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Despite their promise, the efficiency of quantum dot solar cells is currently low (<10%), where an
improved understanding of interfaces and contact layers adjacent to the quantum dots is presently a
major limitation. The present work aims at optimizing the conditions for growing PbS thin films on ZnTe

in light of the solubility of ZnTe in the alkaline environment required for chemical bath deposition
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of PbS. The morphology and properties of these films are strongly affected by altering the solution pH,
temperature and the reagent concentrations. A detailed structural and chemical analysis reveals the
different orientation relationships present between the constituent layers and highlights the spontaneous

formation of new, distinct intermediate layers in the unique local environment formed due to the
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Introduction

Lead chalcogenides have been the subject of considerable earlier
research due to their unique optical and electronic properties and
their technological importance for infrared radiation detection
and emission and solar cells."” Lead chalcogenide quantum dots
are particularly suitable for incorporation into energy conversion
architectures and are fundamentally interesting in light of their
unusual photophysics.®* Analysis of the natural abundance of
materials for solar cells shows that bulk PbS ranks favorably in
terms of the cost and abundancy of raw materials.® Of the several
techniques for fabricating high quality PbS thin films, chemical
bath deposition is one of the simplest and cost effective methods.
Chemically deposited PbS thin films can be easily integrated on
almost any substrate and their band gap energy can be tuned
from 0.41 eV of the bulk material to 0.8 eV in a shorter
wavelength depending on the grain size due to the quantum
confinement effect.®'° PbS is a good alternative to other narrow
band gap semiconductors for integration in electric and opto-
electronic devices due to its relatively large Bohr radius of 18 nm
so that quantum confinement effects can take place at a relatively
large grain size.

Among alternative approaches to improve the efficiency of
photovoltaic devices, the most notable is the multi-junction
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simultaneous dissolution of the ZnTe layers in the presence of precursors for PbS thin film deposition.

(M]) solar cell."™** M]J devices consist of stacked semiconductor
junctions built in tandem; thus, material band gaps are tuned
across a wide range of wavelengths in the solar spectrum. Since
the constituent junctions can efficiently extract power from the
different portions of the solar spectrum, their power conversion
efficiency are much higher compared to single junction solar
cells. Quantum dot solar cells also show promise, but their
power conversion efficiency is currently low (<10%), where an
improved understanding of interfaces and contact layers adja-
cent to the quantum dots is presently a major limitation.
Layered structures of nanocrystalline thin films based on PbS
quantum dot absorbers, along with electron and hole blocking
layers based on compatible II-VI semiconductors, have been
recently designed for improved solar cell efficiency.'*® ZnTe is
well suited as a selective contact for holes on one side with
properties quite similar to CdTe (a well-established material in
thin film solar cell technology) and highly compatible crystalline
and electronic structure. Literature reports suggest that the
epitaxial growth of PbSe on GaAs (211)B or Si(211) may be
achieved using ZnTe as a buffer layer.'”*® Improvement in optical
properties, minority carrier lifetimes, and interface quality may
be possible using PbSe/ZnTe structures to provide enhancement
in solar energy conversion.

Chemical bath deposition (CBD) offers a simple and cost
effective method for the fabrication of high quality semiconductor
films. Literature reports suggest the growth of epitaxial PbS single
crystal films,'*?° where the term chemical epitaxy refers to the
presence of a well-defined crystalline relationship between the
CBD single crystal film and the substrate. Although epitaxy usually
requires a certain degree of lattice match between the semi-
conductor film and substrate, chemical interactions between

This journal is © The Royal Society of Chemistry 2016
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the constituents of the deposition and the substrate are often
critical. Due to the complexity of the mechanisms in chemical
deposition and several competing factors (chemical and structural)
among the substrate, film, and the solution, it is difficult to predict
a priori the effect of the substrate on the film orientation. The most
common deposition mechanisms active in CBD are the cluster
mechanism and the ion-by-ion mechanism.>" In the cluster
mechanism, the film growth occurs by the migration and
adsorption of colloidal particles either of the desired material
or of a certain intermediate species. Alternatively, the film
growth can also occur by the decomposition of the chemical
precursors directly onto the substrate surface, the process
commonly known as the ion-by-ion mechanism. Previous studies
from our group establish the correlation between the morpho-
logical evolution, crystallographic orientation of the thin film and
the active deposition mechanisms by varying the different deposi-
tion parameters.”>>*

To the best of our knowledge, there have been no explicit
reports of growing PbS thin films on ZnTe by CBD and exploring
their plausible epitaxial relationships. In this work, we have
optimized the deposition conditions in order to achieve homo-
geneous, continuous, and adherent films to serve as the consti-
tuent layers of solar cells. The temperature and pH were varied
and the structural characteristics examined, with an emphasis on
the identification of interfacial phases formed. The morphology
and properties of these films were found to be strongly affected
by altering the solution pH, temperature and the reagent
concentrations. A detailed structural analysis reveals the different
epitaxial relationships present between the constituent layers.
We also demonstrate that depending on the growth mechanism,
the epitaxial relationships are transmitted differently under CBD
conditions resulting in films with different crystalline orientations.

Experimental
Materials and chemicals

ZnTe thin films were grown by molecular beam epitaxy (MBE)
on Si(100) substrates. The Si(100) substrates were etched with
buffered HF prior to loading into the MBE vacuum chamber,
and heated to 600 °C to remove the surface native oxide. The
in situ removal of the native oxide was confirmed by an
observed streaky reflection high-energy electron diffraction
pattern. Prior to ZnTe growth, the silicon substrate was exposed
to a Zn flux. During epitaxial growth, Zn flux was maintained at
a fixed beam equivalent pressure (BEP) value of approximately
1 x 10~ ° Torr and Te flux was varied from 1 x 10~ ° Torr to 5 x
10~° Torr (BEP). The typical substrate temperature (Ts.,) Was
300 °C to 350 °C, with a growth rate of approximately 1 um h™".

PbS films were deposited on the ZnTe films using the
following solution: Pb(NO;), as the lead source, CS(NH,), as
the sulfide source and NaOH as a complexant and pH adjustment
reagent, under various conditions of deposition pH and tem-
perature. Lead nitrate (Aldrich, analytical 99+%), thiourea
(Aldrich, ACS >99.0%) and sodium hydroxide (Gadot, AR) were
used without further purification. The solution contained 8.9 mM
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Pb(NO3),, 51 mM CS(NH,), and 0.08-0.2 M NaOH (depending on
the desired pH) in 18 MQ distilled water (Millipore Direct Q3).
The deposition solutions were prepared by stirring NaOH with
distilled water followed by slow addition of PbNOj;. Prior to
deposition, the solution was purged with UHP N, gas for
60 min in order to reduce levels of dissolved O, and CO,. The
wafers were cleaved into 2 cm x 1 cm samples, cleaned with
ethanol and water and passivated for 10 min in the deposition
solution prior to deposition. Typically, deposition was carried
out for 180 min at a particular temperature within a thermostatic
bath. Film morphology was studied by X-ray diffraction (XRD),
high resolution scanning electron microscopy (HR-SEM) and trans-
mission electron microscopy (TEM). The interfacial composition
and structure was analyzed using analytical TEM (ATEM).

Characterization methods

X-Ray diffraction (XRD). The phase and orientation of the
films were studied by XRD. A Panalytical Empyrean diffracto-
meter equipped with a Pixcel linear detector and a monochromator
on the diffracted beam was used. Data were collected in the
20/0 geometry using Cu Ko radiation (4 = 1.5405 A) at 40 kv and
30 mA. Scans were run during 8 min in a 260 range of 20-65°
with steps of ~0.039°.

High resolution scanning electron microscopy (HR-SEM).
The morphology of the films was observed using an ultrahigh
resolution JEOL JSM-7400F field emission gun (FEG)-SEM without
coating of the samples. Acceleration voltage of 3.5 kv and a
gun current of 10 pA were used. Film thickness was measured
from cross sections while surface topography was observed in a
plan-view.

Transmission electron microscopy (TEM). Cross sections
were prepared by cutting the sample into slices normal to the
interface and gluing them 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, glued to a Mo slot grid (1 x 2 mm?) and
final thinning was done by Ar ion milling using a Gatan model
691 precision ion polishing system.

TEM and HRTEM were carried out using a JEOL JEM-2100F
instrument operating at 200 kV. Selected area electron diffraction
(SAED) patterns were obtained by positioning the selected area
diffraction aperture of the TEM over the desired area of the films
and/or substrate. ATEM investigations including Energy Dispersive
Spectroscopy (EDS) analysis in the scanning TEM (STEM) mode
were carried out by using a JEOL JEM-2100F analytical TEM
operating at 200 kV. Gatan DigitalMicrograph 3 software was
used for fast Fourier transform (FFT) analysis of HRTEM lattice
images of the PbS/ZnTe interface. Schematic illustrations of
the orientation relation models were obtained using CaRine
Crystallography software.

Fourier transform infrared (FTIR) spectroscopy. The trans-
mittance infrared spectrum was recorded by FTIR. The Perkin-
Elmer FTIR spectrometer is equipped with a broadband IR light
source, a Michelson interferometer with a KBr beam splitter
and a liquid nitrogen cooled mercury cadmium telluride (MCT)
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detector. The scanned wavenumber range was 700 -7800 cm ™"
corresponding to the 1.28-14.29 pm wavelength range. The
spectral resolution of this spectrometer was 4 cm ™ *. From the
obtained transmittance spectra, an absorption coefficient (o)
was obtained by using the Beer-Lambert equation

1 —od

T-—1_
L °

where T is the transmittance, I is the transmitted light intensity
through the sample cell, I, is the transmitted light intensity
through the reference cell, « is the absorption coefficient and d
is the deposited film thickness. A plot of the square of absorption
coefficient (%) versus photon energy (hv) was used to extract the
optical bandgap (E) of the material at the energy axis intercept.

Results and discussion

The deposition conditions for growing PbS semiconducting
thin films were optimized on ZnTe thin films on Si substrates.
The influence of different deposition parameters such as time,
temperature, and reagent concentrations on the morphology of
the films was studied. The standard protocol for growing PbS
thin film involves moderate pH (the pH of the solution is 13.12)
at moderate temperature (20-30 °C) for 120-180 minutes.>® The
hydroxide concentration is of utmost importance because elevated
PH leads to dissolution of the ZnTe layer. Thus deposition on ZnTe
required optimizing the growth conditions for growth at low pH in
order to minimize dissolution of the ZnTe layer. The XRD and
HRSEM images for the films deposited at various temperatures at a
constant pH value of 13.2 are described in Fig. 1(a)-(e). The X-ray
diffractograms demonstrate the formation of a [100] textured PbS
film at lower deposition temperature (20 °C). With increasing
deposition temperature, there is a gradual increase in the (111)
peak with the simultaneous decrease in the (200) peak. The
plan-view HRSEM images (Fig. 1(a)-(e)) reveal the formation
of cubic PbS grains at 20 °C which gradually changes with
increasing deposition temperature to form pyramidal PbS
grains (the typical topography for a (111) surface in the cubic
system), reflecting the change in texturing as observed in XRD.

The variation of the XRD Bragg peak intensity ratio (111)/
(200) with temperature is shown in Fig. 1(f). The value at 20 °C
(0.05) is much lower than the powder ratio value (0.9), which
drastically increases to an exceptionally high value of ~300 at
30 °C indicating the formation of highly textured films. The
total peak area plotted vs. temperature (Fig. 1(f)) shows low
values that are slightly increasing for the first two temperatures
(20 and 22.5 °C), after which a sharp increase is obtained for the
film grown at 25 °C. Thereafter, further increase of the temperature
results in a decrease in the total peak area. The variation in film
thickness (as observed from the cross-sectional HRSEM images)
with temperature is plotted in Fig. 1(g). The film thickness is found
to decrease continuously with the increasing temperature. It
should be noted that the total peak area and film thickness are
expected to follow the same trend. However, the discrepancies at
the lower temperatures suggest the formation of amorphous
clusters resulting from parallel growth of the cluster mechanism
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Fig. 1 (a—e) X-ray diffractograms and corresponding plan-view HRSEM
images for films grown at different temperatures for 180 min. (f) /111)//200)
Bragg peak intensity ratio (black) and total integrated peak area (red). The
horizontal line indicates the powder ratio. (g) Film thickness observed from
cross-sectional HRSEM images.

along with the dominant ion-by-ion mechanism, which occurs
at lower deposition temperatures.'®”" Another cause of this
discrepancy might be the result of disorder in the nanocube
film, which may be porous and contain high defect densities as
established by TEM. Above 25 °C, both the film thickness and
the total integrated XRD peak area are found to decrease with
temperature. A possible explanation for this may be that with
increasing temperature, the film texturing increases (Fig. 1f)
which results in a more compact film with decreasing porosity,
leading to the decrease in both the film thickness and the total
XRD peak area. Under the current conditions, continuous and
adherent films were obtained which may be attributed to consi-
derable lowering of the lattice mismatch with PbS for deposition
on ZnTe to ~1.9%.

The effect of pH on film morphology was subsequently
investigated. The XRD and HRSEM images for the films resulting
at various NaOH concentrations of the deposition solutions main-
taining the deposition temperature at 30 °C is described in
Fig. 2(a)-(d). The X-ray diffractograms show that at lower pH, the
resultant PbS films are (100) textured. With increasing pH there is
a transition in film texturing. Similar to the temperature effect,
increasing pH also resulted in a gradual increase in the (111) peak
intensity, accompanied by a simultaneous decrease in the (100)
peak intensity. The plan-view HRSEM images reveal the formation
of cube like PbS grains at pH = 12.9 which gradually changes to
form pyramidal PbS grains at pH = 13.1, reflecting the change in
texturing observed in XRD. Fig. 2(e) shows the variation of the XRD
Bragg peak intensity (111)/(200) vs. pH. A similar trend was
observed in Fig. 1(f), where the value is much lower than the
powder ratio value for pH 12.9, which drastically increases to an
exceptionally high value of ~300 at pH 13.2 indicating the
formation of a highly textured film. The total integrated XRD
peak area plotted versus pH (Fig. 2(f)) shows a continuous increase
in peak area with pH. In this case, a better correlation was observed
between the total peak area and the film thickness (obtained from
the cross-sectional HRSEM images) as a function of pH (Fig. 2(f)).

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5tc04147c

Open Access Article. Published on 05 February 2016. Downloaded on 5/22/2026 11:06:27 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Bl a 2 * Ul -
*1 * (s & s g
12.9 24 *, (200)p4s 300-—} 400 5
14 22004 -3|m§ :r”:
= —> =3
~ Ab SN 2002 2
£ =100 X2
S 2 = ¥ 1002
13 5 S P
2 1 ———————— H
g 129 130 13.1 132 133 g
S H
S = v
z, 60 f
'z 404
131§ }
= 20
= A
12059 I
3
133 %] }
404
A v z 129 13.0 13.1 132 133
30 40 50 60 H
20 (Degrees) p
Fig. 2 (a—d) X-ray diffractograms and corresponding plan-view HRSEM

images for films grown at different pH values for 180 min and at 30 °C.
(e) lu1n/lz00) Bragg peak intensity ratio (black) and total integrated peak
area (red). The horizontal line indicates the powder ratio. (f) Film thickness
observed from cross-sectional HRSEM images.

In order to evaluate whether well-defined orientation relation-
ships existed between the film and the underlying substrate,
cross-sectional TEM samples were prepared for the PbS/ZnTe/
Si(100) structure. This was carried out for two different samples,
a (111) textured PbS film deposited at 30 °C and a (200) textured
PbS film deposited at 20 °C. Understanding the differences in
film growth leading to these changes is fundamental for under-
standing and controlling growth kinetics. For this purpose,
selected area electron diffraction (SAED) was performed at
various regions of interest and carefully analysed.

The ZnTe films contain large densities of twinning defects,
which are quite common in FCC-based structures, especially
considering the notable lattice mismatch with the Si substrate
(~11.5%), leading to polycrystalline film morphology. SAED
performed on a large number of grains in several ZnTe films
reaffirmed XRD indications of film growth along the [111]
direction. TEM imaging and SAED data, along with analysis
of the film-substrate orientation relationships, are presented in
Fig. 3. ZnTe films grown on Si(100) single crystal substrates
are preferentially oriented with the (111),,1. parallel to the Si
substrate surface and [110]znre Or 1104, are parallel to the
electron beam direction, also defined as the zone axis (ZA) of
the electron diffraction pattern. The twinning plane was identified
as (111)zyre.”®

PbS films grown at 30 °C showed a clear (111) texturing as a
result of the epitaxial relationships with the underlying ZnTe
film, which is quite expected considering the negligible lattice
mismatch of ~2.5%. TEM analysis confirmed this, revealing
the straightforward, conventional orientation relationship
between (111)piim||(11D)substrate @aNd  110giim | [[110]substrate @S
seen in Fig. 4.

This relationship is kept throughout the film even though
ZnTe is twinned in nature, i.e. when a ZnTe lattice is inverted by
180° due to a twin boundary; PbS growth tracks these changes
and reverses accordingly in order to maintain the crystalline
orientation relationships. This point is emphasized by Dark Field
(DF) TEM images generated by the (111)pps reflection in Fig. 5(b),

This journal is © The Royal Society of Chemistry 2016
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(100);| 1(111);,r,, [011) 5,1 1[110);r,

Fig. 3 X-TEM micrograph of the PbS/ZnTe/Si(100) layered structure. The
Si—ZnTe interfaces were analyzed using SAED in two adjacent locations
marked with yellow circles labelled “a” and "b"”, depicting two distinct
relationships between the film and substrate. (c) SAED of the interface
labelled “a”. Inset: Indexing for the diffraction spots obtained for the [011]g;
and [011]7,7e zone axes (ZA). (d) SAED of the interface labelled “b". Inset:
Indexing for the diffraction spots for the [011]s; and [110]n7e ZA. Note that
the common in-plane direction is the ZA and therefore it cannot be seenin
the diffraction patterns.

which coincides with (111),,r. reflections from neighbouring
grains (diffraction indexing in Fig. 4(a) and (b)). The resulting
image (Fig. 5) shows how the PbS film adapts its growth in
accordance with the underlying ZnTe grain orientation.

The PbS films grown at 20 °C demonstrate a dramatic difference
in structural properties. The XRD results (Fig. 1(a)) showed
strong (200) texturing, while integrated scattering intensities
do not correlate with film thickness as measured from X-SEM,
presumably due to porosity in the films. SAED X-TEM analysis
(not shown) confirmed the (200) texturing of the PbS films with
no orientation relationships with the underlying ZnTe film,
i.e., each PbS grain is randomly oriented with regard to the

500 nm

(112)py, | 1(212) 2076, [110)pas | 1120207

Fig. 4 X-TEM micrographs of the PbS/ZnTe/Si(100) structure, with the
PbS film grown at 30 °C. (a) Micrograph showing the exact location
analyzed using SAED (yellow circle), SAED pattern and indexing for the
diffraction spots in the [110]pps and [110]zn7e ZA. (b) Micrograph showing
the exact location analyzed, SAED and indexing for the diffraction spots in
the [110]pps and [110]z1e ZA.
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Fig. 5 (a) SAED pattern of the ZnTe-PbS interface presented in Fig. 4,
in which the (111)pps reflection is encircled. (b) Corresponding DF X-TEM
micrograph.

underlying ZnTe. The root cause is suspected to be at the film
interface, which appeared to be nanocrystalline in nature. High
Angle Annular Dark Field (HAADF) imaging was carried out in
Scanning TEM (STEM) mode combined with EDS to monitor
composition variations along the ZnTe-PbS interface. As seen in
Fig. 6, the interface is composed of two distinct intermediate
layers with dissimilar atomic weight. Moreover, the PbS film was
found to be highly defective with pores concentrated at grain
boundaries (verified with EDS and encircled in Fig. 6), indicating
non-uniform growth where grains are often seen to inhibit
growth of adjacent grains. This may explain the conflicting
results observed in Fig. 1(f) and (g) between total XRD peak
intensity and the film thickness observed from X-SEM images.

STEM EDS analyses performed at the locations marked in
the figure are presented in Table 1. Interestingly, the interface
appears to contain PbTe nanocrystals (region b) above which a
very thin layer of fine nanocrystalline ZnS grains is formed
(region c). Within the experimental error, regions a and d
correspond to ZnTe and PbS layers, respectively.

Fig. 6 HAADF STEM micrograph of the PbS—-ZnTe interface. PbS film was
chemically deposited at 20 °C. Porosity located at grain boundaries is
marked by a circle. Locations analyzed by EDS are marked a—d.

2000 | J Mater. Chem. C, 2016, 4, 1996-2002
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Table 1 Summary of STEM EDS analysis (averaged) performed on
PbS-ZnTe films and the interface

Element A B C D
Zn [at%]” 45 5 51 —
Te [at%]* 55 45 9 —
Pb [at%]* — 50 10 60
S [at%]” — — 30 40

“ Statistical errors were significantly lower than the experimental error
for this method, which is considered as +5 at%.

To verify the presence of solid phases at the interface,
HRTEM imaging was performed at several locations along the
interface (Fig. 7). Careful FFT analysis at several locations
confirms the presence of PbTe (ICDD No. 38-1435) above which
ZnS has formed (ICDD No. 36-1450); the data are presented in
Table 2.

Note that both phases are nanocrystalline in nature and
well-defined orientation relationships between interface layers
and films were not observed.

Examining the interface in these samples reveals the dis-
solution of the ZnTe, an effect which was not observed when
PbS films were deposited at T = 30 °C. Once the ZnTe films are
immersed in the growth solution they are partially dissolved in
the alkali environment; thus, Zn>* and TeO;>~ (results from the
reaction between the telluride ions with hydroxide) ions are
extracted in high local concentrations at the solid-solution
interface. PbTe having a drastically lower solubility product
(—log(Ksp) = 48, compared to that of ZnTe: 34, ZnS (Sphalerite):
29, ZnS (Wurtzite): 28 and PbS: 29)*”?% is readily formed by
consuming the free TeO;>~ upon the dissolved ZnTe interface.
Not surprisingly, the nucleation of PbTe occurs in etch pits that
are the energetically preferred sites within the ZnTe surface.
Once depleted, the remaining Zn** ions compete with solution
Pb*>* ions on the available $*>~. Although solubility products of
PbS and ZnS are quite similar, the high local concentration of
Zn>" can explain the tendency to form the latter.

These effects are absent for cases where (111) textured PbS
was grown by implementing high pH or temperature in the

Fig. 7 High resolution TEM lattice image of a cross-sectional sample
deposited at 20 °C. (a, b) Fast Fourier Transform (FFT) obtained from the
marked regions labelled (a) and (b).

This journal is © The Royal Society of Chemistry 2016
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Table 2 Comparison between ICDD and measured FFT data

ICDD [A] Measured” [A]
(10.0)ns 3.31 3.30
(10.2) 06 2.07 2.7
(00.2)7ns 3.13 3.16
(220)ppyre 2.28 2.29
(311)pbre 1.95 1.95
(111)pyre 3.73 3.71

“ An experimental error of +0.05 A should be considered.

solution, indicating a kinetic nature. Once ZnTe is immersed in
the solution, two competing mechanisms take place: dissolution
of the ZnTe film and growth of PbS; growth conditions containing
higher pH or temperatures lead to rapid PbS nucleation, thus
coating and protecting the ZnTe films from dissolution. The
opposite is true in cases where lower pH or temperatures are
used; PbS nucleation is slower and the ZnTe film remains exposed
and is subject to dissolution. This retarded nucleation at lower pH
or temperature was also evidenced from an interrupted growth
series of chemically deposited PbS films on ZnTe on Si with
growth terminated after 10, 20, and 30 min. The resulting samples
were studied using plan-view HRSEM and XRD. At lower pH
(pH 13), there is no formation of PbS after 10 and 20 min. Both
XRD and HRSEM showed the presence of only MBE grown ZnTe
film. After 30 min, there is formation of a discontinuous
~100 nm thick layer of PbS with preferred texturing along the
(100) direction (Fig. 8a—c). At higher pH 13.1, the PbS formation
rate is increased with an initial layer of ~65 nm of PbS with
random texturing being formed after 20 min of the initiation of
the reaction. Moreover, initial formation of PbS is indicated by
XRD after 10 min from the commencement of the reaction. After
30 minutes, there is formation of a ~200 nm thick PbS layer with
strong texture along the (111) direction (Fig. 8(d)-(f)).

Optical transmittance spectra were recorded in near-IR and
Mid-IR range on the various samples deposited at different
temperatures, pH and deposition times using FTIR. One limita-
tion of the FTIR measurement is that the irregular surface of
the samples results in diffuse reflectance rather than specular

Fig. 8 HRSEM plan-view and cross-sectional images and XRD patterns
showing the formation of PbS films deposited at 30 °C for 30 min at pH 13
(a—c) and pH 13.1 (d—f). The dotted line in (b) and (e) indicates the interface
between the ZnTe and PbS layers. Red asterisks indicate the ZnTe phase
and blue asterisks indicate the PbS phase.

This journal is © The Royal Society of Chemistry 2016
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Fig. 9 A plot of photon energy (hv) vs. the second power of absorption
coefficient (%) of various PbS samples obtained from FTIR. Bandgap values
(Eg) of PbS samples deposited at different temperatures, pH and deposition
times are estimated by extrapolating the dashed lines at o> = 0 along the
linear regions of the curves.

reflectance, interfering with the reflectance measurement from
FTIR. Nevertheless, plots of the absorption coefficient obtained
from direct transmittance demonstrate clear onset points in
optical absorption to reveal a defined optical bandedge. The
results of extracted o® versus hv and the resulting extracted
bandedge are shown in Fig. 9. All samples deposited at 30 °C
(deposited for 180 min as the thin film samples described
above, as well as thicker films deposited for 360 min) demon-
strate a consistent bandedge in the range of 0.41-0.44 eV. These
values show a good agreement with the bandgap values of bulk
PbS.” However, the sample deposited at 0 °C has a nano-spherical
microstructure (not shown) and correspondingly shows larger
bandedge energy due to quantum confinement, and a relatively
poor optical bandedge characteristic, consistent with structural
properties.

Conclusions

In conclusion, uniform PbS thin films were successfully deposited
over intermediate MBE grown ZnTe films on Si wafers. The
morphology and properties of these films are strongly affected
by the solution pH, temperature, and the reagent concentra-
tions. The variation in film morphology and texturing can be
related to the presence of two different growth mechanisms
involved. At higher temperature or higher pH, when there is
direct deposition of PbS, the orientation relationship is dictated
by the substrate with the PbS growing epitaxially on the (111)
textured ZnTe. With lowering the temperature or the pH,
delayed nucleation of the PbS film results in partial dissolution
of the ZnTe layer and losing the epitaxial relationships, leading
to controlled deposition in the thermodynamically favored
orientation along the (100) direction. The structural and com-
positional characteristics of the interfaces are critical for future
use in solar cells or related optoelectronic devices. Specifically
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if dissolution of ZnTe occurs, unavoidable interfacial defects
are expected to be present at the heterojunctions, which are
likely to produce defect states in the forbidden bandgap. Both
band bending effects and the recombination of excess minority
carriers can be expected as a consequence. Moreover, in cases
where intermediate layers were formed, critical device failure
may be expected due to strong band bending and the highly
defective nature of the intermediate layers. Controlling the PbS
nucleation rate versus ZnTe dissolution rate will be critical in
optimizing device structures for optoelectronic device applications.
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