Observation of Surface Dirac Cone in
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Topological Insulator on AIN(0001)
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ABSTRACT Bi,Se; topological insulators (Tls) are grown on AIN(0001)/Si(111) substrates by molecular beam epitaxy. In a

Conduction

one-step growth at optimum temperature of 300 °C, Bi,Se; bonds strongly with AIN without forming interfacial reaction layers. \ =

This produces high epitaxial quality Bi,Se; single crystals with a perfect registry with the substrate and abrupt interfaces,
allowing thickness scaling down to three quintuple layers (QL) without jeopardizing film quality. It is found by angle-resolved
photoelectron spectroscopy that, remarkably, BiSe; films maintain the 3D TI properties at very low thickness of 3QL

(~2.88 nm), exhibiting top surface gapless metallic states in the form of a Dirac cone.
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hree-dimensional (3D) topological in-
Tsulators (Tls) are materials that pos-

sess a bulk excitation gap and gapless
surface metallic states, in the form of spin-
polarized (helical) Dirac cones. Tls bring new
physics in condensed matter? and show
promise for spintronics devices and robust
quantum computing. However, excess sen-
sitivity of surface states under ambient
conditions, > residual bulk conduction caused
by defects,® and thermal excitations in the
small bulk band gaps currently limit the
study and utilization of the properties of
the surface states for functional devices.
Suppression of the bulk contribution can
be obtained by improving their quality®’
and by growing TIs with relatively large
band gaps, such as BiSe; (E; ~ 0.3 eV). On
the other hand, ultrathin films offer the
advantage of increased surface-to-volume
ratio, enhancing surface state contribution,
and making Bi,Ses; compatible with nano-
electronic device scaling trends. However,
obtaining ultrathin epitaxial films with the
properties of a 3D Tl is not straightforward.
Theoretical® '? and experimental*~'® work
indicates that below six quintuple layers
(QLs), Bi,Ses films show complex finite size
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effects® 2 manifested by energy gap

opening as a result of hybridization® '3
of top and bottom surface bands. At lower
thickness, a transition to nontrivial 2D quan-
tum spin Hall (QSH) insulator’®'"'* is pre-
dicted before the system falls into a trivial
insulator state for thickness less than about
2QLs."®"" The presence of the substrate adds
to the complexity because it can induce, in
general, a surface inversion asymmetry® be-
tween the top and bottom surfaces of the TI,
modifying the hybridization of the surface
bands.>'®~"® The substrate is an important
factor from a technological perspective, too.
It is highly preferable that Tls, Bi,Ses in
particular, are deposited on wide band
gap (insulating) substrates to benefit from
a Bi,Ses-on-insulator approach minimizing
leakage currents through the substrate.
While Bi,Se3 has been grown by molecular
beam epitaxy (MBE) on several semiconduc-
tors (Si,GaAs, InP, CdS, In,Ses),'® > there is
less work on epitaxial growth on crystalline
dielectrics limited to sapphire substrates®'>
and low gap SrTiO3.%*

Here we report on the epitaxial growth by
MBE of very high quality Bi,Ses on Al face
AIN(0001)/Si(111) substrates prepared by
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Figure 1. (a) RHEED patterns of 3QL Bi,Ses/AIN(0001) and bare AIN(0001) along [11—20] and [10—10] azimuths of AIN. (b,c)
Cross-sectional HRTEM images of 3 and 5QL Bi,Sejs, respectively, grown on AIN(0001) viewed along [11—20]; s, //[11—20]n.
Rectangles a and b in (c) mark rotation (180°) and lamellar twins, respectively, which are observed in both samples. The
interfaces are crystalline, albeit distorted. (d) HRTEM cross-sectional image of Bi,Se; grown on Si(111) surface projected along
[11-20]g;,s¢,//[1—10Ig;, illustrating a distorted and partially crystalline interfacial region. All Bi,Ses film depositions were
performed at 300 °C. (e) Superimposed HRTEM with lattice strain map of the 3QL Bi,Se3/AIN(0001) sample showing the
precise location of the misfit dislocations and the associated strain field components (tensile in red, compressive in blue) at
the interface. (f) Schematic model of the matching between Bi,Se; and AIN showing two mixed type misfit dislocations
with extra half-planes on the substrate side. The projection direction is [11—20]g; s,//[11—20]an. TWo QLs are illustrated for
Bi,Ses. The orientations of the (1—100)4,y and (1—105)gi2se3 planes are indicated. Shading indicates distinct levels along the

projection direction.

metal organic chemical vapor deposition. Films are
prepared in a one-step growth process at an optimum
temperature of 300 °C (see Experimental Section) and
compared with Bi,Ses/Si control samples grown at the
same temperature. Unlike sapphire, which is available
only as bulk substrates, AIN can be grown epitaxially on
large-area Si(111) wafers, holding promise for integra-
tion of Bi,Ses; with Si devices in a manufacturable
Si-compatible process. More importantly, we report
on the observation of gapless surface metallic states
(Dirac cones) in ultrathin Bi,Ses Tls down to 3QLs (<3 nm)
thick and discuss the possible influence of the AIN
substrate.

RESULTS AND DISCUSSION

Figure 1a shows the in situ reflection high-energy
electron diffraction (RHEED) patterns of 3QL Bi,Ses/
AIN(0001) structures and AIN(0001) substrate along
[11—20] and [10—10] azimuths of AIN. Two distinct
patterns corresponding to two different hexagonal
lattices are observed with the inner streaks being
attributed to Bi,Ses, while the outer ones are attributed
to the AIN substrate, in agreement with a mismatch
between the wurtzite AIN substrate (can ~ 3.11 A)%
and rhombohedral Bi,Se; (g se, ~ 4.14 A)'?° lattice
constants. Despite the large lattice mismatch (~33%),
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RHEED indicates that the two hexagonal unit cells are
perfectly aligned such that the [11—20]g; se//[11—20]an
is in-plane. It should be noted that we use four-axis
hexagonal indexing for Bi,Ses, and this direction trans-
forms to [110] in three-axis hexagonal notation. No signs
of 30 or 90° rotational domains are observed in RHEED,
indicating that Bi,Ses is grown in single-crystal form. X-ray
diffraction (XRD) (Supporting Information Figure S1)
confirms the high crystalline quality of the films, provid-
ing evidence that the crystals are exclusively trigonal axis
with the [0001]g;s¢,//[0001] 4 along the growth direction
and that they have smooth and uniform surface and
interfaces as can be inferred from pronounced Kiessig
fringes (Figure S1).

The film microstructure is examined by high-
resolution transmission electron microscopy (HRTEM)
in cross-sectional geometry along the [11—20]5y ZOne
axis, and the images are presented in Figure 1b,c. The
cross section of a Bi,Ses/Si(111) control sample is
also presented in Figure 1d for comparison. Both 3 and
5QL Bi,Ses in Figure 1b,c, respectively, indicate that
[11—20]g;,se,//[11—20] N, thus confirming the in-plane
epitaxial orientation relationship between the two ma-
terials previously deduced from RHEED (Figure 1a).
Lamellar and 180° in-plane rotational domains are
observed in the thicker but also the thinnest films
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Figure 2. (a—c) Se 3d, Al 2p, and N 1s XPS spectra of a 3QL thick Bi,Ses film deposited on AIN(0001) at 300 °C. No reaction with
the substrate is observed, and the positions of the Se 3ds,, and Se 3d3,, peaks are in good agreement with those of bulk Bi,Se;
crystals. (d—f) Se 3d, Si 2p, and Bi 4f XPS spectra of a 3QL Bi,Se; film deposited on Si(111) at 300 °C showing that Se reacts with

Si at this temperature, forming Si—Se bonds.

(Figure 1b,c), similar to previous reports on Bi,Ses
grown on InP and Si*' substrates. In Figure 1c, the
different quintuple layers with a thickness of ~0.96 nm
are clearly imaged, indicating that Bi,Ses is grown such
that [0001]gj,se,//[0001]a is in agreement with XRD
data (Figure S1). From Figure 1b,c, it can be inferred
that Bi,Ses forms with AIN crystalline abrupt interfaces
(although distorted), as opposed to the case of Bi,Ses
control sample (Figure 1d) deposited at the same
temperature of 300 °C where a thick interfacial layer
is evident.

Strain mapping is performed using geometrical
phase analysis (GPA)?” in order to monitor the change
of lattice constant and the atomic nanoscale localiza-
tion of the misfit at the interface through misfit dis-
locations (MDs), as shown in Figure 1e. The MDs are
introduced in order to accommodate the lattice mis-
match, and in the present projection direction, they are
manifested by considering the matching between the
(1—100)ain planes that are vertical to the interface and
the (1-105); se, that are inclined at 57.9°. Given that
the spacing of the (1—100)an planes is dan = 2.69 A,
and the projected spacing of the (1—-105)g; s, planes is
Pdgise, = dpise,/siN(57.9°) = 3.59 A, the misfit with
respect to the AN substrate is f= ("dg; s /dan) — 1=33.2%,
corresponding to 3:4 plane matching, consistent with
the HRTEM observations (Figure 1e). Extra half-planes
are localized at the substrate side as confirmed by the
GPA analysis which clearly shows the tensile component
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of the MDs to be inside the epilayer (in red) and the
compressive inside the AIN substrate (in blue). The
corresponding crystallographic model is illustrated in
Figure 1f.

The data in Figure 1 indicate that a coincidence
lattice formed by exactly matching 3ag se, With 4aiy
(=12.44 A) is the driving force for the perfect in-plane
alignment of the two hexagonal lattices (Figure 1a)
giving rise to a well-oriented single-crystalline epilayer.
The formation of one MD every four substrate lattice
planes (Figure 1e) facilitates lattice plane matching and
promotes the high-quality epitaxial one-step growth at
optimum temperature of 300 °C. This is to be con-
trasted with the case of Bi,Se; on sapphire,® where,
due to van der Waals epitaxy, Bi and Se interact very
weakly with the substrate requiring a low-temperature/
inferior quality buffer layer to achieve high-quality films in
a two-step growth mode.

In Figure 2a—c, in situ X-ray photoelectron spectros-
copy (XPS) data are presented for the 3QL Bi,Ses/AIN to
study the possible reaction at the interface and com-
pare with the 3QL Bi,Ses/Si control sample shown in
Figure 2d—f. The line shapes of Bi (not shown here) and
Se 3d peaks for the Bi,Ses/AIN sample are the same as
the ones obtained in bulk Bi,Se;,?® indicating that only
Bi—Se bonds exist and that Bi,Se; does not react with
the AIN substrate, showing minimum interdiffusion,
which is compatible with the rather sharp interfaces
seen in HRTEM (Figure 1). The line shape of the Al 2p
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Figure 3. Band structure imaging by ARPES around the center (I') of the Brillouin zone of (a) 3QL and (b) 5QL thick Bi,Ses films
grown on AIN(0001) at 300 °C. The second derivative plot is also displayed. CB and VB denote the bulk-like conduction and
valence bands, respectively. Gapless surface states in the form of Dirac cones are observed for both samples.

and N 1s peaks remains the same after growth of
Bi,Ses, supporting the claim that there is no reaction
at the interface. The ~0.75 eV shift to lower binding
energies for both peaks after Bi,Se; growth indicates a
possible upward band bending of AIN near the inter-
face to match the Fermi levels on both sides. On the
other hand, the Se 3d and Si 2p peaks in Figure 2d,e,
respectively, indicate that there is a strong reaction
between Bi,Se; and Si, in line with HRTEM observations
(Figure 1d). Since the Bi 4f peaks in Figure 2f show no
signs of Bi—Si bonds, it is concluded that the interfacial
layer in Bi,Ses/Si control samples is due to Si—Se bonds
only. In contrast to the case of Bi,Ses/Si where low
temperature (<150 °C) buffer layers®® are needed in
order to avoid interfacial layers, Bi,Ses can be grown
with high epitaxial quality on AIN at an optimum tem-
perature of 300 °C without the need for buffer layers,
implying that, on AIN, the Bi,Se; thickness can be
aggressively scaled to less than 3QLs without jeopardiz-
ing structural quality and surface/interface integrity.
Figure 3 shows the band structure (a,c) of 3QL and
5QL thick Bi,Ses deposited at 300 °C and their second
derivatives along the M—I'—M direction of the surface
Brillouin zone imaged by in situ angle-resolved photo-
electron spectroscopy (ARPES). For comparison, ARPES
measurements on bulk Bi,Ses crystals were also per-
formed (Figure S2). Gapless surface states forming a
Dirac cone are clearly seen in the second derivative
spectrum, in addition to the bulk-like conduction and
valence bands. The Dirac point (DP) is located at —0.5 eV
from Eg, showing an n-type behavior possibly due to
Se vacancies,*® near the middle of the bulk-like band
gap of ~0.47 eV. The latter is significantly higher than
the 0.25 eV gap observed in the bulk Bi,Ses control
sample (Figure S2), showing the benefit of thickness
reduction. To the best of our knowledge, the 3QL
film in the present work is the thinnest Bi,Ses where
gapless surface states have ever been observed. It is
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worth noting that previous works on Bi,Se; on double-
layer graphene,’® Si(111)84/3 x +/3-Bi,"* and a-Al,05
(sapphire) substrates'” report a gap opening when film
thickness becomes less than 6QLs as a result of hybri-
dization of Dirac cones at the top and bottom surfaces.
Remarkably, our data are in reasonably good agree-
ment with theoretical works®*'" predicting an oscilla-
tory behavior due to finite size effects. Indeed, our 3QL
film thickness of ~2.88 nm is close to the predicted'®'?
critical thickness of 2.5 nm where the gap closes and
reverses sign, marking the crossover'' from a nontrivial
2D QSH to a ftrivial insulator state as thickness is
reduced. Indirect evidence by ARPES of such a transi-
tion between 2 and 3QLs has already been reported,
but a clear and sizable gap is observed in a 3QL film in
that work.'® The observation of gapless states in our
5QL film (Figure 3c,d) is in line with the theoretical
predictions®¥'" of a negligibly small gap (~0.1 meV®)
at around 5 nm (~5QLs) and only in rough qualitative
agreement with the theoretical work in ref 10.

Since theoretical calculations®™'" presume free-
standing Bi,Ses thin films, slight deviations between
theory and experiment are expected because the
influence of the substrate is not taken into account in
these calculations. Indeed, the AIN may induce a high
structural and physical/chemical asymmetry between
the top and bottom interfaces. The dense 2D network
of MDs and the associated localized strain at the
bottom interface (Figure 1e) may alter the bottom
surface states so that a strong hybridization is pre-
vented, allowing for the observation of the top Dirac
cone by ARPES (Figure 3a,b). In a similar way, the sub-
strate could induce a strong band bending or potential
gradient in the Bi,Ses film, raising the energy position
of the DP at the top surface relative to the bottom.'” In
fact, such a difference between top and bottom inter-
face has been directly detected by low-temperature
ARPES,'” albeit in a thick 6QL film where hybridization
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is less important. In our case of a thinner film (3QLs), a
possible energy difference of the DPs could suppress
hybridization near the DP, explaining our observations
of gapless top surface bands. It should be noted that
the polar nature®’ of the AIN substrate might also
contribute to the asymmetry, thus amplifying the
effect. Although the majority of the negative polariza-
tion charge induced by the Al face AIN will be balanced
by the positive donor space charge at the depletion
region near the n-type AIN top surface, a possible
residual polarization charge could produce a sizable
electric field at the interface with the Bi,Ses. In such a
case, a large relative separation of the DPs between the
top and bottom interfaces could be realized in line with
predictions'® of the effect of an interface electric field
produced by a ferroelectric in contact with the TI.

CONCLUSION

In summary, it was proved that Bi,Se; maintains the
3D TI properties at a layer thickness as small as 3QL,

EXPERIMENTAL SECTION

The experiments were carried out in an ultrahigh vacuum
MBE system (base pressure in the 10~ '° Torr range) equipped
with RHEED and a UV and X-ray photoelectron spectrometer.
The Bi,Ses films were grown on Si(111)-7 x 7 and 200 nm
AIN(0001)/Si(111) substrates under Se-rich conditions with a
Se/Bi flux ratio of about 20. High-purity Bi (99.997%) and Se
(99.999%) were both evaporated from Knudsen cells, while the
growth rate was kept at 1.5QL/min. Films grown at tempera-
tures less than 150 °C are of poor quality as indicated by RHEED
diffused patterns. As the temperature increases up to 300 °C,
the quality is substantially improved until the film becomes
thermally unstable at much higher temperatures. Films of
various thicknesses (3 to 23QLs) were grown at the optimum
temperature of 300 °C. The 200 nm Al face AIN(0001) layers
were epitaxially grown by MOCVD on B-doped p-type
200 mm Si(111) substrates, with a resistivity >1 Q-cm. AIN is
unintentionally n-type doped, typical for MOCVD-grown AIN
layers. The AIN substrates received both ex situ and in situ
cleaning in our MBE chamber.3? First, they were immersed in
acetone and methanol for 5 min in each solvent to decrease the
surface C coverage. Subsequent dipping in a piranha solution
(1:1 Hy0,/H,S0,) reduced further the C contamination. A third
wet cleaning step in HF solution (1:10 HF/H,0) was followed to
reduce the surface oxide. Subsequently, annealing in ultrahigh
vacuum at 750 °C for 15 min was performed to obtain a clean
surface free of C and negligible quantities of O contaminants as
verified by in situ X-ray photoelectron spectroscopy. The Si(111)
substrates were cleaned in vacuum by 1.5 keV Ar" ion sputter-
ing for 10 min at 5 x 10~° mbar. Subsequently, annealing in
vacuum at 900 °C for 5 min was performed to cure Ar' ion
sputtering damage and obtain the 7 x 7 reconstruction of
silicon. The ARPES spectra were collected with a 100 mm
hemispherical electron analyzer and a 2D charge-coupled
device detector. The energy resolution of the detection system
was better than 40 meV using a 21.22 eV photons from a He
discharge source. The film nanostructure and thickness were
determined by HRTEM. Cross-section TEM specimens were
prepared by the sandwich technique. Mechanical grinding
followed by focused Ar' ion milling in the GATAN PIPS was
used to thin the specimens to electron transparency. HRTEM
observations were performed using a 200 kV JEOL 2011 micro-
scope. The film quality and structure were characterized by an
ex situ X-ray diffraction system.
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exhibiting a clear top surface gapless Dirac cone. The
AIN(0001) substrate plays an important role because it
allows a perfect registry of Bi,Se; with the substrate
surface and with minimum chemical reaction and
interdiffusion at the interface. This promotes high-
quality epitaxial growth at the optimum temperature
of 300 °Cin single-crystal form and with good interface
integrity and allows one-step growth of Bi,Ses, without
the need for a low-temperature buffer layer, offering
excellent scaling of Bi,Ses to a thickness as low as 3QL
without jeopardizing film quality. Moreover, it is anti-
cipated that the AIN substrate induces an asymmetry
between the top and bottom interfaces, suppressing
band hybridization that is an important requirement
for the observation of gapless Dirac cones. Our ultra-
thin Bi,Ses with gapless surface metallic states sitting
on top of AIN insulator on silicon substrates presents an
attractive structure for future Tl devices that have a
great potential for integration with conventional Si
electronics.
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