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Surface and bulk electronic structure of ScN00Y) investigated by scanning tunneling
microscopy/spectroscopy and optical absorption spectroscopy
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ScN001) 1X 1 surfaces have been prepared by growing ScN on (@60 using radio frequency molecular
beam epitaxyln situ ultrahigh vacuum scanning tunneling spectroscopy indicates that the Fermi level at the
surface lies slightly above the Sd 8onduction band edge, which is attributed to a downward band bending at
the surfaceln situ scanning tunneling microscopy is used to image the Sc and N atom sublattices. While only
one atom(Sc) appears at small negative bias, both at@®s and N appear at certain positive sample biases
due to the partially ionic nature of the bonding. Charge accumulation near ionized subsurface donors is evident
from the long-range topographic distortions at the surface. The combination of tunneling spectroscopy and
optical absorption results show that ScN has an indirect bandgap of 0.9+0.1 eV and a direct transition at
2.15eV.
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I. INTRODUCTION single crystal SckD01) film if a specific substrate bias or a

TiN buffer layer was applied; otherwise, SEN1) would
Transition metal nitridesTMN’s) have been receiving a 4 PP Ly

lot of interest for their unique physical properties including also form?®:9:10
high hardness, high-temperature stability, mechanical Shortly after this, Al-Britheret al. showed that the growth

strength, off-stoichiometry, magnetic properties, and elecp_]c ScN on MgQOQl) using rf_MBE re_sulte_d In an epl_taX|aI
Jilm having very high crystalline quality, singl@®01) orien-
metallic114 One TMN of great interest, due to its unique tation, and atomically smooth surface terrat&Ehe stoichi-

properties and potential applications, is ScN. Scandium cafmetry of the SckD01) grown film using rf MBE was later

be combined with nitrogen to form a rocksalt compound withShown to depend on the flux ratila/ Jy, during growth? If
lattice constantag,=4.501 A, hardnessd~21 GPa, and the growth is under scandium rich conditions, the bulk Sc/N
melting pointT,,~ 2600° C7-%1215-18 very small mismatch ~ ratio (measured as high as 1.00:0.&pproximately equals

in the lattice constants between ScN anGaN suggests the the flux ratioJs¢/Jy during growth, but the rocksalt structure
interesting possibility of forming either ScN/GaN hetero- is maintained, resulting in growth with nitrogen vacandiés.
junctions or ScGaN alloy¥?1The rocksalt structure of ScN If the growth is under nitrogen rich conditions, N vacancies
is attributed to the bonding between Sc and N being partiall@re suppressed and the material is close to stoichiometric
ionic.?? Early theoretical work reported that ScN had a semi-(1:1).

metallic electronic structur®-2> However, new theoretical ~ In prior work, Al-Brithenet al. succeeded in imaging one
work concludes that ScN is instead a semiconductor with &f the surface atom sublattices of SEQ1) 11 but did not
direct optical transition at th¥ point between 2 and 2.9 eV. determine if those atoms were Sc or'NSubsequent theo-
An indirect transition fromI'— X below the direct one is retical work by Takeuchét al. and also Stamp#t al. found

also expected in the range 0.9-1.6 %26 Experimental that the energetically most stable surface structure of
reports have determined that a direct transition lies in théscN(001) in N-rich conditions is the ideal, bulklike surface;
range 2.1-2.4 e\2:1519.27.28 they also presented simulated STM images showing Sc and
The possible indirect transition and other issues regardingl atoms at different bias&$:° To compare with experi-
ScN have been difficult to address experimentally due tanents, however, it is essential to know the actual surface
various complications in growing the films, such as the dif-bandgap and Fermi level position. Therefore, it remains to be
ficulty to grow ScN having a specific crystalline orientation, shown experimentally what atom on the ideal $a0\l) 1

and the difficulty to obtain a film having a smooth surface. X 1 surface is imaged in STM and how that relates to the
Bai et al. grew ScN using a variety of growth methods, suchelectronic structure.

as reactive sputtering from a Sc-metal target in a pure nitro- In this paper,n situ ultrahigh vacuum(UHV) STM and

gen atmosphere. This resulted in ScN films having variouscanning tunneling spectroscof8TS are combined with
crystal orientations, depending on the growth method usedptical absorption spectroscopy to study the surface and bulk
and the type of substraté!® Gall et al. showed that the electronic structure of Sq01) and to identify the surface
growth of ScN on Mg@001) using ultrahigh-vacuum reac- atoms imaged in STM as a function of sample bias voltage.
tive magnetron sputter deposition resulted in an epitaxiaAs well, we address the indirect bandgap issue.
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Il. EXPERIMENTAL PROCEDURE (e) henes
LRSS &
ScN layers are grown by molecular beam epitéMBE) P T
on MgQ(001), using a radio frequenc§RF) plasma source %“__-
for nitrogen and an effusion cell for scandium. Details of the Y

MBE growth setup and substrate cleaning procedure are pu
lished elsewher&!® ScN growth takes place with the sub-
strate set at-800° C and the pressure of nitrogen and plasma :
source power set atX@10°® Torr and 500 W, respectively. 3

The growth starts when the scandium shutter is opened Vs =01V 10 Amm—m L)
Scandium(nitrogen rich growth conditions occur when the b | o
Sc fluxJg. (N flux Jy) exceeds the N fludy (Sc fluxJs).”®  (b) & is i ® -
The average scandium flul,. is determined by measuring Q»_ _t& ,

{ B
-~ rg-ﬂ
o<

the final film thickness using a thickness profilometer; from . my o
this, and by knowing the growth time and Sc atomic densit ; - oo
in ScN, the Sc fluxig is calculated. The effective N flux is >
determined to bey~3.6X 10" cm™? st in our system for & aS. _
the stated conditions® The flux ratio (Jg/Jy) can be ad- &= 5‘:. ey o
justed by changing the scandium effusion cell temperature.s .,

The growth is monitored in real time using RHEED. Fol- ; Vs=-06V 10 A
lowing growth, samples are transferred under vacuum to th s
scanning tunneling microscope chamber iiorsitu surface (©) csssasadl (2)
analysis. STM tips are prepared by electrochemical etchin - D ‘e
in a NaOH solution followed by dipping in 0 to remove :
residual hydroxides. After loading into the STM chamber, RS ssEs
electron beam heating using a tip bias of +160 V and arj '
emission current of-1.5 mA for a period of about 20 min is
used to clean the tips prior to use.

After removing the sample from the chamber, the meta# v —
backing of the substrate is removed, leaving just the ScM S
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film on the MgO(bandgap~8 eV) substrate. Optical analy- (d) : $ 3

sis was performed using a Varian CARY UV-VIS-NIR two-

beam photospectrometer with a wavelength range from 17 1
to 3300 nm. Transmission spectra were obtained by placin 4
the sample directly in the beam while reflection data was “4

acquired in a W geometry, using an Al mirror which was ﬁ

calibrated with the identical beam path and measurement s ;;

tings as used for the reflection measurements. The overelis BT aA R PS

uncertainty in the reflection and transmission spectrais les} Vv =-02V 10 A -
than 2% and is primarily due to sample positioning errors  *
and diffuse scattering from the back surface of the MgO |G, 1. STM images of a SaM01) 1x 1 surface grown under
substrate. N-rich conditions acquired at different sample biases. The gray
scale ranges ar@) 0.7, (b) 0.35,(c) 0.38,(d) 0.38, (e) 0.38, (f)
0.27,(g) 0.31, and(h) 0.31 A, respectively. The tunneling current
was set at 0.1 nA. Crosses are marked at the centers of the S
A. Scanning tunneling microscopy of ideal bulklike ScN0O01) features.

1X1

IIl. RESULTS AND DISCUSSION

3d states in the VB and also a minority band of |§ &ates

It is widely known that, in the case of covalent compoundin the CB®11.22 For example, the N atoms have also some
semiconductor surfaces, the anion is imaged at negativémpty character, and the Sc atoms have also some filled
sample biasesfilled states while the cation is imaged at character. Since for our sample the Fermi level is close the
positive sample biasgempty states This principle of atom  CB (as will be shown by the STS resyltSTM images are
selective imaging was demonstrated conclusively byexpected to show mainly the catio(8c atoms but possibly
Feenstreet al. in the case of the GaAs10) surface®! Fol-  also the aniongN atoms.
lowing this rule in the present case of SEN1) 1x 1, the We note that density functional calculations predict that
majority band of states in the valence bawB) should be the N atoms of this surface are buckled upward-y.02 A
the N 2o states, while the majority band of states in thecompared to the Sc atoms, resulting in a relaxed but unre-
conduction bandCB) should be the ScBstates. However, constructed surfac®:3° However, 0.02 A is a small differ-
as has been shown by several recent theoretical works, sine@ce, and electronic effects may totally dominate geometrical
the bonding is partially ionic, there is a minority band of Sceffects in STM images. The proof of the chemical identifica-
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not seen these features at other sample biases. One possibil-
ity is that they are O or CO adsorbates which attach to the
four neighboring Sc atoms. In Fig(d) we count six S sites

out of about 340 surface sublattice sites, so the coverage is
~1.8%.

As seen in Fig. 2, simultaneous dual-bias imaging was
also performed on an identical surface area at bias voltages
of Vs=+0.1 V [Fig. 2a)] andVs=+0.5 V [Fig. 2(b)] with
tunneling current set at;=0.1 nA. This ScN001) surface
was prepared under N-rich conditions, similarly to that of
Fig. 1. At Vg=+0.1V, the sublattice of prominent atomic
(So protrusions, whose row directions are alo{idL0), is
clearly visible. AtVqg=+0.5 V, these prominent atomi{&c)
protrusions appear reduced in size compared to those at
+0.1V, likely due to the increased tip-sample separation,
while the opposite sublattice of smallé¥) protrusions ap-
pears clearly. The Sc-N-Sc-N chain directions of the rocksalt

FIG. 2. Dual bias STM images of S¢0D1) 1x 1 surface grown  Structure are alongl00).
under N-rich conditions(a) Vs=+0.1 V; (b) Vs=+0.5V; (c) Vg Dual-bias images acquired &s=-0.3 and +0.3 V are
=-0.3V; (d) Vs=+0.3 V. Tunneling currents foa—«d) are  also displayed in Figs.(2) and 2d), respectively. Here it is
0.1 nA. The gray scale ranges are 0.28, 0.13, 0.32, and 0.23 A fatlearly seen that there is no shift in the position of the promi-

(a)—(d), respectively. nent atomic protrusion between these two biases. These main
protrusions correspond to the Sc atomic sites. At +0.3 V in
tion will therefore require the results of STS. Fig. 2d), the N sites are faintly visible.
1. Bias dependence of sublattice protrusions 2. Charge accumulation
Figure 1 shows STM images of the S@91) 1X 1 sur- It is also noticed in most of the images of Figalsome

face grown under N-rich conditions as a function of sampleareas which are brighter compared to the surrounding area.
bias voltage. All images belong to the same terrace, but néfthese bright areas are seen at all displayed sample biases,
exactly the same area due to thermal drift effects. several of which are labeled in Fig. 1 as LTIbng-range

As seen in Figs. (a—1(h), the images are mainly com- topographic distortion Similar effects have been seen in
posed of a square array of prominent protrusions which ar&TM images of GaAd 10) surfaces by Strosciet al, Zheng
clear at all displayed sample biases, frog=—0.8 to et al, and Chaoet al. in the case ofn-type, n-type, and
+0.6 V. The spacing of these protrusions~8.2 A, corre-  p-type samples, respectively:341t has been shown that for
sponding to the spacing alori@10] between atoms of the GaAg110) surfaces that these LTD's, as they have been re-
same type on a bulklike S¢B01) 1x 1 surface. The mini- ferred to, are due to the presence of either ionized dopant
mum observed step height between adjacent terraces waspurities within the top five or six atomic layéfs or to
previously determined to agree with the $6M1) interpla-  charged surface adsorbafészhenget al. and Chaoet al.
nar spacing® Upon crossing a single monolayer height step,even categorized the apparent brightness according to which
the atomic rows shift by one-half the row spacing, as ex-subsurface layer the ionized dopant occupie¥.
pected if the prominent atomic row directions are along In the present case of rocksalt S€M1), also a nonpolar,
(110. It will be shown below that these most prominent relaxed surface, we give a similar interpretation to the ob-
protrusions correspond to the Sc atoms. served bright patches. It will be showielow) from the

As Vg increases above-+0.3 V, Figs. 1g) and 1h), spectroscopy measurements that the sample is highipe
within the same image a second array of smaller protrusion&t.8x 10 cm™3). This highn-type conductivity is attributed
begins to appear in addition to the primary protrusionsto Oy's and/or nitrogen vacanci€¥\'s), both of which can
These smaller protrusions, mainly visible in Fighflat Vs  act as donors in ScRiZ126:35Although for N-rich growth,
=+0.6 V, clearly correspond to the sublattice opposite toStampflet al. found that theVy formation energy for N-rich
that of the prominent protrusions, and it will be shown belowconditions is very high(4.32 e\},3° growth kinetic limita-
that these lesser protrusions correspond to the N atoms. Albons might still result in som#&/y’s. Moreover, Qs could
higher sample biaseés> +0.6 V, the atomic corrugation of occur; one source of oxygen could be diffusion from the
the STM imagegnot shown becomes increasingly weaker substrate, MgO. Another possibility could be trace oxygen
due to increased tip-sample separation. impurities from the sources. Whether frofy's or Oy's, the

At Vg=-0.8V, we observe the appearance of severabright patches seen in Fig. 1 are attributed to the effects of
bright spots in the STM image, denot&l which are cen- ionized subsurface donors. Since these ionized donors are
tered on the smaller protrusion sublatti®® sites, as seen in positively charged, they attract to their vicinity free conduc-
Fig. 1(a); these localized features extend over approximatelftion electrons, resulting in local accumulation of electron
four neighboring prominent protrusiof8c sites. We have density which appears in the STM images as the bright
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N-rich grown ScN(001) N-deficient ScN(001)
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VS (Volt) FIG. 4. Averaged tunneling spectroscopy results for the Sc-rich

ScN00)) surface grown under Sc-rich condition&) current vs
FIG. 3. Averaged tunneling spectroscopy results for the idealyvoltage; (b) normalized conductivity vs voltage. Inset is a band

bulklike ScN001) surface grown under N-rich condition&) cur-  diagram showing Fermi level position relative to conduction band.
rent vs voltagejb) normalized conductivity vs voltage. Inset is a

band diagram showing Fermi level position relative to conduction

1. Tunneling spectroscopy of ideal bulklike S¢BO1) 1X 1
band and band bending near the surface.

surface
) ) Figure 3 shows thé-V and NCV curves for a stoichio-
patchesi The spectroscopyext section suggests that this - metric ScN001) surface grown under N-rich conditions hav-
accumulation is accompanied by a downward band bending,, o atomically well-ordered surface structure similar to

of a few tenths of an eV. the ones shown in Figs. 1 and 2. In Figag the current on
B. Scanning tunneling spectroscopy of Scf001) surfaces the negative sample bias side slowly becomes more negative
] ] ) over a range of about one volt and then turns sharply down,
In this section, the tunneling spectroscopy of 8aM)  \hereas on the positive sample bias side it increases expo-
surfaces acquired under UHV conditions is discussed, firshentially from near zero volts. Since positive sample bias
for the N-rich case. This is followed by a discussion of corresponds to electrons tunnelimgo the sample, thus into
dopant-induced band bending, then by the identification ofhe empty or conduction banB) states, the-V behavior
the surface atoms seen in STM images for the idealll s consistent with a semiconductor where the Fermi level
surface. After that, the tunneling spectroscopy is dlscusse(iEF) is close to the CB. This indicates that the sample is
for the N-deficient surface. In Figs. 3 and 4, the upper panelﬁigmy n type (n=4.8x 108 cm3, see optical absorption
[Figs. 3a) and 4a)] display measured current vs voltage, gnajysis, below and it has important consequences for de-
(I-V) curves while the lower panel=igs. 3b) and 4b)]  termining which atomgSc or N) are imaged in STM.
display the normalized conductanta!/dV)/(1/V) vs volt- As seen in Fig. @), the NC is close to zero at its mini-
age, (NC-V) curves, numerically calculated from tHeV  mum (point A which occurs nea¥s=-0.1 V), which sug-
data of the upper panels. Normalized conductaN@) isin  gests that this surface is a semicondugidote: in absence
general well known to be proportional to the surface localof band bending this minimum would occur B). As Vg
density of state$LDOS), and here we calculate it following increases over the range —0.1 to 0.7%péint A to point B,
the method described by Feenstalhe bar over thd/V  the NC increases approximately linearly with. Such linear
indicates broadenddV values are used to avoid divergencesbehavior is in excellent agreement with bulk calculations
near the band edgé%.The horizontal dashed lines in the which find a linearly increasing DOS with energy for the Sc
(NC-V) panels indicate where NC equals zero and unity. All3d states in the lower part of the CB near igoint.!* Also,
sets of spectra were acquired using tungsten tips with a fixesurface calculations show the same linear behavior for the Sc
tip-sample separation for each spectrum. Grapta 8nd  3d 1x1 surface LDOS? Thus, the linear relation of the
4(a) are the results of averaging over 16 and 10 STS spectr&C-V curve in the bias range from—-0.1 to 0.75 V is at-
respectively. tributed to the Sc @ states with the conduction band mini-
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mum (CBM) at theX point 0.1 eV belowEg. cates that the material is semiconducting, so the Fermi level

At the point E(Vs=+0.7 V), there is another turn-on should lie below the CB edge in the bulk. The STS spectros-
leading to the peak £ We associate this peak with a Sc copy on the other hand shows thBt at the surface is
derived surface statéactually a surface resonance since it 100—300 meV above the CBM. This can be explained by a
lies within the bulk CB. downward band bending at the surface.

As Vs decreases from -0.1 V, we find a hump at point D. A downward band bending in the vicinity of the bright
Since the position of this D feature with respect to the CBLTD’s seen in Fig. 1 is also expected. These LTD’s, corre-
edge varies with position on the surface, it is evidently not arsponding to electron accumulation, can be explained as due
intrinsic ScN state. While it could be an extrinsic state, simi-to a lowering of the band edge caused by the Coulomb field
lar features have been seen by Feenstra for the clean, nonpd-the subsurface ionized donors, as was explained for the
lar surfaces of several 11I-V semiconductdfdn those cases case ofn-type GaA$110).33 We also find that the amount of
of n-type conductivity, the “dopant-induced” features are dueband bending varies from spectrum to spectrum as it should
to electrons tunneling out of filled states near the bottom ofince it depends on where on the surface the spectrum was
the CB into empty states of the tip. This tunneling occursacquired. We further note that observing the LTD’s as raised
even for very small negative sample biases, giving the apfeatures at both positive and negative sample biases is due to
pearance of a very small energy gap. Feenstra reported th&g being inside the CB at the surface in the vicinity of those
observation of the dopant-induced component is an indicatdieatures. For either positive or negative sample bias, the
of high surface quality® In the case of the nonpolar greater band bending near the LTD regions results in a larger
ScN001) 1x 1 surface which is heavily type, substantial integrated LDOS compared to the surrounding area. For a
dopant-induced tunneling is possible. The D feature cagonstant current image, this results in the tip retracting
therefore be attributed to this effect. slightly, causing the bright areas in Fig. 1.

At Vg~-1.0 V in Fig. 3b), a strong onset appears at the o , _ .
point B. In other sets of dat@ot shown, while the position 3. Identification of sublattice atoms for ideal bulklike Sa€01)
of the CBM varies by 0.1-0.2 eV, we find that the voltage 1X1 surface
difference from point A to point B is constant, indicating an  The STM image is determined by the integral over those
intrinsic ScN bandgap with the point B at the valence bandstates betweekr and Ex+eXxVs Since for the ideal X 1
maximum (VBM). Therefore, we find an energy gap at the surface with highn-type doping there are Sa3tates both
surfaceAEg min=e(Va—Vg) ~0.9 eV. The value oAE, ,i,is  above and belowEr as has been shown, for any small
much smaller than the measured direct gap of ScNsample bias either positive or negative, the tunneling current
(2.1-2.4 eV;82151927.28nowever, it is within the range of will contain a large contribution from the Sal3tates. Even
the predicted indirect gap for Scl0.9—1.6 eV®1126syg-  for bias voltages<-0.1V, the tunneling current will still
gesting that the point B corresponds to the theoretically preinclude the Sc 8 contribution, and only the dopant induced
dicted VBM at thel™ point. Below the B onset lies a peak at contribution begins to be addédtates labeled D in Fig.)3
C,. This peak can be interpreted as a N derived surface staféhus, within the sample bias voltage range -0.8 to +0.6 V,
(surface resonangeFor Fig. 3, the data range does not ex-the primary protrusions must be the Sc atoms.
tend far enough to reach the onset of the VBM atXhgoint. At sufficient positive sample bias>+0.3 V), the N sub-

2. Origin of long-range topographic distortion: Band bending :?attlecsetgggmsd'[eii\?ggesztigéi ZI)g:t %{h?gfhibgg,lsalsnﬁgs
on ScN00D been predicted by Takeucht al. who also showed both Sc

Spectroscopy from different surface areas shows that thend N atoms in their gray plots of the LDOS =
Sc 3 states extend belo®, by 0.1-0.3 eV. One possible +1.0 V2°
explanation is that the Scd3surface LDOS is shifted to According to the LDOS calculations of Takeuatt al.,
lower energies compared to the bulk. Yet, according tahe upper part of the VB is composed primarily of ¢ 2
Takeuchiet al, the surface LDOS is very similar to that of derived states but also a small contribution of ScsBates.
the bulk, and surface relaxation results in only a small energfrhose authors therefore showed gray plots at negative
gain of 0.03 eV/IXX1 cell compared to the nonrelaxed sample bias, finding both Sc and N atom¥/at--0.5 V and

surface’® Moreover, the calculations of Stamt al. indi-  primarily N atoms atVg~-1.0 V. But this was assuming
cate that the Scf001) surface has no states inside the bandalmost no surface gagunderestimated As seen in the NC
gap3° -V spectrum of Figs. @), the N 2 states only begin to

Estimating from the theoretical electron band effectiveappear forVs<-1.0 V. In our earlier papéef we reported
massm =0.281m,,%” and experimental dielectric constant that only a small relative shift, much less than the expected
~7.2}1 we calculate a donor ionization energy of approxi-a/2, was observed in dual bias images recorded at sample
mately 74 meV using the hydrogenic model. From the re-biases of +1.0 and -1.0 V. This is now understood since the
sults of our optical studieghelow) we get a carrier concen- Sc 3 states are dominant for ourtype sample over the
tration of 4.8<10¥cm™3, but we do not know the range -1.0to +1.0V.

(unintentiona) dopant concentration. However, since the ma- Stampfl et al. also made simulated STM images for
terial is highn type, Er should lie close to the CB in the sample bias voltages of —2.0 and +2.0 V, which showed N
bulk, as indicated schematically in the inset of Figa)3 atoms and Sc atoms, respectively, but not both types of at-
Moreover, the absorption spectrufiscussed belowindi-  oms at the same bias. They also found a surface gap using a
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screened-exchange LDA approach, with surface states ou a)

side the bulk gap. We cannot make direct comparison to thel 7L

simulated images since we did not achieve atomic resolutio

images at such large magnitudes of voltage. 0.6 L
4. Tunneling spectroscopy of N-deficient S€0D1) surface 05L
The N-deficient SckD01) surface is prepared by growth = 0.4

under Sc-rich conditions. The resulting bulk structure is m“ T

composed of a complete Sc sublattice but a N sublattic: 03 L

having V\'s in proportion to the excess Sc flux during

growth® The crystal structure remains rocksalt, and the bulk 0.2}

V\'s make the film highlyn-type with carrier densities on the

order of 16* cm™3.8 Concerning the surface from calcula- 0.1p

tions, Stampflet al. found that a 2<1 N-vacancy structure 0.0

was energetically most favorable under Sc-rich conditions
also the Sc-terminated structure was not too much higher i
energy?° There are many states in the bulk gap, making the (b)
surface metallic. Takeucleit al. also found a metallic surface 10000

structure with new surface states closeEto :
Our STM images of the Sc-rich grown surface show PN
qualitative good agreement with the calculations, althougt ~ 8000F @ % *
no well-ordered surface structure is observed; howevel ~ : sf m H

smooth terraces and single atomic height steps are clear™ 6000
visible.” This surface also shows a clearly lower surface ada =

tom diffusion barrierby 0.26 e\j compared to the stoichio- =~
metric surface, which is attributed to the weaker Sc-Sc bond & 4000
ing (metallic) compared to Sc-N bondingovalent/ionig.”-

It was concluded that this surface contains an excess of £

T
(a-a,
N\
l.-...
e,
n

metal, with up to 100% N vacanciés. 2000t
The main advantage of doing tunneling spectroscopy ol -
this surface is that, because of the Sc-rishdeficieny sur- 0 L AT TETERTPVEETI
face structure, the N derived surface state should be absel 0.5 1.0 1.5 2.0 2.5
This may allow us to isolate the bulk projected valence banc hv (GV)

states. Figure 4 shows the tunneling spectroscopy results fo.
ScN001) grown under Sc-rich conditions. Figuréa#tshows

that the current increases gxponentjally with positive sample, o1 of photon energiiw acquired for a 2.5:m thick ScN film
voIt_age from near the Fermi level. Figurgbjshows that the grown under N-rich conditions(b) corresponding, calculated ab-
derived normalized conductance has the expected CB line@bpiion coefficientr as a function of photon enerdy. Dotted line
relation with voltage starting aVs=0V up to at least s the fitted Drude free electron model curve, and inset shows
~+0.4 V, similar to the stoichiometric ca¢€ig. 3b)]. The  square root of a-apyqe versush.

value of the NC atEg is close to unity, consistent with a
metallic surface. The peak nedg=+0.7 V is attributed to a
Sc derived surface peak.

The turn-on of states near the Fermi level indicates that The primary goal of the optical measurements presented
the X point CB onset is neaEg, as indicated in the band here is to find evidence for the indirect gap of ScN, predicted
diagram shown in the inset of Fig. 4. The valley of statesto be between 0.9 and 1.6 é-*°This has not been at-
betweenVs=0 and —0.9 V is attributed to metallic or defect tempted previously primarily because the optical absorption
states within the bandgap. It can also be noticed that the [Jue to an indirect transition is several orders of magnitudes
derived surface state peak €een for the stoichiometric sur- smaller than that of the direct transition and it is therefore
face [Fig. 3b)] is absent for the N-deficient surfaggig.  hard to observe experimentally. In order to increase the mea-
4(b)]. A band onset, consistent with the theoretically pre-surement accuracy in the present investigation, in particular
dicted VBM at thel” point, is observed a¢s~-0.95 V, and  in the onv-absprpt'ion wavelength range, we.have grown a
therefore, we find a bandgd, of ~0.95 eV. Another band rather thick epitaxial ScN layer on Md001) with a thick-
onset, consistent with the theoretically predicted VBM at theness of 2.5um.

X point, is observed nea’s~-2.2 V. With the CBM near Figure %a) shows the measured transmissibfh») and

0 V, the energy difference between the onset and the CBM igeflection R(hv) spectra in the energy range from 0.38 to
consistent with reported values for the direct transition at the8 eV. The oscillation in the spectra are interference fringes
X point in the range 2.1-2.4 eV and in excellent agreementdue to multiple reflections from the layer surface and the
with our own measured value of 2.15 &g1519.27-30 layer-substrate interface and indicate considerable transpar-

FIG. 5. (a) Reflection and transmission coefficieRandT as a

C. Optical absorption measurement
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ency in the interval between 0.5 and 2 eV. This is perfectly w2
consistent with the transmission data, showing a steep in- e(w) =&~
crease ofT(hv) around 0.5 eV and a steep decrease around

2 eV, which can be accounted for by the free carrier absorpr_|ere ©

tion ?t hv<0.5 ?\; igd 3|rect |ntetr_bglndhtran?||t|otr_1$_tW|_th an damping term withr being the free electron relaxation time.
onset energy of 2.15 eV, respectivelfhe reflectivity in- &, IS a constant accounting for all interband transitions as

creases slightly as a function of pho_ton energy in the transz el as the core electrons. The dashed line in Figp) s
parent wavelength range and exhibits a broad peak arounghained by fitting the experimental data for<0.75 eV
2.2 eV. This is due to a small increase in the refractive indeXyith the expression in Eql). The fit provides a value for

below the direct bandgap and a resonance just above th@ssma frequency of 2:910% s %, which can be used to
onset of interband transitions, as expected from basic oscCigetermine the free carrier concentration N using

lator theory and in agreement with previously reported opti-
cal properties of ScNt NE
The transmission and reflection spectra were fit simulta- wgz i (2)

neously using an iterative procedure which accounts for an oM
infinite set of multiple reflections on layer surface, layer-
substrate interface, and substrate back surface. The opticdsing an optical effective mass’ equal to 0.176,*" re-
properties of the Mgo substrate were taken from kaand- sults in a value for N of 4.& 1018 Cm_3. We attribute the
book of Optical Constants of Solids3i Good convergence charge carriers to electrons in the conduct.ion band QUe to
of the fit was achieved by calculating the reflection coeffi-Vn'S or Oy's which act as donor¥. The carrier lréalaxau.on
cients in the transparent range 0.4—2.1 eV, without accountiMe, &lso obtained from the Drude-fit, is X720 ™s. Th3|;°,
ing for the extinction coefficienk. That is, during the itera- gives, using a density of states eﬁectlve_mmsso.28h1e,
tive fitting procedure the reflection coefficients at the® value for the_ room-temperature mob|I|ty - ABTM s.
surfaces and interfaces were calculated using a conktant In_ordgr tp investigate interband transmons_and detect a
=0, while a variablk=0 was used to calculate the absorp- possible indirect gap, we S“b”?"t the qbsorpu@ndue to
L : . L the Drude free carrierfdashed line in Fig. ®)] from the
tion within the layer. With this approach, the extinction co- measured absorption. This difference corresponds to the
szitcien't ar;d C(I)nlsiquenttkI‘y "?"Sto th.? a}bsorgtiqn c?heffitcientl ar bsorptiona; due to int.erband transitions. The square root of
etermined solely from the intensity loss during the travel o : P S
the light through¥he bulk of the Iay)e/zr and are (?nly to secon he absolr_pnonl dut_ehto han indirect transn;]on |fs explect.ed hto
order affected by possible surface irregularities including.ncrease Inearly with photon energy. We therefore plot in the

surface roughness or oxides. This method adds a small errInset of Fig. 8b) \gt VS hv. aq is zero forhv=0.8 eV and
9 R : Mcreases above this value, indicating an onset for interband
of less than 0.5% to the determination of the absorption co: " — D )
transitions. The/«; plot exhibits a linear range between 0.9

efficient in the transparent regidhy <2 eV), but removes tfo 1.7 eV consistent with an indirect transition. The extrapo-

all possible systematic errors due to a wrong treatment. ation to zero intensity occurs at about 0.6 eV. The exact

surface effects. The fit provides values for the refractive in- 7 L
dex of ScN in the transparent rangeroé2.7—2.9, in good onset energy for the indirect transition is strongly dependent

on the fitting parameters of the Drude model, and therefore

ezlggtflement with the previously reported range from 2.6 Qontains a relatively large uncertainty also due to possible

. . . - contributions of midbandgap defect states. Nevertheless, the
Flgurg b) shows the obtained apsorptlon coefficieras optical absorption data indicates that there is an indirect tran-
a function of photon energyhv in the energy range

0.38<hv<2.5 eV. a decreases with increasing photon en_sition within the interval of 0.6—1.1 eV. This is consistent
ergy down to a minimum of & 162 e at 0.85 eV. It then with our STS results showing that the minimum gap in ScN

increases, first slowly and then steeply, as the photon enerd‘?/ in the range 0.9-0.95 eV.

approaches the direct transition at 2.15 eV and reaches
~10° cmi ! (outside the shown rangat 2.2 eV. The absorp- IV. CONCLUSIONS
tion minimum, 8< 1% cmi’Y, is 1-2 orders of magnitudes
lower than previously published values ranging from 6 It has been experimentally shown that both atoms Sc and
X 10° cm™® to 3x 10* cm ! indicating the high crystalline N, of ScN(001) grown smoothly under N-rich conditions are
quality of the samples used in our stutf}.>4?’More impor-  resolved using STM. Based on scanning tunneling spectros-
tantly, by acquiring optical transmission data from a rathercopy results, it is determined that the most prominent atom
thick layer, as described above, the accuracy of the presepnbserved at low bias voltagd€both positive and negatiye
data in the low-absorption regime is considerably higher. for highly n-type ScN001) 1X 1 is the Sc atom due to the
The absorption in the low photon energy rangeFermilevel atthe surface being inside the $id@nd. The N
(hr<0.5 eV) is primarily due to intraband transitions, i.e., atom also appears at positive sample biases due to a minority
absorption from free carriers in the conduction band. Theband of N 2 states in the CB. We also observe long-range
optical properties in this energy range can be described btopographic distortions at the surface which are attributed to
the Drude model, providing the following expression for thethe effect of charge accumulation around subsurface posi-
complex dielectric functiorz(w): tively ionized dopants.

1)

(0 +iyw)’

p Is the plasma frequency ang=1/r is the Drude
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STS of the stoichiometric ScN films also shows a band-an indirect gap in ScN of 0.9£0.1 eV and the direct transi-
gap of~0.9 eV, while STS of N-deficient ScN films shows tion at 2.15 eV.
a similar bandgap 0~0.95 eV as well as the second onset at
~2.2 eV. The ideal X1 surface is concluded to be semi-
conducting although the presence of additional conductance, ACKNOWLEDGMENTS
which is attributed to the high density of electrons in the
conduction band, makes the apparent gap very small. The This work has been supported by the National Science
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