26), R and T both show big
oscillations due to multiple reflections at the interfaces. F
hn,2.1 eV, R oscillates in the range 0.1–0.5, but thenR
levels out to about 0.3 forhn.2.1 eV. Forhn,2.1 eV, T
also oscillates in the range 0.4–0.8, but thenT drops off
sharply forhn near 2.1 eV. Similar behavior to that show
here is observed for all samples grown under N-rich con
tions.

Nearhn52.1 eV, whereT drops off, we observe an in
crease in the absorptiona up to about 33105 cm21. Below
2.1 eV,a falls off to very small values and is essentially fla
If the absorption threshold near 2.1 eV corresponds to a
rect band gap, the quantity (hna)2 should be a linear func
tion of hn. This plot is shown in Fig. 6~b! where it is seen
that the data is indeed linear, strongly indicating that t
threshold corresponds to a direct transition at the energ
2.15 eV. No other absorption thresholds are observed d
to 0.5 eV. If an indirect transition exists over the range of o
measurement, it is below the sensitivity of our instrumen

The R and T spectra are substantially different for th
films grown under Sc-rich conditions. As shown in Fig. 6~c!
for the sample grown at a Sc/N flux51.17, T is strongly
reduced in the range 1–2 eV and shows almost no thickn
oscillations.R also shows a strong reduction in its oscill
tions in the range 1–2 eV, and it exhibits a sharp reflect
edge at 1 eV, where it increases from 0.15 at 1 eV to 0.7
0.5 eV. The direct absorption at 2.15 eV is still observed,
subbandgap absorption is also observed at the leve
0.3– 0.53105 cm21. Very similar results are also obtaine
for the sample grown atJSc/JN5 1.03.

We attribute the sharp reflection edge near 1 eV for
films grown under Sc-rich conditions to the existence of
increased number of free carriers compared to the sam
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grown under N-rich conditions. Several recent articles ha
described the calculation of carrier concentrations and m
bility from infrared reflectivity measurements in the case
GaN.23,24 Fitting our ScN reflection spectrum with a Drud
free electron gas model via a method described elsewhe25

we estimate the carrier density to be about 231021 cm23 for
samples grown under Sc-rich conditions.

One possibility is that the free carriers are coming fro
the N-vacancies acting as donors. For the sample grown
JSc/JN5 1.03, we would expect a carrier concentration
about 1.331021 cm23, in reasonable agreement with th
value estimated from the Drude model fit. If all defects we

FIG. 6. Transmission, reflection, and absorption coefficients for ScN~001!
films as a function of photon energy for~a! a sample grown under N-rich
conditions with~b! the corresponding graph of (hna)2 vs hn; and ~c! a
sample grown under Sc-rich conditions.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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donors, the sample grown withJSc/JN5 1.17 should have a
carrier concentration of about 7.531021 cm23. This is al-
most 43 higher than the value from the Drude model fi
indicating that some compensating defects may occur at
very high Sc-flux.

Finally, we have also measured room-temperature re
tivity as a function of Sc/N flux ratio. The results of th
study are plotted in Fig. 7. Under N-rich condition
(JSc/JN50.26), the measured resistivity is 588660 mV cm.
For JSc/JN50.8, the resisitivity decreases to 449640
mV cm. Then for Sc-rich conditions (JSc/JN51.17), the re-
sistivity drops significantly to 103610 mV cm. This large
drop in resistivity is explained by the increased carrier c
centration.

C. Discussion and comparison to the case of MBE
growth of GaN

In the N-rich growth regime, the growth rate of ScN
limited by the incident Sc flux since excess N atoms reco
bine and leave the surface as N2. We have shown that suc
surfaces are still stable and that smooth, epitaxial, and
ichiometric films are obtained under this condition. The
films are transparent with a direct optical transition at 2
eV. In the Sc-rich growth regime, where the Sc flux exce
the N flux, the growth rate is still determined by the Sc fl
since desorption of Sc from the ScN surface back into
vacuum is negligible. However, the excess Sc does not
grade the crystal structure or lead to amorphous growth
seen by the RHEED pattern which remain clear and stre
under Sc-rich growth conditions. We also find a smoot
surface morphology in AFM images and excellent sin
crystal structure by RBS channeling. Even for flux ratio
high as 1.17, we still obtain excellent crystallinity.

Comparing to the case of MBE growth of GaN, in th
N-rich growth regime the growth rate of GaN is also limite
by the Ga flux.26 N-rich conditions for GaN, however lead t
a spotty transmission pattern in RHEED, indicative of
rough surface.27,28 Several different groups have shown th
Ga-rich growth conditions in MBE are favored for obtainin
GaN with the smoothest surface.27,29 The reason for smooth
growth of GaN under Ga-rich conditions is that GaN s
faces are stabilized by the presence of one or more laye
Ga at the surface.26,27,30,31However, the excess Ga does n

FIG. 7. Room temperature resistivity of several ScN~001! films as a func-
tion of JSc/JN .
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lead to nonstoichiometric growth. Held and co-worke
showed that the excess Ga on the surface led to a Ga
surface layer but with the excess Ga re-evaporating back
the vacuum.26 Smith and co-workers showed that the stab
surface reconstructions occurring on both polar faces
wurtzite GaN contained one or more layers of Ga.31–33Tarsa
and co-workers showed that Ga-rich conditions led to la
round growth spirals, indicating that the diffusion length
adatoms is increased under Ga-rich conditions.27 If the ex-
cess Ga layers are removed, however, the surface stru
becomes unstable, resulting in rough growth.

We have shown that Sc-rich growth conditions also le
to large round growth spirals in the case of ScN growth.
have explained this is due to increased adatom diffus
length under Sc-rich conditions. However, since
evaporation of Sc into the vacuum is negligible, Sc-rich co
ditions also lead to nonstoichiometric growth, unlike the ca
of GaN. A reason for this is the fact that the vapor pressure
Sc metal at the growth temperature of 800 °C (331028

Torr! is much lower than that of Ga metal at 800 °C (
31026 Torr!. Since the rocksalt structure is maintained,
vacancies are incorporated into the resulting film, and
observe a degradation of the optical properties, includ
subbandgap absorption, reduced transmission, and a re
tion edge near 1 eV. Hence, while Ga-rich conditions may
preferable for GaN growth, N-rich conditions are clear
preferable for ScN growth by rf–MBE for the condition
described here.

IV. SUMMARY

We have grown ScN on MgO~001! substrates by rf–
MBE and investigated how their structural, optical, and el
trical properties depend on the Sc/N flux ratio during grow
We find ~001! orientation for all flux ratios. RHEED pattern
obtained during growth show that the surface is epitax
under N-rich conditions and that the surface morphology
dominated by flat-topped and pyramidal shaped mounds.
Sc-rich conditions, the growth is also epitaxial, but the s
face morphology is distinctly smoother and is dominated
round spiral mounds. The transition to spiral mound grow
morphology is explained by an increased diffusion length
adatoms when the surface becomes Sc rich. Candidate
rich model structures are currently being investigated.

The XRD and RHEED observations correlate well wi
changes in the surface morphology as measured byin situ
STM and ex situAFM. The excess Sc flux during Sc-ric
growth leads to an increased growth rate which involv
most likely the incorporation of N vacancies. This concl
sion is supported by RBS measurements which show tha
incorporated Sc/N ratio is equal to~within uncertainty! the
incident Sc/N flux ratio forJSc.JN . In addition, optical
transmission and reflectivity measurements show very h
reflectivity for photon energies in the range 0.5–1 eV a
significant absorption below the bandgap in the range 1
eV, consistent with an increased carrier concentration.

On the other hand, forJSc,JN , the incorporated Sc/N
ratio measured by RBS is equal to 1. For these films, we
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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an optical absorption edge corresponding to a direct tra
tion at 2.15 eV. ScN therefore attains its best structural
optical properties when grown under N-rich conditions.
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