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A heterojunction of PbSe/ZnO has been grown by molecular beam epitaxy. X-ray photoelectron

spectroscopy was used to directly measure the valence-band offset (VBO) of the heterojunction.

The VBO, DEV , was determined as 2.51 6 0.05 eV using the Pb 4p3/2 and Zn 2p3/2 core levels as a

reference. The conduction-band offset, DEC, was, therefore, determined to be 0.59 6 0.05 eV based

on the above DEV value. This analysis indicates that the PbSe/ZnO heterojunction forms a type I

(Straddling Gap) heterostructure. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4773512]

The group IV-VI narrow gap semiconductor PbSe, with

a direct band gap of 0.27 eV at room temperature, has been

extensively used to fabricate mid-infrared detectors,1

lasers,2–4 and thermoelectric devices.5 Polycrystalline PbSe

has long been used for commercial uncooled mid-wave

infrared (MWIR) detectors. Recently, great attention has

also been paid to colloidal PbSe/ZnO nanostructure (CQDs)

heterojunctions for applications in photovoltaics (PV).6–8

These structures have potential as a low cost solution for

PV,9 with the additional possibility to manipulate multiple

exciton generation (MEG).10–13 Indeed, PbSe/ZnO hetero-

junctions have also recently been shown to reduce excitonic

losses and aid minority carrier extraction, in solar cell archi-

tectures9,14 increasing their power conversion efficiencies to

>5%.

In order to further understand carrier transport at the

PbSe/ZnO interface, detailed knowledge of the relative band

positions must be gained. To date, however, there have been

few reports regarding the band-offsets between PbSe CQDs

and ZnO.8,15 Choi et al. used cyclic-voltammetry (C-V) to

analyze band alignments in heterojunction solar cells.8 In

this technique, the energy band offsets are determined via

the investigation of the HOMO and LUMO energy levels of

PbSe quantum dots in solution. As such, it is not clear how

accurately the band offsets of heterojunction structures are

reproduced using C-V, when a heterojunction is formed

between PbSe QDs and other materials (such as ZnO, etc.).

In addition, various other uncertainties are also introduced

by C-V, which have been discussed recently in several publi-

cations in the literature.8,16–18 Alternatively, Timp and Zhu

have reported measurements of the band-offsets in PbSe

QDs/ZnO solar cells using ultraviolet photoelectron spec-

troscopy (UPS).15 In this measurement, the Fermi-levels

(EF) are used as a reference to estimate the band-offsets of

the heterojunction. However, this technique does not

consider the overlap of the band edges in two-sided materials

at the heterojunction interface, and/or effects due to Fermi-

level pinning at the PbSe/ZnO interface, which may intro-

duce errors.

X-ray photoelectron spectroscopy (XPS) has been pro-

ven to be a powerful tool for direct and precise measurement

of the band offsets at heterojunction interfaces.19 Indeed,

XPS was recently used to measure band offsets in an epitax-

ial PbTe/InSb heterostructure.20 Since in this technique

(XPS) band bending effects are negligible over the portion

of the sample probed (using the core level (CL) as an energy

reference21), improved accuracy is achieved using XPS as

compared to other techniques. However, XPS measurements

also require samples with good interfacial quality, which is

difficult to achieve with interfaces formed via the solution-

based techniques used to deposit PbSe QD layers on ZnO. It

is, therefore, difficult to measure the band-offsets at the PbSe

QDs/ZnO heterojunction by XPS, in such systems.

Here, we report XPS measurements of the band-offsets

of high-quality PbSe and ZnO films. All samples, including

one with a heterojunction interface, are prepared under ultra-

high vacuum (UHV) conditions using molecular beam

epitaxy (MBE). The band offsets of a PbSe (bulk)/ZnO het-

erojunction were yet to be reported. As such, this informa-

tion may facilitate further important investigations of PbSe/

ZnO heterojunctions, serving as a reference point for PbSe

QDs/ZnO solar cells.

To measure the valence band-offset (VBO) by XPS,

three samples were prepared. First, a 500 nm ZnO layer was

deposited on a c-sapphire substrate by plasma-assisted MBE

(P-MBE).22 The electron concentration and mobility

deduced from Hall measurements were 8.2� 1016 cm�3 and

9.6 cm2/vs, respectively. Also investigated were a 600 nm

PbSe film, and a heterojunction comprising a 5 nm PbSe film

deposited on a 500 nm ZnO/c-sapphire composite substrate

by MBE, using a compound source of PbSe and an elemental

source of Se. A 10% Se to PbSe flux ratio was used for the
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growth of PbSe films. The substrate temperature was fixed at

300 �C during the growth. The growth rate was �1.5 lm/h.

As evidenced by RHEED, a polycrystalline PbSe film was

formed on the ZnO/c-sapphire substrate. SEM measurements

show that polycrystalline PbSe forms (100) orientated

micro-crystal array with top area of each grain size about

0.5 lm� 0.5 lm that is significantly larger than the area of

boundary domain. Hall measurement on the 600 nm thick

polycrystalline PbSe film grown on high resistance

1 cm� 1 cm SiO2/Si substrate in the same run shows p-type

carrier concentration of 2� 1017 cm�3 and mobility of

15 cm2/vs. PbSe surface and grain boundary interfaces

exposed in air is of p-type nature with concentration on the

order of 1018 cm�3 due to oxygen. Thus, the actual concen-

tration in the PbSe microcrystal should be much lower than

the measured average Hall value. Therefore, scattering to

XPS photoelectrons due to background concentration should

not have significant impact on the XPS measurement results.

The measurements of XPS were performed with a ESCA-

LAB 250 XPS instrument using a Mg Ka (1253.6 eV) X-ray

radiation source, which can precisely calibrate the Fermi-

level energy and work function of the materials assessed. All

XPS spectra were calibrated by the C 1 s peak (284.6 eV). To

exclude the interference of surface contamination on the

samples, the samples were bombarded using an Arþ ion

beam with a voltage of 1 keV at a low sputtering rate of

about 0.5 nm/min, before the measurements were performed.

The following expression to calculate the VBO of the

PbSe/ZnO heterojunction interface:23

DEV ¼ DECL þ ðEPbSe
Pb 4p3=2 � EPbSe

VBMÞ � ðEZnO
Zn 2p3=2 � EZnO

VBMÞ:
(1)

Here, DECL ¼ EZnO
Zn 2p3=2 � EPbSe

Pb 4p3=2 is the CL separation of

the PbSe film and ZnO substrate at the interface of the PbSe/

ZnO heterojunction system. ðEZnO
Zn 2p3=2 � EZnO

VBMÞ is the energy

difference between Zn 2p3/2 core level and the valence

band maximum (VBM) in the ZnO epitaxial layer, and

ðEPbSe
Pb 4p3=2 � EPbSe

VBMÞ is the energy difference between Pb 4p3/2

core level and the valence band maximum in PbSe epitaxial

layer.

Figure 1 shows the XPS spectra of core level and

valence band edge (VBE) in the 500 nm ZnO film. Figure

1(a) displays a single peak located at 1021.82 6 0.05 eV in

the core level spectrum of Zn2p3/2, which corresponds to the

Zn-O bond state. The symmetrical XPS spectrum of the

Zn2p3/2 indicates the uniform bonding state in the ZnO film.

The XPS spectrum of the VBE in the ZnO film is shown in

Figure 1(b). One can see two features, one of which (labeled

A) occurs around the EF in Figure 1(b). This feature (A) is

a characteristic of XPS spectra of ZnO films,24 and has been

attributed previously to surface states and/or an intrinsic

defect within the band gap.25 A similar peak also appears in

the XPS spectra of InSb, Cu, and Si (amongst others), and is

ascribed to surface states in those cases.26 The VBM of the

sample is obtained by the linear extrapolation of the leading

edge and extended base line of the valence band (VB) spec-

trum, finding the intersection of the two lines. By the above

linear approximation, the valence band maximum of ZnO

deduced from Figure 1(b) is 1.78 6 0.05 eV, which is con-

sistent with previously reported values.27–31 The XPS spectra

of the core level and valence band edge in the 600 nm PbSe

film are shown in the Figure 2. In Figure 2(a), a single peak

is evident located at 644.53 6 0.05 eV, which is attributed to

the core level spectrum of Pb 4p3/2. Figure 2(b) gives a VBM

of �0.88 6 0.05 eV for the 600 nm PbSe sample, again,

using the above linear method, comparable to previously

measured values.15 The core level spectra of Zn2p3/2 and Pb

4p3/2 in the PbSe/ZnO heterojunction are shown in Figure 3.

As compared with the above core levels XPS spectra

recorded on the PbSe and ZnO films, it is evident that

the core level spectrum of the Pb 4p3/2 shifts to

644.76 6 0.05 eV, and the core level spectrum of the Zn2p3/2

shifts to 1021.90 6 0.05 eV (Figure 3) in the heterostructure.

The parameters extracted via XPS, for the samples studied,

are summarized in Table I for clarity.

The valence band offset (DEV) was calculated to be

2.51 6 0.05 eV using Eq. (1). The conduction band offset

(CBO: DEc) can be estimated by DEc ¼ EZnO
g � EPbSe

g � DEv,

based on DEv (determined above), at the interface of the

heterojunction. The band gaps of ZnO and PbSe are 3.37 eV

and 0.27 eV at room temperature,32,33 respectively. Consider-

ing this, the CBO is determined to be 0.59 6 0.05 eV. This

leads to a ratio for the VBO and CBO of �4.25. A schematic

representation of the band alignment diagram produced using

XPS for the heterojunction system studied is shown in

Figure 4. This confirms that a type I heterostructure is formed

in the PbSe/ZnO heterojunction.

In order to obtain reliable measurement results from the

heterojunction one must also consider other factors that may

affect the experimental results. The main possibility for error

occurs due to the effects of strain induced in the thin PbSe

film, upon deposition on the ZnO layer. This strain has the

potential to induce a large piezoelectric field.34 Since the

ZnO film is thick (500 nm), the strain induced at the ZnO-

sapphire interface is completely relaxed. The critical thick-

ness (tc) of the PbSe film deposited on ZnO substrate by

FIG. 1. XPS spectra of core Level (a) and VBE (b) recorded on 500 nm ZnO

film. FIG. 2. XPS spectra of CL (a) and VBE (b) recorded on 600 nm PbSe.
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MBE is estimated to be �0.65 nm (about one monolayer) by

the following empirical formula:35

tc ¼
a2

e

2jae � asj
; (2)

where ae, as denote the crystal lattice constants of PbSe

film and ZnO in the heterojunction. The lattice constant of

ZnO along the a-axis direction is 0.325 nm, and that of the

PbSe is 0.612 nm. Therefore, a 5 nm PbSe film is thick

enough to be considered strain-relaxed. The effect of the pie-

zoelectric field thus can be neglected in our experiment. This

is similar to the case of an InN/ZnO heterojunction, in which

one monolayer layer (0.28 nm) of InN is enough to relax the

strain in the InN film.31 Since the lattice mismatch is larger

in the PbSe/ZnO system relative to an InN/ZnO heterostruc-

ture, a single molecular layer should be enough to relax the

strain in the PbSe thin-film.

Based on our previous MBE epitaxial PbSe growth on

lattice mismatched substrates, initial 20 nm–30 nm PbSe

shows island growth with surface roughness of a few mono-

layers. The typical escape depth of photoelectrons for inor-

ganic compound under current XPS condition is

approximately 1–3 nm. To ensure that all ZnO surface is

covered by PbSe and at the same time sufficient photoelec-

trons could be detected, a 5 nm (about 8 monolayers) PbSe

film on ZnO was deposited. XPS signal was successfully

detected with such thickness as confirmed by our measured

core level shifts in previous discussions.

Consequently, the PbSe layer was narrower than the

depletion width formed at the heterojunction. However, as

discussed in Ref. 19, Poisson’s equations predict a spatially

varying electrostatic potential, which bends all of the bands

and/or energy levels by the same amount, as a function of

distance, away from the interface. As a result, any issues

related to potential energy differences or non-idealities intro-

duced at the interface should have a negligible effect on our

analysis and are therefore neglected. In addition, since the

escape length of photoelectrons using XPS is small, any

complications caused by these potential variations spread

over a few atomic layers at the abrupt interface will also be

small, again, making the system relatively insensitive to

band bending at the PbSe/ZnO interface, which occurs over

a typical width of a few thousand Å.

In summary, the valence band offset of a PbSe/ZnO het-

erojunction has been measured by X-ray photoelectron spec-

troscopy. A VBO of 2.51 6 0.05 eV was obtained for this

system, leading to a CBO determined to be 0.59 6 0.05 eV,

based on this analysis. This result indicates a type-I band

alignment, which is suitable for many optoelectronic device

applications, and provides an accurate reference point for

PbSe QDs/ZnO band offset.

Funding for this work was partially provided by the

DoD AFOSR under Grant No. FA9550-12-1-0451, the DoD

ARO under Grant No. W911NF-07-1-0587, NSF Grant No.

DMR-0520550, and by Oklahoma OCAST program under

Grant Nos. AR112-18 and AR082-052.

1H. Zogg, J. Masek, S. Blunier et al., IEEE Trans. Electron Devices 36,

2627 (1989).
2D. L. Partin, IEEE J. Quantum Electron. 24, 1716 (1988).
3M. Tacke, Infrared Phys. Technol. 36, 447 (1995).
4B. B. Weng, J. G. Ma, L. Wei, L. Li, J. J. Qiu, J. Xu, and Z. S. Shi, Appl.

Phys. Lett. 99, 221110 (2011).
5T. C. Harman, P. J. Taylor, D. L. Spears, and M. P. Walsh, J. Electron.

Mater. 29, L1–L4 (2000).
6O. E. Semonin, J. M. Luther, S. Choi, H. Y. Chen, J. B. Gao, A. J. Nozik,

and M. C. Beard, Science 334, 1530 (2011).
7K. S. Leschkies, T. J. Beatty, M. S. Kang, D. J. Norris, and E. S. Aydil,

ACS Nano 3, 3638 (2009).
8J. J. Choi, Y. F. Lim, M. B. Santiago-Berrios, M. Oh, B. Y. Hyun, L. F.

Sun, A. C. Bartnik, A. Goedhart, G. G. Malliaras, H. D. Abruna, F. W.

Wise, and T. Hanrath, Nano Lett. 9, 3749 (2009).
9J. Tang and E. H. Sargent, Adv. Mater. 23, 12–29 (2011).

10J. J. H. Pijpers, R. Ulbricht, K. J. Tielrooij, A. Osherov, Y. Golan, C. Dele-

rue, G. Allan, and M. Bonn, Nat. Phys. 5, 811 (2009).
11R. D. Schaler, V. M. Agranovich, and V. I. Klimov, Nat. Phys. 1, 189

(2005).
12R. J. Ellingson, M. C. Beard, J. C. Johnson, P. R. Yu, O. I. Micic, A. J.

Nozik, A. Shavaev, and A. L. Efros, Nano lett. 5, 865 (2005).
13M. B. Ji, S. Park, S. T. Connor, T. Morkari, Y. Cui, and K. J. Gaffney,

Nano Lett. 9, 1217 (2009).

FIG. 3. The CLs spectra of Zn2p3/2 (a) and Pb 4p3/2 (b) recorded on the

PbSe/ZnO heterojunction.

TABLE I. A summary of XPS CL peak positions and VBM position gained

by linear fitting method in the PbSe/ZnO heterojunction system.

Samples State Binding energy (eV)

PbSe (600 nm) Pb 4p3/2 644.53 6 0.05

VBM �0.88 6 0.05

ZnO (500 nm) Zn 2p3/2 1021.82 6 0.05

VBM 1.78 6 0.05

PbSe/ZnO Zn 2p3/2 1021.90 6 0.05

Pb 4p3/2 644.76 6 0.05

FIG. 4. The schematic diagram of the band alignment diagram in the PbSe/

ZnO heterojunction system.

261601-3 Li et al. Appl. Phys. Lett. 101, 261601 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.15.139.219 On: Fri, 14 Feb 2014 21:47:33

http://dx.doi.org/10.1109/3.7102
http://dx.doi.org/10.1016/1350-4495(94)00101-P
http://dx.doi.org/10.1063/1.3665402
http://dx.doi.org/10.1063/1.3665402
http://dx.doi.org/10.1007/s11664-000-0117-1
http://dx.doi.org/10.1007/s11664-000-0117-1
http://dx.doi.org/10.1126/science.1209845
http://dx.doi.org/10.1021/nn901139d
http://dx.doi.org/10.1021/nl901930g
http://dx.doi.org/10.1002/adma.201001491
http://dx.doi.org/10.1038/nphys1393
http://dx.doi.org/10.1038/nphys151
http://dx.doi.org/10.1021/nl0502672
http://dx.doi.org/10.1021/nl900103f


14S. M. Willis, C. Cheng, H. E. Assender, and A. A. R. Watt, Nano Lett. 12,

1522 (2012).
15B. A. Timp and X. Y. Zhu, Surf. Sci. 604, 1335 (2010).
16S. N. Inamdar, P. P. Ingole, and S. K. Haram, ChemPhysChem 9, 2574

(2008).
17B. L. Wehrenberg and P. Guyot-Sionnest, J. Am. Chem. Soc. 125, 7806

(2003).
18S. K. Haram, B. M. Quinn, and A. J. Bard, J. Am. Chem. Soc. 123, 8860

(2001).
19E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, Phys. Rev.

Lett. 44, 1620 (1980).
20K. K. Lee, W. Priyantha, and T. H. Myers, Appl. Phys. Lett. 100, 052108

(2012).
21C. K. Shih and W. E. Spicer, Phys. Rev. Lett. 58, 2594 (1987).
22L. Li, C. X. Shan, B. H. Li, B. Yao, J. Y. Zhang, D. X. Zhao, Z. Z. Zhang,

D. Z. Shen, X. W. Fan, and Y. M. Lu, J. Phys. D: Appl. Phys. 41, 245402

(2008).
23S. H. Wei and A. Zunger, Appl. Phys. Lett. 72, 2011 (1998).
24G. W. Cong, W. Q. Peng, H. Y. Wei. X. X. Han, J. J. Wu, X. L. Liu, Q. S.

Zhu, Z. G. Wang, J. G. Lu, Z. Z. Ye, L. P. Zhu, H. J. Qian, R. Su, C. H.

Hong, J. Zhong, K. Ibrahim, and T. D. Hu, Appl. Phys. Lett. 88, 062110

(2006).
25P. Erhar, K. Albe, and A. Klein, Phys. Rev. B 73, 205203 (2006).

26S. H€ufner, Photoelectron Spectroscopy: Principals and Applications, 3rd

ed. (Springer, Berlin, 2003), chap. 8, p. 501.
27R. Deng, B. Yao, Y. F. Li, Y. M. Zhao, B. H. Li, C. X. Shan, Z. Z. Zhang,

D. X. Zhao, J. Y. Zhang, D. Z. Shen, and X. W. Fan, Appl. Phys. Lett. 94,

022108 (2009).
28S. C. Su, Y. M. Lu, Z. Z. Zhang, C. X. Shan, B. H. Li, D. Z. Shen, B. Yao,

J. Y. Zhang, D. X. Zhao, and X. W. Fan, Appl. Phys. Lett. 93, 082108

(2008).
29Y. F. Li, B. Yao, Y. M. Lu, B. H. Li, Y. Q. Gai, C. X. Cong, Z. Z. Zhang,

D. X. Zhao, J. Y. Zhang, D. Z. Shen, and X. W. Fan, Appl. Phys. Lett. 92,

192116 (2008).
30P. F. Zhang, X. L. Liu, R. Q. Zhang, H. B. Fan, A. L. Yang, H. Y. Wei, P.

Jin, S. Y. Yang, Q. S. Zhu, and Z. G. Wang, Appl. Phys. Lett. 92, 012104

(2008).
31R. Q. Zhang, P. F. Zhang, T. T. Kang, H. B. Fan, X. L. Liu, S. Y. Yang,

H. Y. Wei, Q. S. Zhu, and Z. G. Wang, Appl. Phys. Lett. 91, 162104 (2007).
32L. Li, C. X. Shan, B. H. Li, B. Yao, D. Z. Shen, B. Chu, and Y. M. Lu, J.

Electron. Mater. 39, 2467 (2010).
33T. K. Chu, D. Agassi, and A. Martinez, Appl. Phys. Lett. 50, 419 (1987).
34G. Martin, A. Botchkarev, A. Rockett, and H. Morkoc, Appl. Phys. Lett.

68, 2541 (1996).
35S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed.

(Wiley, New York, 2007), Chap. 1, p. 44.

261601-4 Li et al. Appl. Phys. Lett. 101, 261601 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.15.139.219 On: Fri, 14 Feb 2014 21:47:33

http://dx.doi.org/10.1021/nl204323j
http://dx.doi.org/10.1016/j.susc.2010.04.026
http://dx.doi.org/10.1002/cphc.200800482
http://dx.doi.org/10.1021/ja035369d
http://dx.doi.org/10.1021/ja0158206
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1063/1.3681161
http://dx.doi.org/10.1103/PhysRevLett.58.2594
http://dx.doi.org/10.1088/0022-3727/41/24/245402
http://dx.doi.org/10.1063/1.121249
http://dx.doi.org/10.1063/1.2171804
http://dx.doi.org/10.1103/PhysRevB.73.205203
http://dx.doi.org/10.1063/1.3072367
http://dx.doi.org/10.1063/1.2977478
http://dx.doi.org/10.1063/1.2924279
http://dx.doi.org/10.1063/1.2828860
http://dx.doi.org/10.1063/1.2800311
http://dx.doi.org/10.1007/s11664-010-1363-5
http://dx.doi.org/10.1007/s11664-010-1363-5
http://dx.doi.org/10.1063/1.98161
http://dx.doi.org/10.1063/1.116177

