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A junction of lattice-matched cubic semiconductors ZnTe and PbSe results in a
band alignment of type I so that the narrow band gap of PbSe is completely within
the wider band gap of ZnTe. The valence band offset of 0.27 eV was found, rep-
resenting a minor barrier during injection of holes from PbSe into ZnTe. Simple
linear extrapolation of the valence band edge results in a smaller calculated band
offset, but a more elaborate square root approximation was used instead, which
accounts for parabolic bands. PbSe was electrodeposited at room temperature with
and without Cd2+ ions in the electrolyte. Although Cd adsorbs at the surface, the
presence of Cd in the electrolyte does not influence the band offset. C 2016 Au-
thor(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4955092]

Zinc telluride (ZnTe) semiconductor, having band gap of 2.26 eV at room temperature,3 is a
promising material for various optoelectronic devices including light emission devices in the green
spectral region1,2 and next generation solar cells.10 Lead selenide (PbSe) is a well known narrow
band semiconductor with a band gap of 0.28 eV at room temperature.4 Knowledge of the band
alignment at the ZnTe/PbSe interface is a key requirement for the design of various heterojunction
devices, like cascade lasers, high electron mobility transistors, etc. An injection device requires
either a p-n junction, or a heterojunction with a suitable band offset for the selective injection of
the minority carriers. Good lattice match is an additional requirement for optimal epitaxial growth
and low interface defect concentration in heterojunctions. The lattice constant of cubic lead sele-
nide matches that of ZnTe within 0.54 % at room temperature.3,5 According to Anderson’s rule,6

taking into account the difference of electron affinities, a conduction band offset of 0.7 eV (type I)
may be expected.7,8 The correspondent valence band offset then amounts to 1.3 eV, both offsets
being large for possible injection of charge carriers. Although a larger band gap would be bene-
ficial for strongly asymmetric injection into ZnTe, suitable injection may be also expected from a
narrow-band emitter, given an appropriate band offset. A further possible application is the surface
passivation of PbSe nanoparticles by lattice-matched core-shell structures. The aim of this paper is
the measurement of the valence band offset directly by X-ray photoelectron spectroscopy (XPS).
Contrary to the above estimations, as shown below, the band alignment is particularly suitable
for the injection of holes into ZnTe. Similar strong deviations of band offsets from predictions by
Anderson’s rule (non-transitivity) are known in the literature9,10 for other material combinations.

The formation of heterojunctions is possible with various deposition techniques, most common
being vacuum evaporation/sublimation, sputtering, chemical vapor deposition and chemical bath
deposition. Relatively new is the electrochemical underpotential deposition of compound semi-
conductors, including electrochemical epitaxy.11,12 Electrochemical deposition offers the following
advantages: 1) room temperature deposition avoids thermal mechanical stress induced by otherwise
necessary cooling down of the structure; 2) it is simpler to recycle liquid waste products, than
to deal with fine dispersed powder after vapor deposition of toxic materials like Pb, Cd, Se and
Te compounds; 3) the working electrolyte can be used in more than one deposition cycle; 4) the
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average thickness can be easily controlled by the amount of charge flown and 5) the cost of mass
production can potentially be reduced by using this non-vacuum technique. The band alignment in
heterostructures grown by electrochemical epitaxy, measured and presented here, may eventually
differ slightly from that in heterostructures grown by different deposition techniques.

Ultrathin films of PbSe were electrochemically deposited on polished and chemically cleaned
(100)ZnTe of p-type doped by phosphorus to a concentration of 1 – 1.2 × 1017 cm−3. The substrates
were previously contacted by vacuum evaporation of silver onto the cleaned back surface of the
wafer, resulting in contact resistance below 1 kΩ. The deposition of PbSe was carried out in elec-
trolyte containing 50 mM Pb(NO3)2, 1 mM Se from standard solution (1 g/l Se in 2% HNO3) and
in some experiments additionally 0.5 M Cd(NO3)2.12,13 All films were deposited potentiostatically
at alternating -400 mV /+200mV potential vs. the saturated KCl Ag/AgCl reference electrode under
illumination by a 460 nm super bright light emission diode. After the deposition, the samples were
rinsed, dried, transferred and measured ex-situ by XPS equipment with a monochromatic Al Kα
(1486.6 eV) X-ray source. Reference measurements were performed on cleaved surfaces of ZnTe
and PbSe crystals.

Froment et al. described the benefit of additional Cd2+ ions in the working electrolyte for
facilitating epitaxial growth of PbSe on indium phosphide (InP) substrates.13 Here, it was possible
to electrodeposit 20nm thick PbSe epitaxial film also on ZnTe in the presence of cadmium. Figure 1
shows the scanning electron micrograph of PbSe film after deposition. X-ray dispersive microanal-
ysis confirms the presence of Pb and Se in similar quantities, both in smooth and in rough regions
of the micrograph. The inset in figure 1 shows the pole diagram of the PbSe film structure on
(100) ZnTe, measured by electron back scattering diffraction (EBSD). Epitaxy is attained at most
locations at the surface. Thinner films cannot be adequately assessed by EBSD, which information
depth amounts to about 20 nm, but it can be anticipated, that also 3 - 7 nm PbSe films grown in
presence of Cd2+ for XPS measurements are single crystalline. However, the presence of Cd2+ in
the process may influence the band offset. We studied the influence of Cd2+ in the electrolyte on the
band offset in detail.

Figure 2 shows a survey spectra of a thin PbSe film on (100)ZnTe in the absence and in the
presence of Cd2+ in the electrolyte. The thickness of the PbSe films, estimated from Faraday law,
amounts to 2.2 nm without Cd2+ and 7.2 nm with Cd2+ in the electrolyte. The survey spectra
show all lines of the elements of ZnTe and PbSe and of contamination by oxygen and carbon
due to ex-situ measurement. The spectrum of the film deposited in the presence of Cd2+ shows
additionally the cadmium lines. The band offset at the heterointerface was calculated using the
well-known approach of Kraut described in detail elsewhere14 and modified here for the use with

FIG. 1. Micrograph of 20nm PbSe film on (100)ZnTe substrate after underpotential electrodeposition. The sample tilt is
70 degrees relative to the image plane. Left inset: EBSD pole figure as result of orientation analysis at 8153 pixels of
this region (with 114 zero solutions, 1.7%). Right inset: round-shaped PbSe-plated region, surrounded by uncovered ZnTe
substrate.
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FIG. 2. Survey XPS spectra of PbSe/ZnTe heterojunction deposited in the absence (a) and in the presence of Cd2+ ion in the
electrolyte (b). The lines in brackets are strongly overlapped.

ex situ measurement. The energy difference between various core levels and the valence band edge
are measured separately in both pure binary semiconductors. These differences are considered as
material constants. They are applied to calculate the binding energy of both valence band edges in
the heterojunction from the measured energy of the respective core levels. The line shape of the core
levels was analyzed using UNIFIT software15 in order to precisely determine the peak positions in
each material. Additional spectral components often appear in the line shape due to surface oxida-
tion/reaction during ex-situ transport and measurement. The correct identification of the spectral
components of PbSe and ZnTe in the line shape of each element is not a trivial but a vital task. The
binding energy of the valence band edges in the semiconductors at both sides of the heterointerface
was determined independently through Zn3d, Zn3p, Zn2p, Te4d and Te3d core level doublets for
ZnTe and Pb4f, Pb5d, Pb4d and Se3d core level doublets for PbSe. For each heterojunction, the
valence band offset is calculated as the difference between the binding energies of the valence band
edges in both materials. We excluded Se2p and Te2p core levels from consideration because of the
wide line shape and poor reproducibility of XPS peak fitting, even measured on pure binary crystals
(see Table I).

TABLE I. Measured energy difference ∆E between the core levels and the valence band edge in PbSe and ZnTe single
crystals according to square root band edge fit. The data is averaged over several independent samples resulting in the given
95 % statistical confidence interval.

Peak ∆E, eV Peak ∆E, eV

Pb4d3/2 434.13 ± 0.17 Te4d5/2 39.28 ± 0.09
Pb4d5/2 412.02 ± 0.45 Te4d3/2 40.74 ± 0.09
Pb5d5/2 18.03 ± 0.24 Te3d5/2 571.74 ± 0.07
Pb5d3/2 20.59 ± 0.11 Te3d3/2 582.12 ± 0.06
Pb4f5/2 141.73 ± 0.18 Te3p3/2 818.45 ± 0.13
Pb4f7/2 136.88 ± 0.13 Te3p1/2 869.48 ± 0.18
Se3p3/2 159.13 ± 0.80 Zn3d 9.27 ± 0.08
Se3p1/2 164.97 ± 0.84 Zn3p3/2 87.81 ± 0.11
Se3d5/2 52.69 ± 0.04 Zn3p1/2 90.79 ± 0.09
Se3d3/2 53.54 ± 0.06 Zn2p1/2 1044.16 ± 0.07

Zn2p3/2 1021.09 ± 0.06
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The correct calculation of band offset relies on the correct determination of the energy of
valence band edge in the individual binary semiconductors. Traditionally, a simple linear extrapo-
lation of the band edge was used.16–18 Alternatively, the hypothesis about parabolic band structure
close to the band edge results in density of states being square root of the energy difference from
the edge.19 This density of states is further blurred by calculation of the product with a normal
distribution to account for limited measurement resolution and random influence. We applied both
these approaches and compared the results. Figure 3 shows an example, how the same experimental
spectrum may be interpreted using the two approaches with significantly different results. The
difference of the band edge energies by the two methods does not completely cancel out during band
offset calculation, so a decision should be made to choose the most reliable method. For PbSe, the
binding energy of the valence band edge can be independently estimated from the known band gap
of 0.28 eV at room temperature.4 The material content of 99.99% in PbSe single crystals means
that the maximal impurity concentration amounts to 1.7x1018, which is smaller20 than the intrinsic
carrier concentration of 3.5 x1018 cm−3 at room temperature. The effective masses for electrons and
holes in PbSe are very similar,21 so that the Fermi level in intrinsic PbSe is at the midgap position.
Therefore, neglecting also the surface charge density with respect to the large bulk carrier density,
the expected binding energy of the valence band edge is Eg/2 = 0.14 eV. This value is closer to the
binding energy obtained by the parabolic fit of the band edge spectrum. Also in the case of ZnTe
the simple parabolic fit is expected to be correct, because of relatively large spin-orbit splitting in
the valence band of 0.9eV.22

Table I shows the energy difference between the specified core levels and the band edge in the
binary semiconductors, averaged across several reference samples. The binding energy of the band
edges was taken from square root approximation.

The statistical distribution of the band offset, calculated via various pairs of core levels in each
single heterojunction (of a set of 4) is close to the normal one (Fig. 4), as though all individual
deviations were random. Any deviation from the normal distribution would imply some systematic
error, which may originate from a false identification of spectral components.

FIG. 3. Results of the linear and the square root approximation of the valence band edge (VBE) in PbSe and ZnTe.
Scatter – experimental photoelectron spectra of ZnTe (diamonds) and PbSe (circles), thick solid lines – resulting fits of
valence band spectra: (a) and (c) – square root approximation and (b) and (d) – linear approximation of density of states,
thin solid lines – assumed density of states. Values for full width at half maximum (FWHM) and binding energy at valence
band edge are given for each plot.
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FIG. 4. Resulting band alignment in the heterostructure p-ZnTe/PbSe. Band diagram of the structure (left inset): ECs,
ECf – conductance band edges and EVs, EVf – valence band edges in ZnTe substrate and in PbSe film respectively. Distribution
of valence band offset in ZnTe/PbSe heterostructure across various samples and measurements (inserted plots). Plots and
values: (a) and (b) represent band offset in samples deposited in the absence of Cd2+ ions estimated using (a) – linear and
(b) – square root approximation of reference band edges. Plot and values (c) represent band offset in samples deposited in the
presence of Cd2+ ions in the electrolyte (square root approximation).

The band offset in heterojunctions grown with and without Cd2+ is the same within the exper-
imental uncertainty. This observation indirectly confirms the model of electrolytic PbSe growth by
Froment et al., where Cd2+ ions stay at the surface and locally inhibit the growth.12,13 Therefore,
both ZnTe/PbSe interface and the PbSe film are Cd-free so that there is no influence of Cd on band
offset. The Cd signal in the overview XPS spectrum (Fig. 2(b)) originates from the adsorbed atoms
at the PbSe surface.

According to the presented results, type I band alignment was observed at the interface. The
large conduction band offset of 1.71 eV can be deduced from the bulk band gaps of both materials.

In conclusion, the valence band offset at the PbSe/ZnTe interface amounts to 0.27 ± 0.05 eV in
the presence of Cd ions in the electrolyte and remains constant independently of cadmium content.
The valence band offset deviates strongly from that predicted by Anderson’s rule (0.7 eV). The band
offset may depend slightly on the deposition technique. Hot deposition may induce strain at the
interface upon cooling down. Since the strain is known to influence the band gaps, it should also
influence the band offsets. Hot deposition is capable to induce interdiffusion between the materials
and relaxation of defects upon cooling. From this point of view, the measurement at the same
temperature as that of deposition is the most general one.

We acknowledge financial support from Carl Zeiss Foundation, Free State of Thuringia, Euro-
pean Commission and through Photograd network.

1 T. Tanaka, M. Nishio, Q. Guo, and H. Ogawa, “Fabrication of ZnTe Light-Emitting Diode by Al Thermal Diffusion through
Surface Oxidation Layer,” Japanese Journal of Applied Physics 47(11), 8408–8410 (2008).

2 K. Sato, M. Hanafusa, A. Noda, A. Arakawa, M. Uchida, T. Asahi, and O. Oda, “ZnTe pure green light-emitting diodes
fabricated by thermal diffusion,” Journal of Crystal Growth 214-215(4), 1080–1084 (2000).

3 A. Arakawa, T. Asahi, and K. Sato, “Growth and Characterization of Large Diameter ZnTe Single Crystals,” Physica Status
Solidi (b) 229(1), 11–14 (2002).

4 C. F. Cai, B. P. Zhang, R. F. Li, H. Z. Wu, T. N. Xu, W. H. Zhang, and J. F. Zhu, “Band alignment determination of ZnO/PbSe
heterostructure interfaces by synchrotron radiation photoelectron spectroscopy,” Europhysics Letters 99(3), 37010 (2012).

http://dx.doi.org/10.1143/JJAP.47.8408
http://dx.doi.org/10.1016/S0022-0248(00)00278-5
http://dx.doi.org/10.1002/1521-3951(200201)229:1<11::AID-PSSB11>3.0.CO2-U
http://dx.doi.org/10.1002/1521-3951(200201)229:1<11::AID-PSSB11>3.0.CO2-U
http://dx.doi.org/10.1002/1521-3951(200201)229:1<11::AID-PSSB11>3.0.CO2-U
http://dx.doi.org/10.1209/0295-5075/99/37010


065326-6 Konovalov, Emelianov, and Linke AIP Advances 6, 065326 (2016)

5 Y. Noda, K. Masumoto, S. Ohba, Y. Saito, K. Toriumi, Y. Iwata, and I. Shibuya, “Temperature dependence of atomic thermal
parameters of lead chalcogenides, PbS, PbSe and PbTe,” Acta Crystallographica Section C Crystal Structure Communica-
tions (1987).

6 R. L. Anderson, “Germanium-Gallium Arsenide Heterojunctions [Letter to the Editor],” IBM Journal of Research and
Development 4(3), 283–287 (1960).

7 R. Swank, “Surface Properties of II-VI Compounds,” Physical Review 153(3), 844–849 (1967).
8 G. Bi, F. Zhao, J. Ma, S. Mukherjee, D. Li, and Z. Shi, “Modeling of the Potential Profile for the Annealed Polycrystalline

PbSe Film,” PIERS Online 5(1), 61–64 (2009).
9 G. Bratina, L. Vanzetti, L. Sorba, and G. Biasiol, “Lack of band-offset transitivity for semiconductor heterojunctions with

polar orientation: ZnSe-Ge (001), Ge-GaAs (001), and ZnSe-GaAs (001),” Phys. Rev. B 50(16), 11723–11729 (1994).
10 I. Konovalov, V. Emelianov, and R. Linke, “Hot carrier solar cell with semi infinite energy filtering,” Solar Energy 111, 1–9

(2015).
11 B. W. Gregory and J. L. Stickney, “Electrochemical atomic layer epitaxy (ECALE),” Journal of Electroanalytical Chemistry

and Interfacial Electrochemistry 300(1-2), 543–561 (1991).
12 M. Froment, L. Beaunier, H. Cachet, and R. Cortes, “Electrodeposition of PbSe epitaxial films on (111) InP,” Electrochem-

istry Communications 2(7), 508–510 (2000).
13 M. Froment, L. Beaunier, H. Cachet, and A. Etcheberry, “Role of Cadmium on Epitaxial Growth of PbSe on InP Single

Crystals,” Journal of The Electrochemical Society 150(2), C89 (2003).
14 E. A. E. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, “Semiconductor core-level to valence-band maximum

binding-energy differences: Precise determination by x-ray photoelectron spectroscopy,” Physical Review B 28(4),
1965–1977 (1983).

15 R. Hesse, T. Chasse, and R. Szargan, “Peak shape analysis of core level photoelectron spectra using UNIFIT for WIN-
DOWS,” Fresenius’ Journal of Analytical Chemistry 365(1-3), 48–54 (1999).

16 A. D. Katnani and G. Margaritondo, “Microscopic study of semiconductor heterojunctions: Photoemission measurement
of the valance-band discontinuity and of the potential barriers,” Phys. Rev. B 28(4), 1944–1956 (1983).

17 A. Bourlange, D. J. Payne, R. G. Egdell, J. S. Foord, P. P. Edwards, M. O. Jones, A. Schertel, P. J. Dobson, and J. L. Hutchison,
“Growth of In2O3(100) on Y-stabilized ZrO2(100) by O-plasma assisted molecular beam epitaxy,” Applied Physics Letters
92, 092117 (2008).

18 P-A Glans, T. Learmonth, C. McGuinness, K. E. Smith, J. Guo, A. Walsh, G. W. Watson, and R. G. Egdell, “On the involve-
ment of the shallow core 5d level in the bonding in HgO,” Chemical Physics Letters 399(1–3), 98–101 (2004).

19 I. Konovalov and L. Makhova, “Valence band offset at interfaces between CuI and indium sulfides,” Journal of Applied
Physics 103(10), 103702–103702 (2008).

20 Y. L. Pei and Y. Liu, “Electrical and thermal transport properties of Pb-based chalcogenides: PbTe, PbSe, and PbS,” Journal
of Alloys and Compounds 514, 40–44 (2012).

21 R. L. Bernick and L. Kleinman, “Energy bands, effective masses and g-factors of the lead salts and SnTe,” Solid State
Communications 8(7), 569–575 (1970).

22 R. K. Willardson and A. C. Beer, “Semiconductors and semimetals,” Infrared Detectors, 1st ed. (Academic Press Inc., 1970),
Vol. 5, p. 195, ISBN: 9780080863948.

http://dx.doi.org/10.1107/S0108270187091509
http://dx.doi.org/10.1107/S0108270187091509
http://dx.doi.org/10.1107/S0108270187091509
http://dx.doi.org/10.1147/rd.43.0283
http://dx.doi.org/10.1147/rd.43.0283
http://dx.doi.org/10.1147/rd.43.0283
http://dx.doi.org/10.1103/PhysRev.153.844
http://dx.doi.org/10.2529/PIERS080906125457
http://dx.doi.org/10.1103/PhysRevB.50.11723
http://dx.doi.org/10.1016/j.solener.2014.10.028
http://dx.doi.org/10.1016/0022-0728(91)85415-L
http://dx.doi.org/10.1016/0022-0728(91)85415-L
http://dx.doi.org/10.1016/0022-0728(91)85415-L
http://dx.doi.org/10.1016/S1388-2481(00)00071-0
http://dx.doi.org/10.1016/S1388-2481(00)00071-0
http://dx.doi.org/10.1016/S1388-2481(00)00071-0
http://dx.doi.org/10.1149/1.1535910
http://dx.doi.org/10.1103/PhysRevB.28.1965
http://dx.doi.org/10.1007/s002160051443
http://dx.doi.org/10.1103/PhysRevB.28.1944
http://dx.doi.org/10.1063/1.2889500
http://dx.doi.org/10.1016/j.cplett.2004.09.145
http://dx.doi.org/10.1063/1.2921834
http://dx.doi.org/10.1063/1.2921834
http://dx.doi.org/10.1063/1.2921834
http://dx.doi.org/10.1016/j.jallcom.2011.10.036
http://dx.doi.org/10.1016/j.jallcom.2011.10.036
http://dx.doi.org/10.1016/j.jallcom.2011.10.036
http://dx.doi.org/10.1016/0038-1098(70)90305-4
http://dx.doi.org/10.1016/0038-1098(70)90305-4
http://dx.doi.org/10.1016/0038-1098(70)90305-4



