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ABSTRACT

Bi2Ses’Zn0 heterostructure is a new combination of high and low band gap nanomaterials that can be
implemented for optoelectronic devices. Influence of the BixSe; substrate on crystallization of ZnO
nanolayers and charge separation at the Bi2Se3/ZnO interface are important parameters, which affect
optical and electronic properties of the heterostructure. Despite a few works on BixSes’ZnO
heterostructures, the mechanisms of enhanced optical properties and correlation between optical and
structural properties in such heterostructures are not studied in detail. In the present paper, we report on
structure and optical properties of ZnO nanolayers with different thicknesses (10-150 nm) deposited by
atomic layer deposition on planar and non-planar Bi>Se; nanostructured coatings. Crystallization of ZnO
nanolayers grown on BixSe; and Si substrates was analyzed by X-ray diffraction, Scanning and
Transmission Electron Microscopy methods. Enhancement of ZnO photoluminescence in Bi»Ses’ZnO
heterostructures in comparison to the photoluminescence of the same thickness ZnO nanolayers
deposited on p-doped Si substrates was observed. Correlation between the structure and optical properties
of ZnO nanolayers in Bi>Ses’ZnO heterostructures is analyzed. Three complementary mechanisms of
enhancement of optical properties of ZnO in Bi»Ses’ZnO heterostructures, based on charge separation at
the BixSes/ZnO interface, improvement of ZnO crystalline structure and surface plasmon-photon

coupling are proposed.

INTRODUCTION
Zinc oxide (ZnO) is known as n-type semiconductor with good transparency and strong luminescence
at room temperature.! The high photosensitivity, chemical stability and non-toxicity make it to be a

promising material for applications in light emitting diodes (LEDs),>* UV,** gas!'® and biosensors.!""1?



Among different methods of fabrication, atomic layer deposition (ALD) provides homogenous and
conformal coating of ZnO on substrates with different shape and surface roughness.!>"!> Structure and
optical properties of ZnO depend on type of substrate, temperature of deposition and thickness of the
deposited layers.!* ! It was shown that transition from amorphous to crystalline structure in ZnO layers
was observed with increasing of the layer thickness beyond 50 nm.!'* Improvement of ZnO crystalline
structure in the layers with thicknesses below 50 nm was demonstrated in Al03/ZnO and graphene/ZnO
nanolaminates, where ZnO layers were deposited on Al,O; and graphene layers, respectively.!>® In
addition to improvement of the crystalline structure, the optical properties of ZnO in the nanolaminate
structures were found to be dependent also on charge transfer on the interface between ZnO and AL2O;3,
and between ZnO and graphene.!>'® Modelling of Al:03/ZnO heterostructures confirmed that the
combination of ZnO (band gap ~3.3 eV) with a material with larger band gap as Al,Os (band gap ~ 6eV)
results in increase of the photoluminescence (PL) of ZnO in A1>O3/Zn0O heterostructure due to the charge
transfer at the interfaces and decrease of the surface potential in ZnO upper layers.!® On the other hand,
forming of heterostructures of ZnO and nanomaterials with the lower in comparison with ZnO band gap
is advantageous for optoelectronic applications related to photoactive charge separation in visible and
NIR range.

Combination of nanolayers of ZnO and narrow band gap semiconductors as Bi>Ses, BizTes or Bi2S3 in
heterostructures is a novel approach that can be implemented for optoelectronic devices and other
applications. For instance, Bi2S3/ZnO heterostructures were recently demonstrated as an excellent
photocatalyst for visible-light-driven hydrogen generation and a highly efficient photocatalyst for dye
degradation under visible light irradiation.

Bismuth selenide (Bi>Ses3) is a narrow band gap semiconductor, which belongs to a class of topological

insulators with surface states protected from scattering by time reversal symmetry.?’ The presence of the



surface states in BioSe; have been experimentally identified by reducing the bulk conductance using
different approaches as tuning the gate voltage, introducing dopants and nanostructuring.?!~2*

Some previous research on optical, electronic properties of ZnO/Bi>Tes hybrid structures prepared by
mechanical placement of exfoliated Bi;Tes flakes on the surface of ZnO crystal revealed enhancement
of the PL of ZnO, which has been attributed to the surface plasmon resonance.?* It has been reported
also that deposition of ZnO as protection nanolayer on top of Bi»Se; nanostructures results in decrease
of the free electron concentration in Bi»Ses.”> However, the mechanisms of enhanced optical properties
and correlation between optical and structural properties in such heterostructures have not been studied
in detail.

In this study, Bi2Se3/ZnO heterostructures were fabricated by ALD deposition of 10-150 nm thin ZnO
nanolayers on top of BixSes nanostructured coatings grown on graphene (further in text G/Bi2Se3/ZnO
heterostructures) and quartz (further in text Q/Bi2Ses/ZnO heterostructures) by catalyst-free vapor-solid
deposition.?!?® Influence of Bi»Se; morphology on structure and on optical properties of ZnO nanolayers
was investigated. The obtained results were compared with the properties of ZnO nanolayers deposited
by ALD on p-doped Si substrates (further in text Si/ZnO heterostructures). Band gap diagram of the

Bi2Se3/ZnO interface and possible mechanisms of PL enhancement in the Bi2Se3/ZnO heterostructures

are discussed.

EXPERIMENTAL METHODS
Q/BixSe3/ZnO and G/BixSes/ZnO heterostructure preparation. Graphene substrates used for the
experiments were synthesized by copper-catalysed low-pressure chemical vapour deposition (CVD

reactor First Nano Easy tube 101), using methane, diluted in hydrogen, as a carbon source. The



synthesized graphene sheets were transferred onto quartz surface using polymer-assisted transfer
technique, as reported elsewhere.?”-?

Bi2Se; nanostructured coatings of thicknesses ~110 — 130 nm were synthesized using catalyst-free
vapour-solid deposition method in a horizontal tube of single-zone quartz tube furnace (GSL-1100X,
MTI Corp.) on quartz and graphene substrates, as previously described elsewhere.?62°*° Bi,Se; crystals
(99.99% Sigma Aldrich) were used as a source material, which was evaporated at 585 °C temperature
and deposited on substrates placed downstream at 330-380 °C temperature. The pressure inside the tube
during the synthesis gradually increased from 200 mTorr to 4 Torr.

Zn0O nanolayers of different thicknesses (from 10 nm to 150 nm) were synthesized onto prepared
BixSes nanostructures as well as on p-doped Si substrates ((100), Si-Mat) by ALD method using a
homemade reactor under the same conditions as described elsewhere.’! Diethylzinc (95%, STREM
Chemicals Inc.) was used as a zinc precursor and water — as an oxidant. ZnO growth rate was 0.2
nm/cycle at 100 °C temperature.

Characterisation. The morphology and chemical composition of synthesized Q/Bi2Se3/ZnO and
G/Bi2Se3/ZnO heterostructures were characterized using a field emission scanning electron microscope
(SEM) Hitachi S-4800 equipped with an energy dispersive X-ray (EDX) analyser B-QANTAX.

The crystalline structure of fabricated heterostructures was studied using X-ray diffraction
spectroscopy (XRD) by powder diffractometer X’PERT MRD with Cu Ka radiation and high-resolution
transmission electron microscopy (HRTEM). For HRTEM characterization, an electron transparent
cross-section lamella was prepared by focused ion beam (FIB) milling and lift-out in a Thermo Fisher
Scientific Scios 2 Dual Beam SEM/FIB. The FIB lamella was attached to a Cu half grid and further
thinned by low keV milling using the Ga+ beam. HRTEM was performed on a FEI Titan environmental

TEM with Image Cs corrector operating at 300 keV. Elemental analysis was carried out using a FEI



Tecnai G2 F30 TEM equipped with an EDAX X-ray energy dispersive spectroscopy (XEDS) detector.
Fast Fourier Transform (FFT) of the selected areas of the HRTEM images was performed using ImageJ
software.

Optical properties of Q/Bi2Se3/ZnO and G/Bi2Se3/ZnO heterostructures were studied with UV-Vis
transmittance (fiber optics spectrometer Ocean Optics HR2000+), reflectance and PL spectroscopy in a
wavelength range 340 - 775 nm. The excitation of luminescence was performed by a nitrogen laser source
266 nm wavelength (output 30 mW/cm?). The obtained PL spectra were deconvoluted using MagicPlot
2.7.1.0 software by splitting the spectra in separate peaks with the Gaussian fitting, keeping maxima
positions of all subpeaks fixed within £0.02 eV and full width at half maximum (FWHM) within +0.03
eV. The integrated PL intensity was calculated from the values obtained after deconvolution by the

multiplying the intensity of subpeak by its half width at half maximum (HWHM).

RESULTS AND DISCUSSION

Morphology. SEM images of G/BixSes and Q/BixSe; nanostructured substrates covered with ZnO
nanolayers show that the BiSes coatings deposited on graphene surface consist from coalesced
horizontally oriented nanoplates with rare inclusion of the nanoplates oriented under an angle relative to
the substrate (Figure 1a). In contrast, in the Bi>Ses coatings deposited on quartz a significant number of
randomly oriented nanoplates was observed (Figure 1b). The EDX mapping showed that the ALD-

deposited ZnO nanolayers uniformly covered the surface of Bi>Se; (Figure 1c¢).
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Figure 1. SEM images of ~110-130 nm thin Bi>Ses nanostructures covered with 50 nm thin ZnO
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nanolayer: a) G/Bi2Se3/ZnO heterostructure, b) Q/Bi2Se3/ZnO heterostructure, ¢) an example of SEM-

EDX mapping, and d) EDX spectrum of fabricated Q/Bi2Se3/ZnO heterostructure.

The EDX measurements performed after the ZnO deposition (Figure 1d) showed that Bi and Se content
in the fabricated G/Bi2Se3/Zn0O and Q/Bi2Ses/Zn0O heterostructures is respectively (3943) at% and (61+3)
at%, which within the measurement accuracy corresponds to the stoichiometric Bi>Se; compound. This
confirms non-destructive nature of low-temperature (100 °C) ALD ZnO deposition on already fabricated
BizSe; nanostructures.

The XRD spectra of G/Bi12Se3/ZnO and Q/Bi2Ses3/ZnO heterostructures revealed the crystalline nature
of the deposited 10-100 nm thin ZnO nanolayers and underlying Bi,Ses (Figure 2). No reflections other
than Bi>Ses compounds (for example BisSes, BizSes) or by-products that may form during ZnO ALD

process on BixSe; (for example, ZnSe)*? were detected.



‘ b) ?(%Sse)* (009 Q/Bi,Se,/Zn0_100nm

Bi,Se,
(003) (015 -
5 i
2 27 29 Zn0 (0623 Bi,Se;  Bi,Se;
a) F A Y A (0015)  (0018)
\@0“‘ —__ G/Bi,Se,/Zn0O _100 nm 5
o) G/Bi,Se,/Zn0 _90 nm = G/Bi,Se/Zn0O_100nm
1,0 —_— G/B?,Se ,/ZnO _75 nm Zn0
——  G/Bi,Se,/Zn0O _50 nm LS A
g G/Bi,Se,/ZnO _35 nm g ! X Y T T T 1
g -
s 6/8i,5e./Zn0 20 nm 5 15 25 / \Zag/deg 45 55 65 75
- 08 & |~ G/Bi,Se.,/zn0 _10 nm ‘ 7 e
: c) 4 Zn0 (002) d) Zn0 (002)
3 " N S—
© o ]
2 06 Sl g
2 | i Zn0 (101) 4 [
£ g 5 o 3 g i 7'y
£ 04 e o g S‘ = g N —a S
2 ] g; = £ Z ) \ AN\, —100nm|| ¢ PN
L g g R g T 3 1 = . ]
* J ) ° & & & ] _J\_/\_ —75mm || & {315 33.0 345 360
= < A
0.2 ‘ EHH L ; =) = 50nm |12 | ——100nm
| C3d d H\A—]k H 3 40nm \ 90 nm
¢ gt | ¢ =—30nm [ 7 :;3 :rmn
L J L 7 b N
T T T T T T T 20nm T i ~——35nm
10 20 30 40 50 60 I PN —20m
31.5 33.0 3455 36.0 315 33 6‘3”4‘5‘ _36 o
20, deg 20,deg.  Q/8i,Se,/zn0 26, deg. G/Bi,Se,/Zn0

Figure 2. Full XRD spectra of a) G/Bi2Ses3/ZnO heterostructures with ZnO nanolayers thicknesses 10-
100 nm; b) G/Bi2Se3/ZnO (green) and Q/BixSe3/ZnO (black) heterostructures with ZnO nanolayer
thickness 100 nm; c,d) enlarged images of the region of ZnO diffraction plane positions for the
Q/Bi2Se3/ZnO (c) and G/Bi2Se3/Zn0O (d and d, inset) heterostructures with different ZnO nanolayers

thicknesses.

The highly intensive diffraction peaks at 2@= 9.25°, 18.57°, 47.59° and low intensity peaks at 20=
28.14°,37.86° and 58.18° detected in XRD spectra of G/Bi2Se3/ZnO and Q/Bi2Se3/ZnO heterostructures
(Figures 2a,b) correspond to (003), (006), (0015), (009), (0012) and (0018) reflection planes of
rhombohedral crystal lattice of Bi>Ses.>* This indicates the [00/] growth direction of synthesized by
catalyst-free vapour-solid deposition method BixSes, with the crystallographic c-axis oriented
perpendicularly to the substrate surface. XRD of Q/BixSes/ZnO heterostructures revealed also low

intensity peak at 20= 29.36°, indicating (015) reflection plane of Bi»Ses (Figure 2b black line, inset).



This diffraction peak can be attributed to the presented in the Q/Bi2Se3/ZnO heterostructures BixSe;
nanoplates oriented under different angles relative to the substrate surface (Figure 1b).?

The XRD spectra obtained for the fabricated G/Bi2Se3/ZnO and Q/Bi2Ses/ZnO heterostructures
(Figures 2a,b) were used for the study of the absence or presence of characteristic for ZnO diffraction
peaks and for the extraction of their FWHM values.

The ZnO lattice constant ¢ and d-spacing between the atomic planes for ZnO nanolayers were
calculated from the obtained XRD spectra of Q/Bi2Se3/ZnO and G/Bi>Se3/Zn0O heterostructures, applying

formula for hexagonal ZnO crystal lattice:>*

d? 3

+= (1

1 4  (h%+kh+k? 12
CZ

a2
where d is interplanar spacing; 4, k, [ are Miller indices; a and c are lattice constants.

The calculated values for ZnO lattice constant ¢ and d-spacing were (0.521 + 0.014) nm and (0.261 +

0.005) nm respectively for ZnO nanolayers in both G/Bi2Se3/ZnO and Q/Bi2Ses3/ZnO heterostructures.

These values are consistent with the ZnO lattice parameters for 100 nm ALD thin film deposited on Si

substrate ((¢ = 0.5213 nm and d = 0.2606 nm)"“.

Presence of characteristic for ZnO diffraction peaks already for 10 nm thick ZnO layers indicates
highly crystalline structure of 10-100 nm thin ZnO nanolayers in G/Bi2Se3/ZnO and Q/Bi2Ses3/ZnO
heterostructures in comparison with Si/ZnO heterostructures, where the transition from amorphous
(below 20 nm of thickness) and semi-amorphous (of thicknesses 20-50 nm) to crystalline state was
observed for ZnO thicknesses starting from 50 nm.3!

For all G/Bi2Se3/ZnO heterostructures, the only detected ZnO reflection peak corresponds to (002)

plane (Figure 2d, peak at 20=34.38°). This indicates one-direction growth of ZnO grains on G/Bi>Ses3

substrate and differs significantly from the ALD growth of ZnO on Si, which results in formation of



polycrystalline thin films, showing two main diffractions peaks corresponding to (100) and (101)
reflection planes.®!

For the Q/Bi2Se3/ZnO heterostructures, the reflection peak of ZnO (002) plane was also dominating
for all range of ZnO thicknesses, however, its intensity was lower in comparison with G/Bi2Se3/ZnO
samples. One of two characteristic for polycrystalline ALD-deposited on Si substrates ZnO films
diffraction peaks — the peak related to (101) reflection plane - was detected for Q/Bi2Se3/ZnO samples
with ZnO thicknesses starting from 50 nm (Figure 2c). Therefore, in contrast with the G/Bi2Se3/ZnO
heterostructures, promoting one-direction growth of ZnO grains, the Q/Bi2Ses substrates promote also
growth of ZnO grains in one of directions, characteristic also for Si/ZnO thin films, starting from the
Zn0O nanolayers thicknesses of 50 nm. However, the absence of the main for Si/ZnO thin films (100)
diffraction peak in Q/Bi2Se3/ZnO XRD spectra indicates ZnO growth mechanism like G/Bi2Se3/ZnO
heterostructures. The lower in comparison with G/Bi2Se3/ZnO heterostructures intensities of the ZnO
(002) reflection peak and the presence of the (101) reflection peak may be explained by the morphology
of the Q/Bi2Ses substrate surface, promoting growth of the ZnO nanolayers not only parallel to the quartz
surface, but also under different directions relative to it (on surfaces of the randomly oriented Bi>Se;
nanoplates).

Figure 3a confirms the orientation of ZnO crystalline grains in different directions in the Q/Bi2Se3/ZnO

heterostructure with ZnO nanolayer thickness 50 nm.
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Figure 3. a) HRTEM image of the crossection of Q/Bi>Se3/ZnO heterostructure with ZnO nanolayer
thickness 50 nm; b-d) FFT images of ZnO, mixed region at the BioSes/ZnO interface and Bi,Ses, taken
from the areas of the sample labelled with squares at the HRTEM image; e) Line EDX scan of the

crossection of the Q/Bi2Se3/ZnO (50 nm) sample.

FFT and XEDS analysis performed for the crossection of Q/Bi2Ses/ZnO heterostructure (Figures 3b-
e) revealed the presence of approximately 8 nm thin transition layer at the Bi2Ses/ZnO interface. Beyond
this thickness, the ZnO nanolayer was found to be consisting of crystalline grains (Figure 3a).
The apparent crystalline grain sizes were estimated from the ZnO (002) diffraction peaks of the XRD

spectra of G/Bi>Se3/ZnO and Q/Bi>Ses/ZnO heterostructures using the Scherrer’s equation®:

K-A
~ Brcos(0) 2)
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where 4 is the X-ray wavelength, g is the integral half width, @ is the Bragg angle. K factor value in
this study equals 0.9 for considering not spherical shapes of the ZnO crystalline grains confirmed by the

HRTEM images (Figures 3a,4a).

The lattice strain € in ZnO was calculated using the following formula:*®

. B
€= Ttan(e) 3)

For more accurate analysis of grain size and strain effects, the instrumental line broadening must be
accounted. The instrumental corrected broadening was calculated as follows:*®

B = [(Bmeasured)” - (Binstrumentar)*]"> 4)

It should be noted that even accounting the instrumental broadening, the precision of the grain size
determination may be +10-15%. Thus, in what follows, the general tendencies of the changes in grain
sizes, not calculation of the exact ZnO grain sizes, are considered. The apparent crystalline grain size and

lattice strain values for ZnO nanolayers, estimated using Equations (2) - (4) respectively, are shown in

Figure 4 b,c.
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Figure 4. a) HRTEM image of the crossection of Q/Bi2Se3/ZnO heterostructure (thickness of ZnO
nanolayer 50 nm); b-c) Apparent ZnO grain size (primary y-axis, black circles) and lattice strain
(secondary y-axis, hollow circles) vs ZnO nanolayers thickness in b) G/Bi2Se3/Zn0O, and ¢) Q/Bi2Se3/ZnO

heterostructures.

G/Bi12Ses/Zn0 heterostructures (Figure 4b) showed nearly linear tendency of increase of apparent grain
size with the increase of ZnO nanolayer thickness, reaching values of approx. 75 nm for the 100 nm thin
ZnO nanolayers, accompanied by simultaneous decrease of the lattice strain from 0.6% down to 0.15%.
This indicates the improvement of the ZnO crystalline structure with the increase of ZnO nanolayer
thickness. In contrast, for Q/Bi2Se3/ZnO heterostructures an increase in grain size, accompanied by a
decrease in the lattice stress, was observed only for ZnO nanolayer thicknesses below 30 nm (Figure 4c).
Above this value, the average ZnO grain size in the Q/Bi2Se3/ZnO heterostructures is approximately 30

nm and is practically unchanged, which is consistent with the sizes of grains visible at the HRTEM image
13



(Figure 4a). The smaller average size of the ZnO grains is probably related to the surface morphology of
the Q/Bi>Ses substrates, when ZnO growing on Bi>Se; nanoplates of different orientations start to
interfere with each other, thus hampering the formation of larger grains. Such difference between the
grain sizes in G/Bi2Se3/Zn0O and Q/Bi2Se3/Zn0O heterostructures may lead to a higher number of formed
at the ZnO grain boundaries optically active defects in Q/Bi2Se3/ZnO heterostructures in comparison
with G/B12Se3/Zn0O heterostructures.

Optical properties. Optical band gap (Eg) values for the ZnO nanolayers of G/Bi»Se3/ZnO and
Q/Bi12Ses3/ZnO heterostructures were estimated assuming a direct transition between valence and
conduction bands and using the Tauc equation :'4

ahv = B(hv — E,)" (5)
where B is the constant, a is the absorption coefficient, hv is the incident photon energy, and r is the

constant, which for direct transition equals %4.’® E, was graphically determined from the Tauc plots of

(ahv)? vs hv (Figures 5a and 5b) by extrapolation the linear part of the absorption edge to ahv =0.

© Q/Bi,Se./Zn0 ® G/B\ZSEZIZnO‘
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Figure 5. Band gap determination on the absorption edge from absorbance spectra for the ZnO
nanolayers of different thicknesses in (a) G/Bi12Se3/ZnO and (b) Q/Bi2Se3/ZnO heterostructures; ¢) Band

gap values vs ZnO nanolayer thickness in Q/Bi2Se3/ZnO and G/Bi2Se3/ZnO heterostructures.
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The determined from the absorption spectra band gap values of ZnO nanolayers varied from 3.21 to
3.27 eV and from 3.21 to 3.25 eV for in Q/Bi2Se3/ZnO and G/Bi>Se3/Zn0O heterostructures respectively
(Figure 5 c). It should be noted that band gaps for 10 nm ZnO nanolayers are not taken into account in
this data analysis as were determined with low accuracy. The weak absorption signal detected (insets of
Figures 5a and 5b) may be related by the presence of the observed in HRTEM images 8 nm thin transition
layer at the Bi2Se3/ZnO interface (Figure 3).

The obtained band gap values of ZnO in G/BixSe3/ZnO and Q/BixSe3/ZnO heterostructures were
consistent with the optical band gap values reported previously for ZnO thin films on Si substrates (3.2
eV)>!3¢ and are lower than typical band gap value of ZnO single crystal (3.37 eV).>” Such optical band
gap redshift of the ZnO nanolayers in Bi2Se3/ZnO heterostructures in comparison with the bulk ZnO may
be related to higher (in comparison with single ZnO crystal) number of optically active point defects like
Zn, O vacancies and Zn interstitials formed in the ZnO nanolayer near the Bi>Se3/ZnO interface, as well
as at the ZnO grain boundaries. These defects may form shallow states in close to the conduction and
valence bands of ZnO.'*31:340 In this case, zone-to-centre transitions would result in reduction of the
band gap value comparing to bulk ZnO.

Photoluminescence (PL) of the ZnO nanolayers in Q/Bi2Se3/ZnO and G/Bi2Se3/Zn0O heterostructures
was compared to the PL of the same thickness ALD ZnO thin films in Si/ZnO heterostructures. Generally,
the PL spectra of all types of ZnO nanolayers exhibited two maxima (Figures 6 a-c): an intensive peak

at ~3.2 eV and a broad peak centred at 2.3-2.4 eV.

15
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Figure 6. Photoluminescence spectra of Q/BixSes/ZnO, G/Bi2Ses/ZnO heterostructures and for the
comparison - of ZnO thin films with different ZnO nanolayer thicknesses: a) 20 nm, b) 50 nm, c¢) 100
nm; d) an example of deconvoluted G/Bi2Se3/ZnO spectrum; e¢) deconvolution of the defect emission
peak; f) deconvolution of the defect emission peak without the contribution of the defect peak related to
the neutral Zn vacancies; g) band edge PL intensities of the G/Bi2Se3/Zn0, Q/Bi2Se3/Zn0O and Si/Zn0O vs
ZnO nanolayer thickness; h) defect ZnO emission intensities of the G/Bi>Ses3/Zn0O, Q/Bi2Se3/ZnO and
Si/ZnO vs ZnO nanolayer thickness (with the contribution of 3.11 eV peak related to the neutral Zn
vacancies); 1) intensities of emission peaks related to different types of defects thickness for
G/Bi12Ses/Zn0 heterostructures vs ZnO nanolayer thickness; j) defect ZnO emission intensities (without
the contribution of 3.11 eV peak related to the neutral Zn vacancies) of the G/Bi2Se3/ZnO, Q/Bi2Se3/ZnO
and Si/ZnO vs ZnO nanolayer thickness and k) comparison between the ZnO grain sizes in G/B12Ses3/ZnO

and Q/Bi2Se3/Zn0O vs ZnO thickness.

Deconvolution of the photoluminescence spectra performed by Gaussian fitting (Figures 6d and 6e)
revealed the presence of two PL peaks centered at 3.24 and 3.3 eV, which can be related to the ZnO band
edge emission, and four PL peaks that can be related to the charge carrier recombination on different
types of defects, such as neutral zinc interstitials (peak centred at ~ 3.11 eV), singly ionized oxygen and
zinc vacancies (peak centred at ~ 2.5 eV), double ionized oxygen vacancies (peak centred at ~ 2.23 eV)
and oxygen interstitials (peak centred at ~ 1.96 eV).3141:42

As it can be seen from Figure 6e, the emission peak related to the neutral zinc interstitials (~3.11 eV)
is significantly contributing to the total intensities of both maxima of the PL spectra. Traditionally, the
influence of this peak is not separated from the summarized intensities of the band-edge and visible defect
PL peaks of ZnO. In this work, the contribution of the defect emission peak centred at ~3.11 eV is

removed from the total intensities of the band-edge and visible defect PL peaks as illustrated in Figure
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6f in order to analyse the dynamics of the band-edge PL peaks centred at 3.24 eV and 3.3 eV, and the
defect PL peaks centred at 1.96 eV, 2.23 eV and 2.5 eV.

Band-edge ZnO photoluminescence (3.24 eV, 3.3 eV). The intensity of the band-edge PL of ZnO in
G/Bi2Se3/Zn0O and Q/Bi2Se3/ZnO heterostructures for all ZnO nanolayer thicknesses was found to be
significantly enhanced (by factor ~3.3 and ~1.7 respectively) in comparison with Si/ZnO heterostructures
(Figure 6g). Enhancement of the band-edge PL of ZnO may be a result of superposition of several
mechanisms: (i) charge transfer between the Bi>Ses and ZnO nanolayers, (ii) improvement of crystalline
structure of ZnO during the growth, and (iii) coupling of the band-edge excitons to surface-plasmon
polaritons.

Charge transfer at the Bi2Se3/ZnO interface can be analysed within a band diagram (Figure 7a).

8000 . R 4000 - i 2

a)  Vacuum level Vacuum level b) G/Bi,Se,/Zn0 . 500 5 c) Q/Bi,Se,/Zn0O e

Mot

b 400 @ L oo @

[0} X1 o, X2 8 6000 . / S || = 3000 &

£l 2 s S |3 =

¥ 1l 8 & Faos |8 b1 8

v 03eV = =/ IS) = — S

Zn0 =€ 3 4000 I/ S || £ 2000 4 .

n 3.28eV Bi.Se e ol O] % a @ 2

= 2 o FaooN |12 ETEA

£ ; / = c “

_ = < { Vs g_ = g-
a L

= 2000 ) 2 ||Z 1000 A é T

v 3 e Ll B 3¢ s 2

N o 9" < X s

e o o

Zn0 Bi,Se; 0 +8e - — 0 < 0 0o E

50 100 150 50 100
Zn0 layer thickness, nm Zn0 layer thickness, nm

Figure 7. a) Band diagram for the Bi2Se3/ZnO interface. b,c) Dependence of ZnO PL intensity (primary
y axis, black circles, dotted line) and XRD peak intensity (secondary y axis, hollow circles, dashed line)

of G/Bi2Se3/Zn0O (b) and Q/Bi2Se3/ZnO (c) heterostructures.

After forming a heterostructure, alignment of the Fermi level (£) in both contacting materials will
occur. Position of the Fermi level Er in each component of the heterostructure before joining them
together was estimated as follows:'®

EF:cD_X’ (6)
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where @ is the work function and y is the electron affinity.
The conductance band and valence band gap offsets were calculated as
AE, = 1, - 1 (7)

AE, = AE, - AE, (®)

where AE, is the difference between the band gap values of ZnO and BixSes, and 1 and . are the
electron affinities of ZnO and Bi>Se; respectively.

The built-in potential V; between the two altering ZnO and Bi>Ses nanolayers was calculated as

Voi -0 =Eey —Ee, ©)

where ¢ is the electron charge, Er; and Er» are Fermi level positions in ZnO and BiSes,
correspondently.

Values of Bi;Se; and ZnO parameters (work function, electron affinity and band gap), shown in Table
1 were taken from literature due to restriction of X-ray and ultraviolet photoelectron spectroscopy
(XPS/UPS) methods for thick layers (over 20 nm).'®*%5 The estimated by Equations (6)-(9) offsets of
conductance band and valence AE., AE,, and built in potential Vyi, between BirSes and ZnO are

summarized in Table 1.

Table 1. Electronic parameters of ZnO and BixSes.

O, eV X, eV Eg eV AEc, eV AE,, eV Vi, €V
ZnO1® 5.8 4.35 3.28 0.95 203 135
Bi256343416 54 53 0.3

In contrast with Si/ZnO deposited on p-doped Si substrates, where the depleted regions are formed
near the interface in both Si and ZnO, the junction of ZnO and BizSe; in a heterostructure results in
formation of the electron-rich and hole-rich areas in ZnO and Bi>Ses, respectively. Forming of the hole-
rich region in Bi>Ses will result in decrease of electron concentration in this material.>> Forming of the

electron-rich area in ZnO will reduce the depletion layer formed at the surface of ZnO due to the
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chemisorption of oxygen.'*!%%6 This depletion layer separates electrons and holes created by the above-
bandgap illumination and restricts the exciton formation. Reduction of the depletion layer of ZnO due to
formation of the Bi»Se3/ZnO heterojunction will lead to an increase of the band-edge PL of ZnO in
comparison with the ZnO of the same thickness, deposited on p-doped Si substrates.

However, the equal for both G/Bi2Ses3/ZnO and Q/Bi2Se3/ZnO heterostructures decrease of the ZnO
depletion layer does not explain the significantly higher band-edge PL of the ZnO in G/BixSe3/ZnO
heterostructures in comparison with the band-edge PL of the ZnO in Q/Bi,Se3/ZnO heterostructures
(Figure 6g). This difference may be the result of other mechanisms of PL enhancement, discussed in the
following paragraphs.

Figures 7b and 7c illustrate the correlation between the intensity of the XRD peak related to the ZnO
(002) reflection plane and the intensity of the band-edge PL emission of ZnO in BixSes3/ZnO
heterostructures.

The increase of the intensities of the XRD and the band-edge PL peaks with the increase of the ZnO
thickness for the ZnO nanolayers in G/Bi2Se3/ZnO heterostructures (Figure 7a) is in line with the data
related to the ZnO grain sizes (Figure 6k) and proves the role of improvement of the crystalline structure
of the ZnO as one of the mechanisms for the band-edge PL enhancement. For the ZnO nanolayers in
Q/Bi2Se3/Zn0O heterostructures, the correlation between the values of intensities of XRD and band-edge
PL is not convincing (Figure 7¢), however, both PL and XRD intensities tend to increase at ZnO thickness
above 75 nm. Presumably, in this case the ZnO crystallinity improvement is not the dominating
mechanism for the band-edge PL enhancement. This conclusion is supported by the data shown in Figure
6k, demonstrating no increase of the ZnO grain size in Q/Bi2Se3/ZnO with the increase of the thickness

of ZnO nanolayer.
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However, the larger increase of the ZnO PL in the heterostructures in comparison with the increase of
the intensity of the XRD peak (Figures 7b and 7c) may indicate the influence of the third mechanism of
the PL enhancement, which is the coupling of the band-edge excitons to BixSe; surface-plasmon
polaritons similarly to the PL enhancement reported for the mechanically prepared ZnO/BirTes
heterostructures.*

ZnO0 defect photoluminescence. The data on intensities of four peaks of ZnO defect emission related
to different types of defects (neutral zinc interstitials (~3.11 eV), singly ionized oxygen and zinc
vacancies (~2.5 eV), double ionized oxygen vacancies (~2.23 eV) and oxygen interstitials (~1.96 eV))
for G/B12Se3/Zn0, Q/B12Ses3/Zn0O and Si/ZnO are summarized in Figure 6 h. The defect PL of the ZnO
nanolayers in G/Bi2Se3/ZnO heterostructures was 1.5-3 times higher in comparison with Si/ZnO
heterostructures and showed linear increase with the ZnO nanolayer thickness. For the ZnO nanolayers
in Q/Bi2Ses3/Zn0O heterostructures, the defect PL for different ZnO nanolayers thicknesses was up to 6
times higher in comparison with the defect PL of the Si/ZnO. The significantly higher defect PL of ZnO
in Q/Bi2Se3/Zn0O heterostructures in comparison with G/BixSe3/ZnO heterostructures may be explained
by the smaller ZnO grain sizes resulting in larger area of grain boundaries in Q/Bi2Se3;/ZnO
heterostructures. The scatter of the intensity values in this case (Figure 6h, hollow circles) is presumably
due to the deviations in the surface morphology of Q/Bi>Se3/ZnO samples.

Analysis of the defect emission peaks related to different types of defects for the G/Bi2Ses/ZnO
heterostructures revealed that the linear enhancement of the summarized defect PL with the increase of
the ZnO thickness (Figure 6h) is governed mostly by the defect peak related to the neutral zinc interstitials
(~3.11 eV), which intensity increases linearly with the increase of ZnO nanolayer thickness (Figure 6 1).
The intensities of other three peaks (~1.96 eV, ~2.23 eV and ~2.5 eV) of the defect emission of ZnO

nanolayers increase with the increase of ZnO thickness from 10 to 75 nm, and then decrease/saturate for
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the ZnO thicknesses above 75 nm (Figure 6j) in all samples. Also, it is seen from the Figure 6j that the
defect PL of these emission peaks in G/Bi2Se3/ZnO and Q/Bi2Se3/ZnO samples is higher than PL of the
Si/Zn0O samples. Presumably, this enhancement of the defect ZnO PL in Bi2Se3/ZnO heterostructures is
promoted by the decrease of the depletion layer in comparison to the ZnO films deposited on Si
substrates.!**! Additionally, the increase of the defect emission intensity for the ZnO thicknesses below
75 nm may be related to the higher concentration of the single-ionized oxygen and zinc vacancies (~2.5
eV). As it is known, these defects are concentrated on the ZnO grain boundaries. As the ZnO grain size
decreases with the decrease of the ZnO nanolayer thickness (Figure 6k), the thinner ZnO nanolayers may
have higher concentration of defects. The dependence of the defect PL on ZnO grain size may explain
also the higher defect PL of the ZnO in the Q/Bi2Ses3/ZnO heterostructures in comparison with the
G/Bi12Ses/Zn0O (Figures 6j and 6k). The growth of the ZnO films above 75 nm is supported by the decrease
of the defect concentration due to the increase of the grain size and the improvement of crystalline

structure of the nanolayer,*! which results in saturation of the defect PL.

CONCLUSIONS

BixSes/ZnO heterostructures with different structure properties have been fabricated using consecutive
physical vapor deposition and atomic layer deposition techniques. Improvement of the crystalline
structure of ZnO nanolayers grown by ALD method on Q/Bi2Se; and G/Bi2Se; nanostructured substrates
was observed comparing to the ZnO nanolayers grown by ALD on Si substrates. Significant enhancement
of the band-edge emission of ZnO in Bi»Se3/ZnO heterostructures was observed. Three main mechanisms
of the PL improvement are proposed: (i) decrease of the depletion layer due to the charge transfer at the
Bi2Se3/ZnO interface and formation of the hole-rich and electron-rich zones in BiSes and ZnO

respectively; (ii) improvement of the ZnO crystallinity, especially in the ZnO nanolayers in
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G/Bi2Se3/ZnO heterostructures, and (iii) resonance of ZnO excitons with Bi;Ses surface plasmon
polaritons at the Bi»Se3/ZnO interface. Analysis of the defect PL revealed its dependence on the width
of the depletion layer and the average grain size of the ZnO. BixSe; and ZnO showed good compatibility
of both Q/Bi2Se3/ZnO and G/Bi2Ses/ZnO heterostructures and their high potential for applications in

optoelectronic devices.
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