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Abstract
This paper describes amethod for forming an array ofGe/ZnSe nanoheterostructures by vacuum
thermal evaporation. ZnSe andGe layers were deposited on an anodic aluminumoxide surface with a
pore diameter of 24 nm. Scanning electronmicroscopy showed that nanoheterostructures are formed
in the pore channels. The features of the electron structure of the samples obtainedwere investigated
by x-ray photoelectron spectroscopy and optic absorption spectroscopy. These investigations showed
that the band gap of germanium increases. Also, there is a significant increase in valence band
discontinuity (to 3.6 eV). Thus, we obtainedGe/ZnSe heterostructures with non-overlapping band
gaps or broken-gap heterostructures.

1. Introduction

The technology of semiconductor heterojunctions holds an important place inmodern electronics and
optoelectronics. Its further development is focused on structures of the order of tens of nm and less than 10 nm,
which have newproperties different from those of higher-dimensional systems.Moreover, for some
applications, in particular, for solar cells and LEDs, approaches are being developed to the formation of a
textured surface of heterojunctions withmicro- and nano- topography, which reduces optical losses but, on the
other hand,may lead to an increase in the surface recombination rate due to an increased density of surface states
[1, 2]. Thismotivates the interest in the study of the electronic structure of nanoscale heterostructures.

The heterojunction betweenGe andZnSe is now fairly well understood. For example, a series of papers [3–6]
present both an experimental determination of band structure parameters and theoretical calculations of the
Ge/ZnSe heterojunction, among other things, for the application as solar cells. Also, one-dimensional Ge/ZnSe
heterojunctionswith an atomically smooth boundary and axial nanowire heterostructures were obtained in
[7, 8], but the band structure parameters were not defined. In [9], we proposed amethod for forming
nanostructuredGe/ZnS layers comprising an ordered array of core/shell nanostructures. Thismethod is based
on the thermal deposition of semiconductor layers onto the surface of porous alumina. In this paperwe use this
method to formnanoscale Ge/ZnSe heterostructures. In order to study the electronic structure features of the
samples obtained, we have applied optical spectroscopy and x-ray photoelectron spectroscopy (XPS).

2. Experimental details

2.1. Sample preparation
The deposition of semiconductor layers was carried out in a high-vacuum thermal evaporation chamber. The
vacuum systemhad no oil sealed vacuumpumps. Amagnetic-discharge pumpwas used to generate high
vacuum (10−6 Pa). Two resistive evaporators were installed in the chamber to evaporate ZnSe andGe, which
made it possible to obtain heterojunctions in oneworking cycle. Anodic aluminamatrices were used as a
substrate.
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Anodic aluminumoxide (AAO) has a unique porous structure with ordered or quasi-ordered arrangement
of cylindrical pores. The porosity parameters (pore diameter and distance between the centers of adjacent pores)
depend on the electrolyte used for anodization and on the applied voltage [10]. AAOmatrices were prepared by
the anodic oxidation of a preannealed andmirror polished aluminumplate (99.999%) in a 0.3molar solution of
the sulfuric acidH2SO4 at 0 °Cand 25 V voltage. After anodization, the aluminum residueswere removed in a
copper chloride solutionwith phosphoric acid. The thin nonporous alumina layer (barrier layer) formed during
anodization and separating themetal substrate and the porous layer was removed in 5%H3PO4 solution. After
removal of the barrier layer, the surface on the sidewhere the barrier layer was has amore ordered arrangement
of pores, therefore the semiconductor layers were deposited on this side (figure 1). Themorphology of the
sample surfaces was investigated by a scanning electronmicroscope (SEM)Carl ZeissNVision 40-38-50. The
pore diameter was 24±1 nm, and the distance between pores was 60±2 nm.

The formation of the heterojunctionwas started by depositing a ZnSe layer, which led to a decrease in the
pore diameter to 20±2 nm. Then theGe layer was deposited. As a result, the pores closed almost completely
(figure 2). The substrate temperature during the deposition did not exceed 300 °C. Thematerial covered the
AAO surface uniformly, graduallyfilling the pores and forming nanostructures in their channels. Inwhat
follows the samples obtained are denoted asGe/ZnSe/AAO.Under the same conditions, a comparison sample
was prepared, inwhich fused silica was used as the substrate. This comparison sample is denoted asGe/
ZnSe/SiO2.

2.2. Researchmethods
To analyze themorphology of the nanostructures formed in the pore channels by scanning electronmicroscopy,
wefixed the samples on ametal substrate with a carbon tape. Then aluminawas removed in a chromic solution
at 80 °C. The remaining investigations were conducted on the sampleswith the AAOmatrix on the side of the
ZnSe andGe semiconductor layers.

The crystal structure of the samples was analyzed on theD8Advance x-ray diffractometer (Bruker AXS)with
CuKα radiation. Registrationwas carried out in the grazing incidencemode at a fixed incident angle of 0.2°. The
accumulation time at the point was 10 s. Under these conditions, the depth of the analyzed layer was about
280 nm. The phase analysis was performed using the JCPDS structural database.

TheXPS sample was investigated using a laboratory spectrometermade by SPECS. The spectrawere
recorded usingMgKα excitation. The processing of the experimental data was done usingCasaXPS software.

Figure 1.Preparation of the AAOmatrix: (a)Al anodization in 0.3 MH2SO4, (b) removal of aluminum residues in CuCl+H3PO4,
(c) removal of the barrier layer in 5%H3PO4, (d) SEM image of AAO.
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The determination and subtraction of the background linewas performed according to the Shirley algorithm
[11]. To determine the positions of germanium core levels on the uncleaned sample, we used aC 1s carbon line
with natural hydrocarbon contaminations as a reference. The carbon binding energywas 285 eV.

The optical properties of the samples were investigated byUV/Vis spectroscopy. Transmission and
reflection spectra were obtained on the Lambda 950 spectrometer (PerkinElmer) and converted to optical
density by the formula

{( ) }= -D R Tln 1 ,2

whereR andT are the reflection and transmission coefficients, respectively. To determine the bandgap of
semiconductor layers, the self-absorption edgewas plotted in accordance with the Tauc law [12]

( ) ( )= -Dhv B hv E ,1 2 1 2
g

/ /

where hv is the photon energy,B is the Tauc constant proportional to the density of electronic states (DOS), Eg is
the optical bandgap defined by linear extrapolation at the intersectionwith the abscissa axis.

3. Results and discussion

3.1. Investigations of themorphology and crystal structure ofGe/ZnSe/AAO
Figure 3 presents a SEM image of thefilm remaining after removal of the AAOmatrix. The surface of the film is
uniformly coveredwith nanostructures in the formof tubes or rings, the arrangement of which repeats the
arrangement of the pores of the originalmatrix. However, the diameter of the nanorings (30±3 nm) is slightly
larger than that of the pores of the originalmatrix (24±1 nm).

The inner diameter of the nanorings is 12 nm. The pattern of pore overgrowing during deposition indicates
that the outer shell of the nanoring consists of a 2 nmZnSe layer and the inner shell consists of aGe layer. Note
that the thickness of theGe layer in the nanostructure located in thematrix pore should be of the order of 4 nm.
The samples obtained can be described as nanostructured layers containing arrays of nanoscale axial Ge/ZnSe
heterostructures.

Figure 4 presents XRDpattern of theGe/ZnSe/AAO sample and bar representations ofGe andZnSe
sphalerite phase. A broad amorphous halo from the porous alumina is observed at the base of the first peak. The
small difference of the parameters of the germanium crystal lattice (5.66 Å, JCPDS 81-683) and the sphalerite
phase of zinc selenide (5.67 Å, JCPDS 5-552) leads to themerging of reflections from their planes. Itmakes
impossible to determine the contributions ofGe andZnSe to the diffraction peaks. Calculations showed the
average value of the lattice constant of the samples is 5.63±0.01 Å. This value is smaller than the lattice constant
of bulk germanium and bulk zinc selenide. The lattice distortions indicate compressive stresses arising in the
nanostructures during formation in a closed volume. Thus, the increase in the nanorings’ diameter after
removal of the oxidematrix is possible due to the relaxation ofmechanical stresses.

3.2. XPS investigations
The chemical composition of the samples obtainedwas investigated byXPSwith an accuracy characteristic of
thismethod.On the obtained spectra there are lines of germanium, zinc and selenium (figure 5). Since the
photoelectron escape depth is notmore than a few nanometers, photoelectrons from theGe andZnSe layers as

Figure 2. SEM images after depositing first a ZnSe layer 30 nm in thickness (a) and then aGe layer 60 nm in thickness (b).
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Figure 3.Ge/ZnSe nanoscale heterostructures after removal of the AAOmatrix and the schematic image of theGe/ZnSe
nanoheterostructure.

Figure 4.XRDpattern ofGe/ZnSe/AAO.

Figure 5.XPS spectra and schematic diagramof the photoemission region of theGe/ZnSe/AAO sample.
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well as from the area ofGe/ZnSe nanoheterostructures contribute to the spectrum. In fact, the resulting
spectrum can be represented as a superposition of individual germanium and zinc selenide spectra shifted
relative to each other due to an offset of the energy bands at the heterojunction interface. This shift allows one to
determine the valence band discontinuity of the heterojunction. The change in the distance between the core
levels of two semiconductors δ(ΔEB) separated by the heterojunction interface is equal to the change in the value
of the valence band discontinuity δ(ΔEV) [13]. In this case the valence band discontinuity can be expressed as
follows:

[ ( ) ( )] [ ( ) ( )]D = - - -E E E E EGe ZnSe Ge ZnSe ,V Ge3d Zn3d Bulk Ge3d Zn3d HJ

where [ ( ) ( )]-E EGe ZnSeGe3d Zn3d Bulk is the binding energy difference between the core levels for the bulk
semiconductors and [ ( ) ( )]-E EGe ZnSeGe3d Zn3d HJ is that for the heterojunction under study. In our case, the
valence band discontinuity calculated by this formulawas 3.6±0.2 eV for theGe/ZnSe/AAO sample. The
calculated value ismuch higher thanΔEV for the two-dimensional Ge/ZnSe heterojunction on a single crystal
substrate (1.4 eV [3, 4]). For the comparison sampleGe/ZnSe/SiO2ΔEV is 1.2±0.2 eV. The energy band offset
is influenced bymany factors, themost important of which are the crystal plane orientation of semiconductor
layers, interdiffusion, and the presence of extraneous layers on the interface [14]. No impurities have been
detected in the heterostructures obtained byXPS. The interdiffusion effect at a relatively lowdeposition
temperature (300 °C) should beminimal. Therefore, the significant increase inΔEV ismainly determined by the
influence of the orientation ofGe andZnSe crystal planes. In addition, the crystal lattice distortion also has a
significant impact. The study of the valence band discontinuity in the strainedGe–Si heterosystems has shown
that as the lattice constant decreases,ΔEV increases [15]. Thus, based on theXRDdata, we can conclude that
ΔEV increases to 3.6 eV due to the distortion of the germanium crystal lattice.

3.3.Optical absorption spectroscopy
The optical density spectra of the initial AAOmatrix and thematrix with the ZnSe andGe/ZnSe layers deposited
are presented infigure 6. Since the semiconductor layers aremuch thinner than thematrix, porous alumina
makes themain contribution to the optical spectra. The features of theAAO absorption in the short-wave region
of the spectrum are due to the oxygen defects [16]. The ZnSe deposition gives rise to an absorption bandwith an
edge at 2.63±0.05 eV, which determines the band gap of the semiconductor. AfterGe deposition, another
absorption band appears. Themaximumof this band is near 2 eV, which can be linked to the direct band
transition inGe, but is shifted to the short wavelength region [17].

To investigate the absorption edge of the sample inmore detail, we have used the Tauc law [14]. Figure 7
showsTauc plots, (Dhν)1/2 versus hν, of Ge/ZnSe/AAOandGe/ZnSe/SiO2 sample spectra (thin films on a
silica substrate). As can be seen, on theGe/ZnSe/AAO spectrum there is no fundamental absorption edge of
germanium at 0.67 eV, and it is blue shifted relative to the spectrumofGe/ZnSe/SiO2. The optical band gap of
Ge nanostructures equals nearly 1.39 eV. The blue shift can be due to changes in the electronic structure caused
bymechanical stresses inGe/ZnSe/AAOnanoheterostructures. On the other hand, since the nanostructures in
the alumina pore channels contain germanium layers of 4 nm, the appearing quantum confinement effect can
also cause an extension of the band gap [18, 19]. Unfortunately, we have not been able to determinewhich of
these two effects takes place. This requires further investigations.

Figure 6.The optical density spectra of the AAOmatrix (dotted line), the deposited layer of ZnSe onAAO (dashed line) and the
deposited layers ofGe andZnSe onAAO (solid line).
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3.4. Schematic band structure ofGe/ZnSe/AAO
Infigure 8we present a schematic band structure ofGe/ZnSe/AAOwithout considering band bending. The
bottomof the ZnSe conduction band lies approximately 0.97 eV below the top of theGe valence band, leading to
a broken gap heterojunction. The type of broken-gap heterojunctions that is nowparticularly well understood is
theGaSb/InAs superlattice. The electrons decreasing their energyflow from the overlying valence band of one
semiconductor to the underlying conduction band of another semiconductor [20]. They build an electronic
channel whose properties can bemodulated by light, electric ormagnetic fields [21]. Thus, the interface
nanostructuring of theGe/ZnSe heterostructure system can lead to significant changes in its electronic structure
and to newproperties. The formation of nanoscale heterojunctions and their introduction into the structure of
the semiconductor devicemay be one of the areas of ‘band engineering’.

4. Conclusion

In this paper, an array of axial heterostructures in the formof nanorings has been obtained by vacuum thermal
deposition ofGe andZnSe semiconductors on the surface of porous alumina. The study of the electronic
structure of the samples showed a significant difference from the two-dimensional heterojunctions ofGe/ZnSe
on the single crystal substrates. The lattice distortions arising during the formation of nanostructures in a closed
volume of alumina pores lead to an increase in the valence band discontinuity to 3.6 eV. Also, the germanium
bandgap increases significantly, whichmay be associatedwith the quantum confinement effect ormechanical

Figure 7.The absorption edge of theGe/ZnSe heterostructure on silica (solid line) andAAO (dashed line).

Figure 8. Schematic band structure ofGe/ZnSe/AAO.
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stress of the crystal lattice. Thus, the surface nanostructuringmay be oneway to control the electronic properties
of heterojunctions and provides newopportunities for the development of semiconductor devices.
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