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Photoelectron spectroscopy was used to measure the energy discontinuity in the valence band

(DEV) of a CdS/PbS quantum dot (QD) heterojunction for which the PbS QD layer was deposited

using solution based layer-by-layer dip coating method on top of RF magnetron sputtered CdS. A

value of DEV¼ 1.73 eV was obtained using the Cd 3d and Pb 4f energy levels as references. Given

the band gap energies of the CdS and PbS-QD layers, the conduction band offset DEC was deter-

mined to be 0.71 eV. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4897301]

A heterojunction interface is formed at the boundary

between two dissimilar semiconductors. In many cases,

materials scientists seek to optimize heterojunction quality

by minimizing the lattice mismatch across the junction.

Valence band offsets have been very well studied in lattice

matched heterojunctions.1,2 Heterojunctions formed from

materials exhibiting considerable lattice mismatch incorpo-

rate strain into one or both sides of the interface.3,4 It has

been pointed out that core level (CL) to valence band edge

(VBE) binding energies depend on the strain arising from

lattice mismatch.5 In such strained interfaces, strain both

shifts and splits the CL-to-VBE energies, and the actual va-

lence and conduction band discontinuities depend on the

details of the strain at and near the interface.6 The conduc-

tion and valence band discontinuities DEC and DEV that

occur at a heterojunction interface and depend on lattice mis-

match and the abrupt band gap change (DEg) can be used to

improve the design of solid state electronic devices.1,2,7

Accurate knowledge of an interface’s valence band offset

(DEV) and the factors that influence its magnitude are thus of

both fundamental and practical interest. In this paper, the

CdS/PbS-quantum dot (QD) system is chosen for analysis

for several reasons. First, it displays a relatively high room-

temperature lattice mismatch (�11.6%) with CdS. This

value was calculated by using lattice constant (a¼ 4.136 Å,

c¼ 6.714 Å) of CdS,8,9 and lattice constant (a¼ 5.936 Å) of

PbS.10 Second, to date there is no information available on

the band offsets between bulk CdS and PbS-QD films.11

Third, an accurate knowledge of the valence band offset

DEV and conduction band offset DEC at the CdS/PbS-QD

heterojunction interface owing to the band gap difference

(DEg) between hexagonal wurtzite CdS (Eg¼ 2.42 eV)12 and

rock salt PbS QD13 is important for device design, model-

ling, and performance prediction. This paper discusses how

photoelectron spectroscopy, including both ultraviolet

photoemission spectroscopy (UPS) and x-ray photoelectron

spectroscopy (XPS), can be applied to directly, contactlessly,

and quantitatively measure the valence band offset at abrupt

heterojunction interfaces within the CdS/PbS-QD system.

CdS growth was performed using RF magnetron sputter-

ing, at a sputter power of 50 W, onto Pilkington TEC
TM

15

SnO2:F (transparent conducting oxide, TCO) coated soda

lime glass. The thickness of the all sputtered CdS films was

standard at �70 nm. To form the PbS-QD layers, we utilized

2.8 nm diameter colloidal PbS QDs (Eg� 1.40 eV), synthe-

sized via thermal injection in an N2 atmosphere Schlenk

line.14,15 The interface of CdS/PbS-QD heterojunction was

prepared at room temperature by depositing PbS QD-based

thin films of various thicknesses using a layer-by-layer

(LbL) dip coating method in which the as-prepared oleic

acid ligands are replaced with a short chain molecule, 1,2-

ethanedithiol.15–17 For UPS/XPS measurement, Au/CdS,

TCO/CdS, TCO/PbS-QD, TCO/CdS/PbS-QD, and Au/CdS/

PbS-QD films were prepared and then transferred into the

UPS/XPS spectrometer. All spectra were collected at room

temperature in an ultrahigh vacuum photoelectron spectrom-

eter equipped with an electron energy analyzer (constant an-

alyzer energy) with He-I radiation (h�¼ 21.22 eV) as UV

source and Al Ka (h�¼ 1486.6 eV) anode operated at

150 W, as X-ray source.

The XPS CL spectra were acquired for the bulk CdS

film and PbS-QD film, each deposited onto TEC 15 glass

substrates. XPS and UPS studies were also done for CdS and

PbS-QD films deposited on Au-coated glass substrates.18

Core level spectra were acquired for seven different samples

of PbS-QD films on CdS, each of which consisted of differ-

ent QD film thicknesses ranging from �3 nm to �200 nm.

Initially, CL survey scans were performed in order to deter-

mine elemental composition and their relative abundance.

For most of the samples analyzed in this work, no peaks

were present at energies higher than 800 eV. Very high reso-

lution spectra were then acquired over narrow energy ranges

in order to determine the binding energy of specific elements
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observed in the survey spectra. Figure 1 shows XPS CL sur-

vey spectra for a 70 nm-thick CdS film, a 200 nm-thick PbS-

QD film, and a 12 nm-thick PbS-QD film deposited onto

70 nm thick CdS.

Figure 2 shows CL spectra of Cd 3d and Pb 4f when the

thickness of the PbS-QD film deposited onto CdS is varied

from a single layer of QDs (monolayer, 3 nm) to 200 nm.

There is an evident but comparatively small shift of the Cd 3d

(toward larger BE) and Pb 4f (toward smaller BE) lines as the

PbS-QD layer thickness increases, which may indicate the for-

mation of a depletion region (band bending) in PbS-QD layer.

As the thickness of PbS-QD layer increases, the Cd 3d emis-

sion gradually decreases in intensity to zero and the Pb 4f

emission gradually increases in intensity to a maximum. For

PbS-QD layer thicknesses ranging from 0 to 12 nm, the CL

binding energies of Cd 3d3/2 and Cd 3d5/2 peaks shifted to

higher binding energy by an average of 0.32 eV. Similarly, the

CL binding energies of Pb 4f5/2 and Pb 4f7/2 peaks shifted to

higher binding energies, by an average of 0.17 eV, when the

thickness of PbS-QD layer was decreased from 200 nm to

12 nm. Thickness-dependent CL peak positions are provided

in the supplementary material. These small shifts in binding

energies are due to the similarity of carrier concentrations in

CdS and PbS-QD (CdS: 9.95� 1015cm�3 vs PbS-

QD¼ 5.6� 1016 cm�3).15 Reaching the 60 nm PbS-QD layer

thickness, the Cd 3d emission lines are completely suppressed,

revealing an unidentified peak at �412.5 eV (Figure 2). Sulfur

is contained in both the CdS and the top PbS-QD layers; how-

ever, the S 2p spectra differ for CdS and PbS-QDs due to the

organic thiol molecules present within the QD film (see sup-

plementary material for detail).

A CL photoemission-based method was used to deter-

mine the valence band offset.1,19–21 Appropriate CL peaks

were referenced to the top of the valence band for the CdS

and PbS QD, where the top of the valence band (VBM, Ev)

was determined using a linear extrapolation of the leading

edge of valence band in UPS spectra.15 Referring to the CdS/

PbS-QD band diagram shown in Figure 3, DEv can be deter-

mined from the change in differential binding energy

between CLs from each side of the interface as given by

DEv ¼ DECL þ ðEPbS
Pb4f � EPbS

v Þ � ðECdS
Cd3d � ECdS

v Þ; (1)

where DECL is the binding energy difference between the

CLs as measured for the interfaced CdS and PbS-QDs,

DECL ¼ ðECdS
Cd3d � EPbS

Pb4f Þ. Core level peak positions were

located with Gaussian curve fits to the XPS spectra by a fit-

ting procedure using IGOR Pro software.

Figure 3 incorporates data acquired by both UPS and

XPS methods. In this case, UPS provides a more precise

FIG. 1. Core level survey spectra of 70 nm layer of CdS, 200 nm PbS-QD,

and 12 nm PbS-QD/70 nm CdS films, each deposited on NSG TEC 15 glass

substrate.

FIG. 2. Photoemission spectra of (a) Cd and (b) Pb CLs measured after each

PbS-QD growth step on CdS substrate; broad peaks near 412.5 eV for PbS-

QD layer thickness of 30, 60, and 200 nm are not attributed to the Cd 3d3/2

transition.

FIG. 3. The schematic band diagram of the interface between CdS and PbS

QDs. The referenced Cd 3d and Pb 4f CLs of CdS and PbS QDs are also

indicated qualitatively.
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value for the valence band maxima for both PbS-QD and

CdS layers in their non-interacting forms. However, UPS

does not allow for measurement of CLs necessary to deter-

mine the valence band offset in interacting (interfaced)

layers.

XPS spectra for both CdS and PbS-QD films are pre-

sented in Figure 4; these spectra show the Cd 3d CL peaks

from the CdS layer and the Pb 4f CL peaks from PbS-QD

layer. Figure 4(a) provides Cd 3d and Pb 4f spectra before

the heterojunction is formed. In this case, Cd has two signifi-

cant spectral lines, namely, Cd 3d3/2 at 411.54 6 0.05 eV and

Cd 3d5/2 at 404.81 6 0.05 eV; Pb has also two significant

spectral lines, namely, Pb 4f5/2 at 142.16 6 0.05 eV and Pb

4f7/2 at 137.3 6 0.05 eV, respectively. The doublets arise

from spin-orbit splitting which occurs for p, d, and f CLs.

The spin-orbit separation (D) for the Cd 3d lines is

6.73 6 0.05 eV and for the Pb 4f lines is 4.86 6 0.05 eV. The

XPS spectra for the S 2p and O 1s CLs are provided in

Figure S1, along with a detailed analysis of each binding

energy peak for s, p, d, and f levels. Figure 4(b) shows Cd 3d

and Pb 4f CL binding energy spectra after the heterojunction

is formed between CdS and PbS-QD layers. These spectra

are used to calculate the CL binding energy difference

between the two materials.

In Figure 4(b), A and B denote the CL energy difference

(DECL) between Cd 3d and Pb 4f states at the heterojunction.

The value of A and B are calculated to be 269.56 6 0.05 eV

and 267.63 6 0.05 eV, respectively. The valence band maxi-

mum Ev was obtained from the UPS spectra shown in

Figures 5 and 6 by linearly fitting the leading edge of the va-

lence band and extrapolating the fitted line to the x-axis. We

found EV for CdS resides 2.00 6 0.10 eV below the Fermi

level, which lies within the range of previously reported val-

ues.22–24 As the band gap of CdS is at 2.42 eV, the Fermi

level is 0.42 eV below the conduction band level (note that

the spacing between the CdS conduction band and Fermi

level and that between the PbS-QD VB and Fermi level are

coincidentally both 0.42 eV for this size PbS QD). The Fermi

level positions make sense since for n-type CdS, the Fermi

level is expected to reside closer to the conduction band. We

found the VBM of the PbS-QD layer resides at

�0.42 eV 6 0.10 from the Fermi level. Given the optical gap

of Eg� 1.40 eV for these QDs, and that the PbS-QD layer is

p-type, the Fermi level lies, as expected, close to the valence

band edge.

The second and third terms in Eq. (1) can be calculated

with the help of Figures 5 and 6. In Figure 5, the difference

between Cd 3d3/2 and VBM is denoted by “a” and Cd 3d5/2

and VBM is denoted by “b;” “a” and “b” are determined to

be 409.54 6 0.1 eV and 402.81 6 0.1 eV, respectively.

FIG. 4. (a) XPS binding energy spectra of CdS-bulk and PbS-QD films,

each deposited onto NSG TEC 15 coated glass substrates. (b) XPS binding

energy spectrum of PbS-QD/CdS-bulk heterojunction sample in the region

of the Pb 4f and Cd 3d CLs and when the PbS-QD layer thickness is

�12 nm. A and B represent the binding energy difference between the CLs

of Cd and Pb.

FIG. 5. XPS and UPS binding energy spectra for CdS. Letters “a” and “b”

represent the binding energy difference between Cd 3d CL and the CdS

VBM.

FIG. 6. XPS and UPS binding energy spectra for PbS-QD. Letters “c” and

“d” denote the binding energy difference between Pb 4f CL and the VBM.
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In Figure 6, the difference between Pb 4f5/2 and the

PbS-QD VBM is denoted by “c” and Pb 4f7/2 and the VBM

is denoted by “d.” Substituting the values, “c” and “d” are

determined to be 141.74 6 0.1 eV and 136.88 6 0.1 eV,

respectively.

Now, we have all required information to calculate va-

lence band offset DEv in Eq. (1). For convenience, these val-

ues are collected in Table I.

The average value of the valence band offset was calcu-

lated to be 1.73 6 0.10 eV. Given the band gap of CdS is

2.42 eV and PbS QDs is 1.40 eV, the conduction band offset,

DEc, is calculated to be 0.71 6 0.10 eV.

Figure 7 shows the schematic of the energy band lineup

in the CdS/PbS-QD heterojunction, with all of the energy

scales included. The indicated type II heterojunction aids in

charge separation across the interface, with electrons tending

to transfer toward the CdS and holes toward the PbS-QD

layer.

We have determined the valence band offset in CdS/

PbS-QD heterojunction samples. For this heterojunction sys-

tem, our measurements yield a valence band offset of

1.73 eV and a conduction band offset of 0.71 eV. These val-

ues are compatible with reasonably efficient electron injec-

tion from the PbS-QDs into CdS, supporting the continuing

study of QD-based electro-optical applications such as pho-

tovoltaic devices. This quantitative study contributes to the

understanding of the energetics of interfaces between bulk

and nanostructured semiconductors.
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TABLE I. Calculated parameters to satisfy Eq. (1).

Core Level DECL (eV) ðEPbS
Pb4f � EPbS

v Þ (eV) ðECdS
Cd3d � ECdS

v Þ (eV) Valence band offset (eV)

Cd3d5=2&Pb4f7=2 269.56 6 0.05 141.74 6 0.1 409.54 6 0.1 1.76 6 0.10

Cd3d3=2&Pb4f5=2 267.63 6 0.05 136.88 6 0.1 402.81 6 0.1 1.70 6 0.10

FIG. 7. Energy band diagram of CdS/PbS-QD heterojunction interface. All pa-

rameters as obtained from the measurement are labeled and expressed in eV.
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