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Compositional tuning of ternary solid solution semiconducting thin films can provide control over the

physical properties of the films, and subsequently improve their technological performance. In this work,
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PbS,Se;, solid solution thin films were chemically deposited on GaAs(100) substrates. Graded solid
solutions as well as single-phase solid solutions with tunable compositions were obtained. Lattice parame-
ters were extracted from X-ray diffraction and film compositions were calculated based on Vegard's law. It

was concluded that PbS,Se;_, solid solution films can be chemically deposited in the entire range of com-
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1. Introduction

Lead chalcogenides such as lead sulfide (PbS) and lead sele-
nide (PbSe) are technologically important semiconducting
materials with IR sensitivity, suitable for use as infrared radia-
tion detectors, infrared emitters, solar control coatings and
other optical applications.’™ There are several techniques for
fabricating high quality semiconducting thin films, and
chemical bath deposition (CBD) is one of the simplest and
most cost effective methods.>® Mixed compositions are of
great interest mainly because they allow tuning of the semi-
conductor properties. Tuning of the material lattice parameter
can allow control over the lattice mismatch in chemical epi-
taxy,” and more importantly, can allow control over its physi-
cal properties such as tuning of the spectral sensitivity range
for photoconductive detectors. This is probably the main
application that accelerated the study of chemically deposited
ternary and quaternary semiconductors. When chemically
depositing mixed compositions of metal chalcogenides, the
deposition should proceed according to the solubility product
(ksp) of the two different chalcogenides; the first to precipitate
is the one with the lower k,,, and only when the concentra-
tion of its free metal ions is low enough, the other chalcogen-
ide will precipitate.’

There are various possibilities for co-precipitation of two
metal sulfides. For example, in the case at which both sul-
fides have a similar kg, (such as in CdS and PbS) mixed phase
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positions; however, each composition requires optimization of its own deposition conditions.

particles or single phase particles may directly precipitate,
depending on the miscibility of the two phases. However, if
the two sulfides have significantly different kg, values, core-
shell structures may be formed.” Several studies focused on
compositions with two different metal cations such as Cd,Zn,
Cd,Hg and Pb,Hg sulfides or selenides.*® Rabinovich et al.,
for example, reported on (Pb,Cd)S solid solutions."” Mixed
anion chalcogenide compounds, such as Cd(S,Se), Zn(S,Se)
and Pb(S,Se), were deposited mainly in order to improve win-
dow layers for photovoltaic cells."®2® Kigel et al. described a
novel synthetic method for the formation of PbSe/PbSe,S;-,
core-alloyed shell nanocrystals by utilizing a single-injection
of the core and shell constituents, simultaneously.”” They
suggested that the faster reactivity of selenide to the lead pre-
cursor, directs rapid nucleation of the PbSe core, while the
sulfide reacts at a later stage, forming the PbSe,S;—, shell.
Another study by Ma et al. reported on solar cells based on
highly confined nanocrystals of the ternary compound
PbS,Se; ,.>® The nanocrystals were obtained using a one-pot,
hot injection reaction. It was reported that S and Se anions
are uniformly distributed in the alloy nanoparticles, and that
photovoltaic devices fabricated using these ternary nano-
particles were more efficient than either pure PbS or pure
PbSe based nanocrystal devices since ternary PbS,Se;_, can
simultaneously optimize both carrier transport (which is bet-
ter in PbSe) and voltage (which is better in PbS).>®

Very few publications reported on CBD of PbS,Se;_, thin
films. Sarma et al. reported in the late 1980s on uniform and
single phase PbS,Se;_, (0 < x < 1) films that were chemically
deposited at 30 °C on glass and Si(111) substrates using
Pb(NO;),, CS(NH,), and Na,SeSO; with excess of NaOH.*
These authors reported control over the final solid solution
parameters that were calculated from the XRD results using
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Vegard's law.*® However, the morphology of the films was not
investigated and no optimization was carried out for
obtaining a large range of solid solution compositions. More
recently, Katisheva et al. reported on chemically deposited
PbS,Se,_, films on ‘pyroceram’ platelets.*"** Two different
compositions were reported with different reagent concentra-
tions; one was S-rich PbS, g5Se, 15 and the second was Se-rich
PbSy.075€0.03. No studies have reported chemically deposited
PbS,Se;_, solid solutions on GaAs substrate, and there is still
a lack of information on the morphology and structure of the
films deposited on glass or silicon substrates, as well as on
the different conditions required for obtaining PbS,Se;-,
solid solutions in a complete range of compositions.

PbS and PbSe possess the rock-salt crystal structure with
unit cell parameters a, = 5.934 A (JCPDS file #5-592) and a, =
6.128 A (JCPDS file #6-354), respectively.>> The physical and
chemical properties of PbS and PbSe have much in common:
they are isomorphous, have the same type of chemical bond-
ing, can be prepared by similar methods, and they can be
doped in a similar manner.** Additionally, their anionic radii
are within 15% of each other, the lattice mismatch parameter
is only 3%, and the anions are isovalent.® All these proper-
ties suggest that PbS and PbSe are likely to form an ideal sub-
stitutional alloy in the entire range of compositions. How-
ever, as described above, thermodynamic considerations in
CBD can constitute an obstacle in achieving that goal.
Templeman et al. recently reported on the effect of substrate
surface pre-treatments and the importance of the order of
reagent addition;®® PbS films are usually deposited with Pb
precursor added first*® while PbSe films are normally depos-
ited with Pb precursor added last.*” This can now present a
challenge while attempting to simultaneously deposit both
chalcogenide species from the same solution.

In this work, we have optimized the deposition conditions
required for fabricating homogenous, continuous and adher-
ent PbS,Se;_, solid solution films with tunable lattice param-
eters and compositions in the entire range of compositions.
Deposition parameters such as temperature, reagent concen-
tration, pH and deposition time were optimized and eventu-
ally high quality, homogeneous, continuous and adherent
films with tunable compositions and lattice parameters were
obtained.

2. Experimental section

2.1 Materials and chemicals

Lead nitrate Pb(NOs), (Aldrich, analytical 99.99+%) or lead
acetate trihydrate Pb(CH3;COOH),-3H,0O (Aldrich, analytical
99+%) were the precursors used for lead cations. Thiourea
(TU) CS(NH,), (Aldrich, ACS >99.0%) was the precursor used
for sulfide anions and sodium selenosulfate Na,SeSO; was
the precursor used for selenide anions. A 0.2 M stock solu-
tion of sodium selenosulfate was prepared by mixing sodium
sulfite (0.5 M) (Na,SO;, Aldrich, analytical 99.95%) with an
excess of selenium powder (Aldrich, 100 mesh, analytical
95+%) in distilled water and stirred at 80 °C for 1 h. The
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Na,SeSO; solution was filtered in order to remove unreacted
selenium powder. Sodium hydroxide NaOH (Gadot, AR) or
potassium hydroxide KOH were used as sources for hydroxide
anion complexants and pH stabilizers. Rectangular (1 x 2
cm”®) substrates were cleaved from 3" GaAs(100) wafers (Wafer
Technology LTD). Distilled water was obtained from a Milli-
pore Direct Q3 water purification system.

2.2 Chemical bath deposition (CBD)

The deposition procedure was adapted from the experimental
protocol reported by Sarma et al. for deposition on glass sub-
strate,”® and modified based on the deposition procedures
reported for the growth of PbSe and PbS films on GaAs.***%%”
For the growth of PbS,Se;_, on GaAs the final composition of
the deposition solution was adjusted to 146-300 mM NaOH,
9 mM Pb(NO3),, and 51 mM for the total anion precursors -
CS(NH,), and Na,SeSO;. Films were deposited from solutions
with variable values of Rg., which is defined as the percent
ratio of sodium selenosulfate to the total anion precursor
content (eqn (1)).

C

Sodium-selenosulfate

Ry %= x 100 (1)

Sodium-selenosulfate + Thiourea

Prior to deposition, the solution was prepared in a Pyrex
beaker and purged with pure N, for 60 min to minimize
levels of dissolved oxygen and carbon dioxide, and placed in
the dark in a thermostatic bath to reach thermal equilibrium.
As the desired deposition temperature was reached, the last
reactant was added. The growth of PbS,Se;_, films was car-
ried out under various deposition temperatures and at differ-
ent reagent concentrations with different order of reagent
addition. Films were deposited on the bottom face of the sub-
strates to prevent from large particles to adhere to the grow-
ing film. Therefore, the substrates were placed epi-side down
in the solution, mounted on a custom-designed Teflon stage
at an angle of ~70° with respect to the stage surface. After
deposition, the samples were cleaned with ethanol and dried
with a stream of N, gas.

2.3 Characterization methods

2.3.1 X-Ray diffraction (XRD). Data were collected on a
Panalytical Empyrean powder X-Ray diffractometer operating
at the Bragg-Brentano geometry and equipped with a posi-
tion sensitive X'Celerator detector. A Cu K, radiation source
(% = 1.5405 A) was operated at 40 kV and 30 mA. /20 scans
were run for 10 min in a 26 range of 20-65° with step size of
0.0334° and dwell time of 0.445 s per step.

2.3.2 High resolution scanning electron microscopy
(HRSEM). The morphology of the films was observed using a
JEOL 7400F field emission gun SEM without coating the sam-
ples. Secondary electrons were used to obtain the images in
all cases. Acceleration voltage of 3.5 kV was typically used.

This journal is © The Royal Society of Chemistry 2015
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3. Results and discussion

In this work, we have aimed to identify the CBD growth con-
ditions for growing PbS,Se;_, solid solution thin films on
GaAs(100) substrate in the entire range of compositions. The
influence of deposition time, temperature, pH, reagent con-
centrations and order of reagent addition on the composi-
tion, structure and morphology of the films was investigated
using XRD and HRSEM.

3.1 Effect of anion ratio

The composition, structure and morphology of the films were
investigated as a function of the anion ratio in the deposition
solution. Fig. 1 shows SEM micrographs of films deposited at
30 °C for 120 min with 146 mM NaOH and variable values of
Rse. These deposition conditions were optimised for growth
of PbS films on GaAs substrate;>**° thus, a typical morphol-
ogy indicative of a <110> texture was obtained for the pure-
PbS film (Fig. 1a).” This texture was eliminated upon increas-
ing Rg. as can be seen in Fig. 1. This is also seen in the
I ,0/I500 intensity ratio plotted vs. Rs. (Fig. 2); the preferred
texture disappears upon increasing Rse to >2%. At Rse = 18%
the large, faceted crystals are replaced with very small nano-
particles that, according to XRD analysis, are diffraction
amorphous and crystallize only after annealing at 200 °C for
120 min (not shown).

PbSe films are typically grown from solutions with higher
pH (>13) and with lead acetate precursor added last.’” Thus,
growth of PbSe under conditions that are optimized for PbS
(with pH > 12)** resulted in non-typical morphology of small
and rounded amorphous particles as in Fig. 1j. It should be
noted however, that an ultrathin amorphous PbSe has been
previously reported to form under typical deposition condi-
tions as an interfacial layer between the crystalline PbSe film
and the GaAs substrate.””

Fig. 3 shows (200) XRD peaks of films deposited at 30 °C
with 146 mM NaOH and with different Rg. values. The verti-
cal dashed lines indicate the (200) peak positions according
to the JCPDS powder diffraction files: #5-592 for PbS (tur-
quoise) and #6-354 for PbSe (orange).

For simplicity, we choose to show only (200) peaks since
different films grow with different morphologies, orientations
and peak intensity ratios, while (200) peak is in most cases
the dominant one. As can be seen in Fig. 3a and in the
HRSEM inset, coexistence of three phases was obtained in
the film with Rg. = 10%. An initial Se-rich layer with an aver-
age composition of PbS 3,5€y 6 (solid solution ‘a’), an addi-
tional overgrown S-rich layer with an average composition of
PbSg s4S€0.16 (solid solution ‘b’) and particles comprising
pure PbS deposited on top of the film. These are average
compositions as the peaks are relatively wide and probably
represent a range of solid solutions (according to their
FWHM compared with that of a single phase peak) with
graded compositions. The average compositions were calcu-
lated using Vegard's law (eqn (2))

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 HRSEM images of films deposited at 30 °C for 120 min with 146
mM NaOH and different Rs. values as indicated.

Apbs se, . = Xapbs + (1 — X)Appse (2)

where apps is the lattice parameter of the pure PbS phase,
appse is the lattice parameter of the pure PbSe phase and
@pps,se, , 1S the average calculated lattice parameter of the
solid solution phase. The solid solution lattice parameter is
calculated using Bragg's law based on the peak position. The
peak position was determined using the GaAs(200) peak as
reference.

The Se-rich layer tends to grow first due to the lower kg, of
PbSe (~4 x 1077 at 25 °C) compared with that of PbS (~3 x
1072% at 25 °C). As the sodium-selenosulfate concentration in

CrystEngComm., 2015, 17, 3433-3439 | 3435
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Fig. 2 XRD (220)/(200) peak intensity ratio for films deposited at 30° C
for 120 min, from solutions with different Rs. values. Note the different
scales for R values along the x-axis.
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Fig. 3 XRD patterns showing (200) peak of (a) film deposited at 30 °C
for 120 min from solution with Rse = 10% and 146 mM NaOH. The
turquoise, red and green curves represent deconvolution of the as-
measured diffractogram (black curve). Inset shows a corresponding
HRSEM image showing mixed microstructure. (b) Films deposited from
solution with Rse = 18% and 27%. The vertical dashed lines indicate the
theoretical powder (200) peak positions according to the JCPDS pow-
der diffraction files: #5-592 for PbS (turquoise) and #6-354 for PbSe
(orange).

solution decreases, a S-rich film begins to form. This S-rich
phase was also reported by Katysheva et al*' Finally, when
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the Se ion source depletes, pure PbS particles are formed.
According to Fig. 3b, it appears that the low kg, of PbSe
allows to obtain highly Se-rich films despite the relatively low
molar concentration of sodium selenosulfate in the deposi-
tion solution since PbS,;;S€ygs and PbS,3Seqq; (corre-
sponding to solid solutions ‘d” and ‘e’ in Fig. 3b) were
obtained with relatively low Rs. values of 18% and 27%,
respectively.

3.2 Compositional tunability

In order to eliminate phase separation and overcome the
effect of the different kg, of PbS and PbSe, the effect of tem-
perature and pH was investigated.

The effect of temperature. Films were deposited at higher
deposition temperatures. Fig. 4 shows comparison of the
(200) XRD peak obtained from films deposited at 30 °C for
120 min and at 50 °C for 30 min. These films were deposited
from the same deposition solutions with 146 mM NaOH and
Rse = 10%. In the case of higher deposition temperature and
shorter deposition time, phase separation was eliminated
and a S-rich film with an average composition of PbS, 55S€ 45
was obtained.

The solubility product is a temperature and pH dependent
parameter. It has an Arrhenius dependency on temperature
as shown in eqn (3).°

_a6?

e ®)

where kg, is the solubility product, A is a constant, AG® is the
free energy of formation, R is the gas constant and T is the
absolute temperature. According to this equation, higher
temperature will exponentially increase kg,. Additionally, the
lower kg, value of PbSe will be more affected by temperature
change, namely any increase in temperature will decrease the
ratio between the k,, values of PbS and PbSe and vice versa.
Notwithstanding, the change will be relatively small (due to

(200) Peak PbSe Pbs
1.04 —T1=30°C \
T=50°C
0.8{ = Pbs
= PbSe

0.6+
a,=6.021A ——»

0.4+

0.2+

Normalized Intensity

0.0 =% T T T — 1
27.5 28.0 28,5 29.0 29.5 30.0 30.5
20 [Degrees]
Fig. 4 XRD patterns showing (200) peaks for films deposited at 30 °C
for 120 min and 50 °C for 30 min from solution with Rse = 10% and

146 mM NaOH. In the latter case, single phase solid solution
(PbS 555€0.45) Was obtained.

This journal is © The Royal Society of Chemistry 2015
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relatively small modifications in temperature). Thus, changes
in ks, of the two materials due to changes in temperature
cannot be the only explanation for prominent changes in film
growth, morphology and composition. An additional impor-
tant parameter is the deposition time. Shorter deposition
time allows no time for major concentration depletion or
changes in growth mechanism.*” All these factors together
contribute to the formation of a single phase, S-rich, solid
solution film.

However, an attempt to wuse higher deposition
tempterature and shorter deposition time for obtaining solid
solution films in a wide range of compositions resulted in
randomly distributed solid solution particles (Fig. 5a and b;
the case of Serich films) or graded solid solution films
(Fig. 5a and c; the case of S-rich films). Apparently, the
change in the S to Se precursor ratio in solution had a tre-
mendous effect on film morphology on one hand (in Se-rich
films), and film composition on the other (in S-rich films).
This is not surprising considering the previous discussion on
the effect of anions ratio given their different reactivities and
the different deposition conditions suitable for fabricating
PbS and PbSe films.

The effect of pH. Films were deposited from solutions
with higher NaOH concentration in an attempt to obtain
single-phase solid solutions in the entire range of composi-
tions. Fig. 6 shows (200) XRD peak of a film deposited from
solution with 300 mM NaOH. In this case, solid solution ‘b’
(PbSy.s,S€0.15) was almost entirely isolated, compared with
the mixed-phases film shown in Fig. 3a that was obtained
with 146 mM NaOH. However, a small amount of solid solu-
tion ‘a’ (PbSy345€0.66) Was present based on XRD. There are
two competing processes that are controlled by the

=

(200) Peak Pbse PbS

1.0 ——R=23% a=6.077A . Sulfide-rich
——R=17% a=6.071A graded solid
——R=10% a=6.045A solution film
0.8 R=8% - \
——R=7%
R=6%
——R=5% =i
0.4 Selenide-rich,
randomly
0.2 distributed
: particles

0.61

Normalized Intensity

Fig. 5 (a) XRD patterns showing gradual shift of the (200) peak with R
for films deposited at 50 °C for 15 min. (b) HRSEM plan-view showing
randomly distributed particles (of Se-rich solid solution with R = 23%).
(c) HRSEM plan-view showing continuous film (of S-rich graded solid
solution with R = 5%).
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Fig. 6 XRD patterns showing (200) peaks for a film deposited at 30 °C
for 120 min with Rse = 10% and 300 mM NaOH. In this case, Se-rich

solid solution (PbSg 342Se066) Was almost entirely eliminated and the
majority of the solid solution was S-rich (PbSq g>Sep 18)-

concentration of OH™ ions in solution; the first is release of
$>~ or Se*” ions from pH dependent decomposition of TU or
sodium-selenosulfate, respectively, which accelerates growth
rate. The second is the complexation of free Pb>" ions by
hydroxide anions, which decelerates growth rate.> There is
also an additional competition between the different anion
precursors on the OH  ions that further complicates this bal-
ance. PbSe is usually deposited from solutions with higher
pH than PbS. However, in the present case, the pH is still rel-
atively low (compared with the typical pH for depositing
PbSe®’) and, according to Osherov et al,*® it is in the sulfide
limited range where increased pH accelerates PbS growth rate
by releasing higher concentrations of S*".

Additionally, the Pb precursor is added first which is opti-
mal for PbS deposition.*® Thus, S-rich solid solution film was
obtained (the small amount of Se-rich phase is due to the
lower kg, of PbSe and the relatively low deposition tempera-
ture of 30 °C). Again, considering the previous discussion on
temperature and time effect, lower deposition temperature of
20 °C and shorter deposition time of 60 min resulted in the
isolation of the Se-rich solid solution film ‘a’ (PbS 39S€¢.61),
as can be seen in Fig. 7.

(200) Peak RbSe PbS

1.04——Solid Solution a' ;

¢— a,=6.051A

0.8+
0.6

0.4

Normalized Intensity

0.2

]
0.0 : : S -
275 280 285 290 295 300

26 [Degrees]

30.5

Fig. 7 XRD pattern showing the (200) peak for a film deposited at 20 °C
for 60 min with Rse = 10% and 300 mM NaOH. In this case, a Se-rich
solid solution (PbSq 302Seg 61) Was isolated.
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Fig. 8 (a) and (b) are plan-view and cross-section HRSEM images of a
film deposited at 30 °C with 300 mM NaOH and Rs. = 50%. (c) and (d)
are plan-view and cross-section HRSEM images of a film deposited
under the same conditions but with Pb precursor added last. (e) XRD
(200) peak obtained from the film shown in c, d.

At this point, several single phase solid solutions were
obtained, each with its specific deposition conditions. How-
ever, in order to obtain different solid solutions in the entire
range of compositions, further modification of the Se:S pre-
cursor ratio in solution is needed, and that requires addi-
tional optimization. For example, Fig. 8a and b shows films
deposited from the same deposition conditions previously
mentioned (of relatively high pH with 300 mM NaOH) but
with Rge = 50%. The change of the S/Se precursor ratio
resulted in randomly distributed particles rather than a film.
This is probably due to the PbS-optimized conditions while
the concentration of the more reactive Se precursor in solu-
tion is relatively high.

Thus, an attempt to grow films under conditions opti-
mized for PbSe (for Se-rich films) was carried out, namely
films were deposited under the same deposition conditions
but with the Pb-precursor added last (reversed order of
reagent addition®®). The result obtained was strikingly differ-
ent. As can be seen in Fig. 8c and d, continuous and adher-
ent film of single phase Se-rich solid solution with a compo-
sition of PbS, ,3Se,,; was obtained (based on the XRD peak
position in Fig. 8e). Under these conditions several additional
Se-rich films with different compositions were obtained.
Fig. 9 shows X-ray diffractograms of several representative
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Fig. 9 (200) XRD peak obtained for PbS,Se; , films with different

compositions. The vertical dashed lines indicate the theoretical
powder (200) peak positions for PbS (JCPDS powder diffraction file #
5-592) (turquoise) and PbSe (JCPDS file # 6-354) (orange).

solid solution films obtained in a wide range of compositions
between PbSe and PbS with the corresponding lattice
parameter. Each solid solution was obtained following opti-
mization of its specific deposition conditions (Table 1 sum-
marize their properties). Highly S-rich solid solutions were
deposited under PbS-optimized conditions with relatively
higher temperature or relatively high pH and with the chal-
cogenide precursor added last. Highly Se-rich solid solu-
tions were deposited under PbSe-optimized conditions with
relatively high pH, lower deposition temperature and time
and with Pb precursor added last. Relatively equally mixed
compositions were obtained at higher deposition tempera-
ture and shorter deposition time. Note that PbS,,sSeq.7s
solid solution might be better to grow with higher pH and
with lead precursor added last in order to obtain continu-
ous film.

4. Conclusions

We have shown that PbS,Se,_, solid solution films can be
obtained in a complete range of compositions using chemical
bath deposition on GaAs(100) substrates. It was found that
the composition and morphology of the films are highly
affected by temperature, concentrations (most notably, pH)
and the order of reagent addition. It was concluded that each
range of composition (Se:S ratio in the solid solution)
requires optimization of specific deposition conditions and
there is no single recipe for fabricating different PbS,Se;_,
solid solution films in the entire composition range. Fabrica-
tion of solid solution films with tunable compositions and
hence tunable lattice parameters can allow control over film-
substrate lattice mismatch in chemical epitaxy,” as well as
tuning of the band gap energy of the semiconducting mate-
rial, providing control over physical properties such as optical
absorption and emission.

This journal is © The Royal Society of Chemistry 2015
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Table 1 Summary of solid solution compositions, morphology and deposition data

Cell Rse Experimental conditions: temp./time/NaOH conc./last added

parameter [%] Composition Morphology precursor[°C]/[min]/mM

6.104 70 PbS,.115€0.59 ~250 um poly-crystalline film 20/60/300 lead

6.081 50 PbSy.235€0.77 ~400 pm poly-crystalline film 30/120/300 lead

6.071 50 PbS, »55€0.72 Distributed particles 50/30/146 TU

6.045 10 PbS; 4:5€0 58 ~250 um poly-crystalline film 50/15/146 TU

6.031 8 PbS, 505€0.50 ~400 pm poly-crystalline film 50/15/146 TU

6.021 10 PbS, 555€0.45 ~600 pm poly-crystalline film 50/30/146 TU

5.966 10 PbS.545€0.16 ~500 um poly-crystalline film 40/90/300 TU
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