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absorption in chemical bath
deposited PbS thin films alloyed with thorium and
oxygen†

Tzvi Templeman,ad Michael Shandalov,b Eyal Yahel,b Vladimir Ezersky,d Gabby Sarusicd

and Yuval Golan*ad

We report on chemically deposited thin films of PbS alloyed with thorium. Control over the thorium content

in the films was achieved by lowering the solution pH and compensating by adding tri sodium citrate as

a co-complexant. Homogeneous distribution of thorium was achieved, accompanied by substantial

oxygen content, up to concentrations of 9 at% thorium and 20 at% oxygen. Regardless of these relatively

high concentrations, a single phase of alloyed PbS was found in X-ray and electron diffraction, indicating

complete solubility of the species within the lattice. Physical properties such as the optical band gap and

transmission spectra showed a strong dependence on thorium content due to chemical variations and

size dependent quantum confinement. This new system is a promising candidate for electro-optic

applications due to ease of band-gap tuning and enhanced optical absorption in the short wave infrared

(SWIR) range.
Introduction

Chemical bath deposition (CBD) from solution offers a simple
and cost-effective route for the fabrication of high quality
nanometer-sized semiconductor thin lms, without the need
for high deposition temperatures and stringent vacuum or
plasma generators compared to other sophisticated tech-
niques.1–8 The basic concept of this technique is the reaction of
charged species in an aqueous environment onto a substrate in
the presence of a complexing agent which prevents rapid
precipitation. Two typical mechanisms through which reactions
take place are known as ion-by-ion (IBI) and cluster growth
methods.1 In IBI, free metal ions adhere to the substrate either
by ion exchange or an electrochemical reaction to serve as
heterogeneous nucleation sites for further lm growth. At high
complex : metal ratio in deposition solution, lms typically
grow via IBI, usually showing a tendency towards crystallo-
graphic texturing and larger crystallite size compared to cluster
grown lms. Alternatively, at low complex : metal ratio cluster
growth occurs, where colloids nucleate in solution and slowly
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adhere on the substrate, resulting a nanocrystalline lm. One of
the more common complexants used in CBD are hydroxide
ions, when used in the deposition solution have a complex
effect on the CBD of metal chalcogenides. At high pH, enhanced
chalcogenide precursor decomposition leads to higher
concentration of anions, while at the same time, complexation
of metal cations by the hydroxide ions leads to lesser availability
of cations.1,5,6 Therefore, for a given system an increase in
growth rate with increasing hydroxide concentration is expected
up to a certain value aer which this effect will reverse.

Lead chalcogenide semiconductor thin lms have been the
subject of considerable research/interest due to their techno-
logical importance in crystalline and polycrystalline forms as
infrared detectors, infrared emitters and solar control coatings.
There is specic interest in nanocrystalline PbS, mostly due to
the large exciton Bohr radius of this material (18 nm). Below
this radius quantum size effects are observed.7–10 Sengupta
et al.11 recently reported implementing tri sodium citrate (TSC)
as a co-complexant for the Pb2+ cations, and how it affects lm
growth in the PbS||GaAs system. Once introduced to the solu-
tion, TSC was shown to effectively complex Pb2+ cations at lower
pH regimes (below pH¼ 13). Moreover, lms grown at lower pH
values from deposition solutions containing TSC showed
distinct (100) lm texturing, in contrast to the characteristic and
well-studied PbS(110)||GaAs(100) lms grown at higher pH
values.12

TSC is commonly used as a strong complexing agent for Th4+

ions in aqueous environments. In natural to slightly basic
solutions it readily forms the Th(cit)+ complex, thus, preventing
polymerization of Th4+ with hydroxides.18 At higher pH values
RSC Adv., 2016, 6, 88077–88084 | 88077
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Th(OH)2
2+ ions are readily formed in the alkali solution, TSC

plays a key role in prohibiting amorphous polymerization of
these ions. It does so by attaching Th(OH)2

2+ ions to two citrate
molecule, forming the Th(OH)2cit2

4� complex.13,14

A new method for alloying CBD PbS thin lms with minute
amounts of stable 232Th isotope was reported by Biton et al.15

The motivation for that work was to design a model system to
study effects of self-irradiation in a controlled manner, by
replacing the 232Th with the chemically similar, yet highly
radioactive 228Th isotope. Changes in lm morphology were
observed due to Th incorporation. From the typical rectangular
morphology characteristic of h110i-oriented PbS(110)||
GaAs(100) lms,6,16 to the h111i-oriented pyramidal topography
lms that were obtained in cases where Th4+ ions are incorpo-
rated into the lms.15 However, additional fundamental ques-
tions still need to be addressed, such as the incorporation
mechanism and why was there an upper limit of 0.5 at% for Th
concentration15 in the lms?

Here we report on thin lms in the PbS(Th, O) system, with
much larger amounts of 232Th in the lms. We show that Th4+ is
acting as a lm growth inhibitor, where PbS(Th, O) exhibited
lower lm thickness compared to PbS under the same deposi-
tion conditions. A homogeneous nanometer scale distribution
of Th and O was observed in the lms. A structural and chem-
ical study of PbS(Th, O) lms was carried out by controlling lm
compositions, which, in turn, strongly affected lm physical
properties. A charge compensation mechanism for the local
incorporation of oxygen and thorium in PbS(Th, O) was sug-
gested, based on chemical, physical and morphological studies.
Experimental
Materials and chemicals

Sodium hydroxide (Gadot, AR), lead nitrate (Aldrich, analytical
99.99+%), thiourea (Aldrich, ACS $ 99.0%), tri-sodium citrate
dehydrate (TSC, Aldrich, FG $ 99.0%) and tetravalent Th
cations (Aldrich, 1000 ppm of 232Th4+ in 5.1 wt% HNO3) were
used without further purication for deposition of PbS. Single
crystal GaAs(100) substrates were purchased from AXT (epi-
polished, undoped, �0.1� miscut). The substrates were
cleaved into 1 � 1.5 cm2 rectangles and cleaned with distilled
water, then with analytical ethanol and dried. Distilled water
was obtained using a Millipore Direct Q3. The deposition
procedures have been described in detail by Biton et al.15 and by
Osherov et al.6 The substrates were placed epi-side down in the
solution, at an angle of ca. 70� with respect to the air–solution
interface.
Structural, chemical and optical characterization

X-ray diffraction (XRD). The crystallographic phase and the
orientation of the lms were studied using a Panalytical
Empyrean powder diffractometer equipped with a PIXcel linear
detector and a monochromator on the diffracted beam. Data
were collected in the 2q/q geometry using Cu Ka radiation (l ¼
1.5405 �A) at 40 kV and 30 mA. Diffraction patterns were taken
during 8 min in a 2q range of 20–65� with a step size of �0.033�.
88078 | RSC Adv., 2016, 6, 88077–88084
Field emission gun scanning electron microscope (FEG-
SEM). The morphology of the lms was observed using an
ultrahigh resolution JEOL JSM-7400F FEG-SEM without coating
of the surface. The acceleration voltage ranged from 1 to 5 kV,
imaging was done using secondary electrons. Film thickness
was measured from cross-sections while surface topography
was observed in plan-view.

X-ray photoelectron spectroscopy (XPS). XPS spectra were
measured using an ESCALAB 250 spectrometer with a mono-
chromatic Al X-ray source (excitation energy 1486.6 eV) at a base
pressure of 1 � 10�9 mbar. Wide-scan survey spectrum for all
elements and high-resolution spectra of selected elements were
recorded.

Transmission electron microscopy (TEM). Cross section
samples were prepared by cutting the sample normal to the
interface and gluing the sections together face-to-face using M-
Bond 610 adhesive (Allied HighTech Ltd.). The samples were
polished with a precision small-angle tripod holder on a series
of diamond polishing papers (Allied HighTech Ltd) until a thin
wedge was formed, and glued to a Mo slot grid (1 � 2 mm2).
Final thinning was done by Ar ion milling using a Gatan model
691 precision ion polishing system.

TEM and high resolution TEM (HRTEM) were carried out
using a JEOL JEM-2100F instrument operating at 200 kV.
Analytical TEM (ATEM) investigations including Energy
Dispersive Spectroscopy (EDS) analysis in the scanning TEM
(STEM) mode were carried out using a JEOL JEM-2100F ATEM
operating at 200 kV. The Gatan DigitalMicrograph 3 soware
was used for fast Fourier transform (FFT) analysis of HRTEM
lattice images.

Optical properties. Transmission measurements were per-
formed using a Bruker VERTEX 80V Fourier transform infra-red
(FTIR) spectrometer in the mid-IR (MIR), scans ranged from
8000 cm�1 to 1500 cm�1 in 4 cm�1 steps using a room
temperature deuterated triglycine sulfate detector. Photo-
luminescence (PL) measurements were performed in the same
system equipped with a PL module combined with an external
lock-in amplier (Stanford research systems SR830) for time
resolved step scans. Excitation was achieved using a semi-
conductor 100 mW 785 nm laser. PL measurements present
signal intensities that are order of magnitudes lower than in
transmission; therefore acquisition of PL was achieved using
a liquid nitrogen cooled InSb high gain high sensitivity
detector. Measurements were performed in both MIR and near-
IR (NIR, scans ranged from 10 000 cm�1 to 4000 cm�1) with
a step resolution of 64 cm�1.

Results

In order to successfully lower deposition pH and still maintain
acceptable lm growth, TSC anions were introduced as an
additional complexing agent. Fig. 1 displays SEM images of
PbS(Th) lms grown at pH 12.6 at increasing citrate solution
concentrations. Without TSC as a co-complexant, lm growth is
inhibited at this pH, resulting in a very thin nucleation layer of
�30 nm (Fig. 1a). Once TSC is introduced, lm formation
appears to initiate as clusters partially covering the substrate
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 HRSEM plan-view and cross-sectional imaging of PbS(Th) films
grown in presence of increasing citrate concentration in solution: (a)
0 mM (b) 4.5 mM (c) 9 mM (d) 22.5 mM (e) 48 mM. Growth conditions
were pH ¼ 12.6, T ¼ 55 �C (bath temperature), t ¼ 1.5 h (growth
duration). Bath composition was 9 mM lead nitrate, 51 mM TU and 0.1
mM Th4+. Scale bars correspond to the entire row.

Fig. 2 Total integrated XRD peak intensity (open circles, y-axis on the
right) and (111)/(200) peak ratio (black squares, y-axis on the left) as
a function of citrate concentration. Growth parameters were pH ¼
12.6, T ¼ 55 �C, t ¼ 1.5 h. Bath composition was 9 mM lead nitrate, 51
mM TU and 0.05 mM Th4+.

Fig. 3 XPS depth profiles of (a) PbS(Th) (b) average Th film composi-
tion based on XPS as a function of citrate concentration in the
deposition bath.

Fig. 4 HRXPS spectra acquired from a PbS film containing 9 at% Th. (a)
Th 4f7 state and (b) O 1s chemical states.
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(Fig. 1b), at increasing TSC concentration full surface coverage
was achieved. Films composed of faceted crystallites were ob-
tained at higher TSC concentrations (Fig. 1e) indicating a tran-
sition from cluster to IBI growth mechanisms.

X-ray diffractograms were obtained from lms grown at
increasing bath concentrations of TSC. A correlation between
TSC bath concentration and increasing lm (111) texturing
along with total peak intensity was observed. Representation of
the obtained diffractograms (Fig. 2) emphasize these observa-
tions, both I(111)/I(200) peak ratio and integrated intensities are
increasing as a function of TSC solution concentration.

Chemical analysis of lm composition and distribution was
performed by XPS depth proling. Composition as a function of
lm depth in a PbS(Th) lm grown from a bath containing 0.4
mM Th4+ and 90 mM TSC is presented in Fig. 3a. A uniform
distribution of both Th4+ and O2� ions is observed throughout
lm depth. Comparison was performed by monitoring the
composition of a PbS reference lm grown using similar
conditions except for the presence of Th4+. A uniform distri-
bution of both lead and sulfur were obtained, neither Th4+ nor
O2� were present in the reference lm (not presented). Depth
proling analysis was repeated for several lms grown from
solutions containing varying concentrations of TSC. Beyond
adsorbed hydrocarbons on the lm surface, carbon is not
present within the lms, indicating that although TSC plays
a crucial role in lm growth it is absent from the lm compo-
sition. A uniform distribution of Th4+ was obtained in all cases.
This journal is © The Royal Society of Chemistry 2016
Average Th4+
lm composition was plotted as a function of bath

TSC concentration (Fig. 3b) and a distinct correlation was
observed.

The chemical environments of Th4+ and O2� in the PbS(Th)
lms was studied using high resolution XPS (HRXPS). Although
no literature data was found on the binding energy of ThS, an
increase in binding energy is expected compared to metallic Th
values (4f7/2 at 333.0 eV) due to the higher electronegativity of
sulfur, but not high enough to be in a fully oxidized state (4f7/2
at 334.5 eV). An increase in binding energy towards 333.5 eV was
indeed observed, as seen in Fig. 4a. Monitoring the O spectra
revealed two clear bonding states corresponding to Pb–O and
ThO2 (Fig. 4b), due to the incorporation of O2� together with
Th4+ in the lms.

HRTEM and nano-probe EDS studies were performed on
several PbS(Th, O) lms with varying concentrations of incor-
porated Th4+, aiming to determine whether Th4+ dissolves in the
lattice or it is segregated as a separate phase. STEM EDS
elemental line scans combined with HRTEM Fourier transform
analysis were performed on lm cross sections (Fig. 5a–e). Line
RSC Adv., 2016, 6, 88077–88084 | 88079
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Fig. 5 (a) X-TEM micrographs of PbS film containing 1 at% Th. (b)
HAADF STEM micrograph of the film at the same location. (c) High
resolution TEM lattice image taken from the marked region in image
(a). (d, e) Fast Fourier Transform (FFT) obtained from the marked
regions labeled 1 and 2 in image (c), indicating PbS [1�10] and [�112] zone
axes, respectively.

Fig. 6 (a) PL spectra of direct band gap emission from PbS films at
varying compositions of Th. (b) Transmission measurments performed
on PbS(Th, O) films (8.1 at% Th) at various annealing temperatures.
Annealing was performed in an inert environment for 3 hours for all
samples. Inset at 5.2 mm emphasizes defect state absorption. (c) Tauc
plots constructed for the extraction of material band gap.
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scans across several grain boundaries (GB) showed no indica-
tion of segregation, but rather, a homogenous distribution of
Th4+ and O2� was measured across the lms (Fig. SI 1†). An
investigation of lm microstructure did not reveal nano-
precipitates. As seen in Fig. 5c–e, FFT of HRTEM images from
different grains within the lms shows a single rocksalt PbS
phase without overlapping reections. Additionally, no epitaxial
relations between lm and substrate were observed, as neigh-
boring grains exhibit different zone axes (Fig. 5d and e).

The optical properties of the lms were studied in order to
determine whether incorporation of O2� and Th4+ changes the
physical properties of the system. Band-to-band radiative
recombination was measured as a function of lm Th4+ content
at both MIR and NIR (Fig. 6a). Unalloyed PbS lms emit at 0.43
eV which is in good agreement with the band gap value reported
for bulk material. The energy gap (Eg) appears to increase
slightly at low Th4+ concentration, up to 2 at%, and notably
increases to the NIR above 7 at%.

Thermal treatments were performed in an inert atmosphere
for lms with high Th4+ concentration (8.1 at% Th). Optical
transmission measurements were performed on the lms and
the absorption coefficients were extracted based upon Beer–
Lambert's law.17 Tauc plots were constructed in accordance to
direct gap semiconductor behavior (Fig. 6b and c). As-grown
lms showed a bend in transmission at �1.8 mm. By tting
the linear regime in the Tauc plot, the exact value was extracted
and found to be 1.75 mm (0.71 eV), in reasonably good
88080 | RSC Adv., 2016, 6, 88077–88084
agreement with the directly measured PL values (Fig. 6a).
Additionally, a clear mid-gap state is seen at �5.2 mm, which is
attributed to structural defects. Upon thermal treatment, these
defects states diminished with increasing temperature and were
completely eliminated at 300 �C (Fig. 6b). Monitoring the
absorption edge extrapolated from the Tauc plots reveals
a decrease in Eg with increasing annealing temperature,
beginning at 0.71 eV for untreated lms, 0.71 eV, 0.68 eV, 0.66
eV and 0.57 eV for lms treated at 100 �C, 115 �C, 150 �C and
300 �C correspondingly (Fig. 6c).
Discussion

In the alkaline aqueous environment, Th4+ and hydroxide ions
form a low solubility complex (Ksp ¼ 10�44.7), thus limiting the
availability of Th4+ ions that can incorporate into the deposited
PbS lms.18 Therefore, lowering of the solution pH should result
in an increase in concentration of free Th4+. Growth of PbS(Th)
thin lms was achieved here using the CBD technique at
a substantially lower pH value. Nevertheless, varying the solu-
tion pH from 13.3 to 12.8 has resulted in decreased lm
thickness by an order of magnitude (from�300 nm to�30 nm).
This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Average concentrations obtained using XPS for (a) S (b) Pb and
(c) O in PbS(Th) films as a function of Th concentration.
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This effect was previously reported for the PbS||GaAs system
and was attributed to slower thiourea decomposition with
decreasing pH (and hence, less availability of sulphide ions in
the sulphide limited regime), although it did not have such
a drastic effect.6 In the current PbS(Th) system, Th4+ competes
with lead cations over complexation ions. Uncomplexed Pb2+

cations react with sulphide anions to rapidly precipitate in the
solution; moreover, tetra-valent Th4+ ions having an excep-
tionally high affinity toward hydroxides further lower the
effective pH, thus, further inhibiting sulphide release via thio-
urea decomposition. Another point to consider is the incorpo-
ration of Th4+ ions in the growing PbS lm. Addition of Th4+,
which have different ionic radius and valency compared to lead
ions, are likely to present a perturbation to the PbS lattice. Thus,
the low lm thickness reported here is presumably due to
a combination of the effects mentioned above (Fig. 1a). TSC has
been reported to perform as a strong complexing agent of Th4+

cations in the presence of alkaline solutions, forming the stable
Th(OH)2cit2

4� complex, thus, freeing hydroxide ions required
for the thiourea decomposition reaction.13,14 This behavior is
presented in Fig. 1b–e where increasing citrate concentration in
solution results in a more compact lm; moreover, a transition
from cluster to IBI growth mechanism can be seen here, which
again points to the availability of complexing agents.

The increase in XRD total peak area as a function of TSC bath
concentration is attributed to both increasing lm thickness
and apparent compactness, which are both a direct result of
available hydroxide ions in solution. As mentioned, PbS(Th)
lms with h111i texture and triangular pyramidal surface
topography were reported by Biton et al. as a result of Th4+

introduction into chemically deposited PbS thin lms.15 Similar
behavior was observed here as a function of increasing TSC bath
concentration, as change occurs from non-textured lms
towards strong (111) texturing (Fig. 2). Change in lm texturing
with increasing TSC concentration (Fig. 2) was suspected to
result from increasing Th4+

lm content. This was veried by
XPS analysis, revealing the direct correlation between
increasing TSC solution concentration and Th4+

lm composi-
tion (Fig. 3b). By preventing formation of the low solubility
Th(OH)4 products, complexation of Th4+ ions by TSC appears to
have a key enabling role in the formation of Th alloyed PbS thin
lms with relatively high Th concentrations. As seen in Fig. 3a
and b, a uniform distribution of Th4+ throughout the lm was
achieved, which is accompanied by incorporation of oxygen.
Note that although relatively large percentages of O2� and Th4+

are present in the lms (up to 9 at% Th and 20 at% O), no
additional crystalline phases are found; diffractograms ob-
tained from PbS(Th, O) lms conrm a single phase of PbS
present (ICDD#05-0592, Fig. SI 2†),19 suggesting that O2� and
Th4+ are uniformly dissolved in the PbS matrix. Additionally, no
clear trend of XRD peak position shis (typical to alloyed lms)
was observed with increasing Th4+ and O2�

lm composition.
The lattice parameters of PbS and of the cubic rocksalt phase of
ThS are quite similar (5.936 �A and 5.682 �A, respectively),
therefore a noticeable shi in XRD peak positions will likely
occur only at sufficiently high concentrations of Th4+. A rough
estimation of the minimal amount of Th4+ which would result
This journal is © The Royal Society of Chemistry 2016
in an observable peak shiing (0.07� in 2q; twice the step
resolution) was calculated. According to Bragg's law such a shi
would account for a change of�0.017�A in the lattice parameter.
Implementing this change in lattice parameter according to
Vegard's law

aPbS(Th) ¼ aThSx + aPbS(1 � x)

leads to a minimum requirement of �7 at% Th for observ-
able peak shiing. This explains why no XRD peak shiing was
observed for the varying Th4+ concentrations used in this work.

To quantify the behavior of oxygen accompanying Th
incorporation, average lm compositions were analyzed by XPS
depth proles and plotted as a function of Th lm concentra-
tion (Fig. 7a–c). Evidently, incorporation of Th4+ is accompanied
by decreasing lead and sulphide ions and a stronger increase in
O2�, where incorporation of each Th4+ cation is accompanied by
roughly two O2� anions. This is quite expected considering that
Th(OH)2

2+ ions are readily formed in the alkaline solution,
although polymerization of these ions in solution was reported
to be inhibited by citrate by attaching Th(OH)2

2+ ions to
a complex of 2 or 3 citrate molecules.14 Incorporation in the
lattice may occur through surface reaction of incipient Th-
complex and S2� dangling bonds in the growing lms. If Th4+

ions are dissolved in the lattice, it is likely to occur via substi-
tution of Pb2+ lattice sites and charge compensation by means
RSC Adv., 2016, 6, 88077–88084 | 88081
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Fig. 8 PbS(Th, O) optical band gap plotted as a function of Th4+ film
concentration as obtained through XPS analysis. Red square corre-
sponds to 8.1 at% Th sample after annealing at 573 K for 180 min.

Fig. 9 HRTEM lattice images of PbS(Th, O) film cross sections with
a composition of (a) 1 at% Th and (b) 8.1 at% Th. The marked region
presents an example for a sub-domain.
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of interstitial O2� anions or OH� anions incorporation of OH�

anions is more likely to occur, in terms of charge compensation,
as will be shown later in discussion. Contrary to this assump-
tion, O2� (or OH�) and Th4+ might be segregated at GB or
present as ThO2 nano sized precipitates, which were reported to
readily form in alkaline solutions with a typical size of �4 nm.18

Such a scenario will present a quite similar XPS spectrum, and
is not expected to appear in the diffractograms as separate
phases, due to small size or amorphous nature of the segre-
gating phases. However, careful analysis performed on X-TEM
micrographs taken from lms with varying concentrations of
Th4+ did not show any such nano precipitates neither within the
lattice nor in GB. This result, combined with the uniform
distribution of both Th4+ and O2� (or OH�) throughout the
lms, as measured using EDS line scans in STEM mode,
strongly suggests that Th4+ and accompanying O2� (or OH�)
ions are fully dissolved in the PbS lattice. Moreover, the same
composition trends which were observed in the XPS composi-
tion analysis (Fig. 7) were reaffirmed in the EDS measurements.

Considering concentration dependencies presented in
Fig. 7, for every two Th4+ ions incorporated within the lm,
three Pb2+ and S2� ions are omitted, and ve O2� ions are
introduced.

The assumption that only O2� ions dissolve in the lattice
together with Th4+ ions does not account for charge neutrality in
the lms. However, considering that Th4+ ions are bonded to
hydroxides throughout the deposition, the more likely scenario
which accounts for lm charge neutrality is the incorporation of
Th(OH)2

2+ ions. Preliminary Atom Probe Tomography (APT)
analysis performed on PbS(Th) lms support this hypothesis as
presence of hydroxides was observed throughout the lms.
Based on the reported data, a charge compensation mecha-
nisms describing Th4+ lattice incorporation in the PbS lms are
currently being addressed by applying density function theory
together with APT investigations (which is sensitive to OH�

ions) and will be published in the future.
The transition to (111) texture upon incorporation of Th4+ in

the lms remains an open question. In the rocksalt structure,
the (100) surface typically has a lower surface energy and hence,
development of (100) facets favor the formation of cube-shaped
PbS crystals. Once Th4+ is introduced, there is an apparent
transition to energetically preferable (111) planes. This point is
strengthened by the fact that the lms are not in epitaxial
relations with the GaAs substrate, and the preferred (111)
texturing is a result of growing crystallites exposing the ener-
getically stable surface planes. To verify this hypothesis PbS and
PbS(Th, O) lms were grown on glass substrates and analyzed
with XRD (Fig. SI 2†). PbS diffractograms indeed show the
powder peak intensity ratios, as amorphous substrates do not
dictate preferred orientation on the incipient lms. Contrarily,
PbS(Th, O) lms present (111) texturing, supporting the nd-
ings that this effect is phase correlated and not a result of
epitaxial relations with the substrate. In line with these argu-
ments is the fact that epitaxial monocrystalline PbS thin lms
on GaAs showed a (110) orientation rather than the naturally
expected (100) orientation, most likely due to interfacial stresses
in the early stages of growth.4,12
88082 | RSC Adv., 2016, 6, 88077–88084
For many binary alloys, AxB1�x, Eg changes linearly with x.20,21

However, plotting the optical band gap as a function of Th4+

concentration in the lms presents two distinct regimes (Fig. 8).
In ternary semiconductors a deviation from linear behaviour

of Eg versus composition is termed the bowing effect, which
results from both chemical and size variation contributions in
the system. Interstitial and substitution ions causing changes in
unit cell volume are considered size variations. Changes in
chemical bonds, which effect the periodic potential due to
variations in electronic congurations of exchanged atoms, are
considered chemical variations.22,23 Chemical variations are
likely to exist for PbS(Th, O), as shown above for both O2� and
Th4+, but size effects should not contribute, since there is no
indication of lattice parameter increase (veried through XRD).
Regardless, it appears that bowing is still occurring in the
PbS(Th, O) system, indicating that another physical property is
changing in the lms along with the chemical variations. A
closer examination of lm microstructures reveals formation of
sub-domains within the lm grains at high Th4+ concentrations,
an effect which is not observed at low concentrations (Fig. 9a
and b). Bright eld TEM micrographs depicting average lm
grain size of �50 nm conrm the described sub-domain
microstructure (in contrast to nanocrystalline lms) and are
presented in Fig. SI 3.† Increasing Th4+ concentration in the
This journal is © The Royal Society of Chemistry 2016
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lms results in local lattice strain, once the strain value exceeds
a critical limit, it is partially relaxed by the formation of GB,
resulting in the observed sub-domain microstructure. Thus,
a combination of an inherently large Bohr radius and increased
connement due to formation of sub-domain boundaries
contributes to increased Eg at high Th concentrations.

To verify this hypothesis, thermal treatments were per-
formed, in an inert atmosphere, to high Th4+ concentration
lms (8.1 at% Th). If the variation in Eg results from sub-
domain formation, then by introducing thermal energy, grain
coarsening should occur, resulting in Eg red-shiing. As-grown
lms transmission spectra show a clear mid-gap state is at �5.2
mm, which is attributed to structural defects. Theoretical studies
recently reported that Schottky pair defects can give rise to
distinct defects states at 0.23 eV (5.4 mm) above the valance band
edge of PbS.24 These defects were predicted to participate in
radiative recombination, supporting the assignment of the 5.2
mm mid-gap states experimentally observed in this work as
defect states.24 To the best of our knowledge this is the rst
empirical evidence for these theoretically predicted defect
states. Upon thermal treatment, these defects states diminished
with increasing temperature and were completely eliminated
upon treatment at 300 �C for 3 hours (Fig. 6b). This behaviour
emphasizes absorption resulting from structural defects, which
begin migration and annihilation once sufficient thermal
energy is provided. Once the lms were sufficiently thermally
treated to remove absorbing defect states, the band gap red
shis noticeably and the dependency on Th4+ concentration
acts according to Vegard's law, i.e., a linear increase of band
edge with increasing Th4+ concentration (Fig. 8).

Conclusions

In summary, Th-alloyed lead sulphide thin lms were success-
fully grown using CBD with varying concentrations of Th up to
�9 at%. TSC was shown to play a crucial role as co-complexant,
enabling the decrease of pH, which would otherwise inhibit
Th4+ incorporation. Increasing TSC concentration led to
increasing Th4+ and accompanying O2�

lm compositions
which, in turn, altered lm texturing from (100) towards (111).
Conclusive evidence was presented regarding the miscibility of
Th4+ and O2� within the PbS phase. Control over the concen-
tration of Th4+ in PbS lms was demonstrated and viable
mechanisms for incorporation were presented. Optical proper-
ties were investigated as a function of Th4+ composition in the
lms, revealing bowing behaviour in the dependency of the
optical band gap on lm Th4+ concentration. Examination of
lm microstructures revealed the formation of nanoscale sub-
domains at high Th4+ concentrations that may lead to
quantum conning effects and the observed bowing behaviour.
Furthermore, mid-gap defect state absorption was noticeable in
as grown high concentration lms. Upon thermal treatment,
these absorbing states diminished until completely eliminated
once treated at 300 �C for 3 hours. A correlation was observed
between lm band gap and structural defects, as red-shiing in
Eg values occurs once thermal treatments were applied,
diminishing the observed bowing effect. The ability to tune the
This journal is © The Royal Society of Chemistry 2016
optical band gap by controlling lm composition provides
additional means of control for future use in advanced opto-
electronic applications. By replacing the stable 232Th with the
active 228Th isotope using similar growth conditions, PbS(Th, O)
thin lms also present a promising candidate for self-
irradiation damage studies, without the use of special facili-
ties for fabrication and handling of radioactive alpha-emitting
samples.
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