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Abstract
Lead chalcogenides (PbS, PbSe, PbTe) are narrow band gap semiconductors
which are largely used in infrared applications. In the present study lead
chalcogenide thin films were deposited electrochemically from aqueous
solutions. Two different electrodeposition methods were used; PbSe and PbTe
thin films were prepared at constant potential while PbS was deposited by
cycling the potential.
Chemical and physical properties of the films were examined by various
techniques, and their electrical properties were studied as well. PbSe and PbS
thin films were found to be stoichiometric whereas PbTe thin films contained an
excess of Te. The films contained water as an impurity. All the films had
polycrystalline, randomly oriented cubic structure. After annealing the films
showed p-type conductivity. The annealing at 100 °C did not affect much the
resistivities of PbS and PbTe which remained between 0.5–10 Ω cm but the
resistivity of PbSe films increased to 1–60 kΩ cm. All films showed IR activity.
Electrodeposition mechanisms of PbSe, PbTe and PbS thin films and
electrochemistry of the related precursors were studied by means of the
electrochemical quartz crystal microbalance (EQCM) combined with cyclic
voltammetry. Both film growth and EQCM studies showed that the
electrodeposition of PbSe and PbTe occurs by the induced codeposition
mechanism, where Se (or Te) is deposited first and induces the reduction of lead
ions to form PbSe (or PbTe) so that this occurs at more positive potential than
where lead alone would be deposited. Electrodeposition of PbS, on the other
hand, turned out to be complicated including several simultaneous processes.
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List of symbols and abbreviations
a

activity

A

surface area

ALE

atomic layer epitaxy

CBD

chemical bath deposition

CVD

chemical vapour deposition

D*

detectivity

DEG

diethylene glycol

DMF

dimethyl formamide

DMSO

dimethylsulfoxide

E

potential

E°

standard potential

Eg

band gap

ECALE

electrochemical atomic layer epitaxy

EDTA

ethylenediaminetetraacetic acid

EDX

energy dispersive X-ray analysis

EG

ethylene glycol

ERDA

elastic recoil detection analysis

EQCM

electrochemical quartz crystal microbalance

f

frequency

f0

resonant frequency

F

Faraday constant (96485 C mol-1)

FA

formaldehyde

G

Gibbs free energy

HWE

hot wall epitaxy

I

current

IR

infrared

m

mass
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M

molar mass

MOCVD

metalorganic chemical vapour deposition

n

number of moles

NTA

nitrilotriacetic acid

PG

propylene glycol

Q

charge

QCM

quartz crystal microbalance

R

gas constant (8.315 J (K mol)-1) or resistance

R!

sheet resistance

RBS

Rutherford backscattering spectroscopy

RT

room temperature

SEM

scanning electron microscopy

SHE

standard hydrogen electrode

SILAR

successive ionic layer adsorption and reaction

T

temperature

TOF-ERDA

time-of-flight elastic recoil detection analysis

UPD

under potential deposition

WDX

wavelength dispersive X-ray analysis

XRD

X-ray diffraction

z

number of electrons (involved in an electrochemical reaction)

β

stability constant

µ

shear modulus

ρ

density

τ

time constant

λ

wavelength
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1. Introduction
Electrodeposition is more than 150 years old thin film preparation technique
which has largely been used to deposit metal films. [1] In addition, during the
last twenty five years electrodeposition has been more intensively studied in
preparing compound semiconductors. In comparison with other techniques,
electrodeposition is relatively easily scalable and cost effective as it is a
nonvacuum, room temperature method. In addition, substrates with various sizes
and shapes may be used and toxic gaseous precursors are not needed unlike in
many gas phase techniques. In comparison with chemical bath deposition, which
is the other common liquid phase film deposition technique, electrodeposition
processes are more easily controllable since the film compositions are not very
sensitive to small variations in the precursor concentrations and the precursor
solutions are stable.
Lead chalcogenides (PbS and PbSe) have been used for forty years in academic,
commercial and military infrared (IR) applications, including spectrometer
detectors, flame detection, pollution monitor and night vision systems. In
addition, PbTe has been investigated for example due to its thermoelectric
properties.
The purpose of this work was to study the preparation of PbSe, PbTe and PbS
thin films by electrodeposition and find suitable, mild, aqueous deposition
conditions for reproducible film growth. The aim was to apply the induced
codeposition method, which is best known from CdTe electrodeposition studies,
for PbSe and PbTe and to find conditions where PbS films could be deposited
from a more stable precursor solution than those used before. In addition,
electrodeposition mechanisms of the lead chalcogenides were investigated for
the first time in more detail by means of an electrochemical quartz crystal
microbalance combined with cyclic voltammetry. The electrical properties of
the electrodeposited lead chalcogenide films, which have not been reported
earlier, were measured from two types of devices, photoconductors and
photovoltaic diodes.
The present thesis gives at first an introduction to the electrodeposition in
general, and the electrodeposition of chalcogenide (sulfide, selenide and
telluride) compounds in particular. As the cadmium chalcogenide
electrodeposition processes are the most thoroughly studied ones, they are
11

described separately as are also the few earlier lead chalcogenide
electrodeposition studies. Then the electroanalytical techniques, cyclic
voltammetry and electrochemical quartz crystal microbalance, which were used
in the present work, are presented. The last chapter in the background part deals
with PbS, PbSe and PbTe thin films, their properties, preparation and
applications. After the experimental details, the results achieved are summarized
and discussed.
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2. Background
2.1. Electrodeposition
Electrodeposition is an electrochemical liquid phase thin film or powder
preparation method where the reactions, either reduction or oxidation, are
accomplished using an external current source. The deposition is carried out in
an electrochemical cell consisting of a reaction vessel and two or three
electrodes. In the two electrode cell the reactions are controlled by the current
applied between a working electrode (substrate) and a counter electrode. In the
three electrode cell a reference electrode is used to control or measure the
potential of the working electrode, and depositions are carried out by controlling
either current or potential and the corresponding potential or current,
respectively, may be measured.
The first invention concerning the electrochemical preparation techniques was
Volta’s discovery of the chemical way to produce electricity in 1799 which led
to wide interest of electrolysis. At the first stage, the electrodeposition was
mainly focussed on the deposition of copper from its simple salts, but deposition
products were probably powdery rather than smooth, dense films. Forty years
later the importance of a complexing agent, cyanide, was introduced, which
allowed also the deposition of other metals like gold, lead and zinc. The use of
cyanides in plating paths also made the deposition of thin and dense films
possible. [1]
Electrodeposition of metals is commonly carried out galvanostatically, i.e. with
constant current applied between the electrodes. No reference electrode is
needed which makes the galvanostatic system very practical but it can be used
only if the chemical composition of the deposit does not have to be controlled
by the applied potential. The potentiostatic electrodeposition, i.e. deposition at
controlled, constant potential is the most often used mode in a compound
deposition where the stoichiometry of the product needs to be strictly
controlled.
In addition to the constant potential and current techniques, the deposition may
also be carried out with the pulse mode, where the potential or current is pulsed
between two different values or between a constant value and an open circuit.
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With the pulsed deposition better adhesion or morphology may be achieved, for
example.
Compound electrodeposition can be carried out either cathodically or
anodically, i.e. the working electrode is a cathode or an anode, respectively, and
the deposition reactions are accordingly reductions and oxidations. In the anodic
system the substrate, anode, is made of a metal which is a constituent of the
product compound, for example lead in the deposition of PbS. In cathodic
deposition, the choice of the substrate material is not limited, basically any
conducting material may be used.
In addition to the one step deposition process presented above, compounds may
be grown by depositing first elemental layers which are then suitably annealed.
The annealing be carried out under various atmospheres, reactive or inert,
depending if the composition of the product needs to be altered. The initially
deposited layers may also consist of different compounds, for example CuSex
and InSey, if the final product is CuInSe2. Electrodeposition is also possible
from molten salts but that is excluded from this presentation.
The potential where a reduction reaction occurs can be estimated from the
Nernst equation, which is (1) for the reaction (2):

E = E° -

RT  a(M) 

ln
zF  a(M z + ) 

(1)

Mz+ (aq) + ze- ! M (s)

(2)

where β is the reduction potential, E° is the standard potential for the reaction
(2), R the gas constant, T the temperature, F the Faraday constant, z the number
of electrons, and a(M) and a(Mz+) are the activities of M and Mz+. Activities of
the ions are usually approximated to be the same as the concentrations and the
activity of a pure element is one. The calculated potential is valid only under the
equilibrium conditions, which are hardly met in practice. The reduction needs a
certain overvoltage, which is the irreversible excess potential required for a
reaction to occur. The origin of the overpotential may be for example adsorption
reactions, concentration profiles, diffusion rates, nucleation, or reaction rates.
14

Therefore it is more useful to measure the actual reduction potential under the
experimental conditions, for example by cyclic voltammetry which is discussed
in Chapter 2.2.
In order to achieve a suitable potential range for the deposition process, the
precursors can be complexed which shifts their reduction potentials. When the
metal ion Mz+ is complexed with a ligand LpMz+ + qLp- ! MLqz-pq

(3)

it’s reduction potential is shifted according to the equation (4):
E = E °M z+ −

z-pq
RT
RT  a(ML q ) 

ln β +
ln 
zF
zF  a(Lp- ) q a(M) 

(4)

where β is the stability constant of the complex. The use of the complexing
agent may also be necessary to prevent unwanted precipitation in the precursor
solution. Complexing agents are widely used in the industrial metal deposition
processes as they stabilize the deposition solution, dissolve metals and improve
the quality of the deposit.
A monolayer of an element may also deposit by under potential deposition
(UPD), i.e. at the potential more positive than the equilibrium, bulk deposition
potential. UPD occurs if the bonding energy between two different metal atoms
is greater than the bonding energy between the deposit atoms and it is common
for example for lead on noble metals.
2.1.1. Induced codeposition
Although the electrodeposition of alloys has been known for a long time [1],
and also the electrodeposition of chalcogenide compounds has been studied
earlier, for example the preparation of CdSe and Ag2Se was reported in 1963
[2], the true development of the cathodic electrodeposition of semiconductor
compounds started to accelerate as late as in 1978 when Kröger published
thermodynamic calculations about the induced codeposition method [3] and the
paper on the CdTe electrodeposition process [4]. According to Kröger, CdS,
CdSe, and CdTe belong to the group where the deposition potential of a
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compound is determined by the less noble component and it is more positive
than the reduction potential of the less noble component itself. In that group,
where PbS, PbSe, and PbTe also belong, the difference between the equilibrium
potentials of the pure components (∆E°) is larger than the shift in a potential of
either component (∆E) caused by the compound formation. For example for
PbSe, the maximum shift in the lead reduction potential, ∆E, may be calculated
from (5)

∆E = -

∆G ° (PbSe)
-101.7 kJ / mol
= = 0.53V
2 x 96485 C / mol
zF

(5)

The difference in the equilibrium reduction potentials (∆E°)
∆E° = E° (Se4+/Se) – E° (Pb2+/Pb) = 0.778 V – (-0.126 V) = 0.904 V

(6)

thus ∆E° > ∆E. In Eq. 6, values of E° (vs. SHE) are adopted from [5] and ∆G°
values from [6]. The formation of the compound instead of elemental layers is
favoured by the energy gain in the reaction. A large excess of the metal
precursor M2+ is needed in order to make the compound formation reaction
more favourable than the reduction of chalcogen X4+ on top of itself. This
should also ensure that the correct stoichiometry is obtained even if some
concentration variation exists.
Since the reduction of the chalcogen induces the reduction of the metal to occur
at a more positive potential than where it would reduce alone, the process is
called as an induced codeposition. It is very close to the UPD process described
earlier. A schematic picture of the induced codeposition of a compound MX,
which may be for example PbSe, is shown in Fig. 1.
Three potential ranges E1, E2 and E3 are distinguished in Fig. 1. At the potentials
E1 only the chalcogen X is deposited. At the more negative potentials, E2, X
induces the simultaneous reduction of the metal M2+ ion, and the compound MX
is formed. Finally, at the most negative potentials, E3, the reduction of M2+ to a
metallic deposit becomes the dominating process.
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c (M2+) >> c (X4+)

E3

1 (a)

M2+

1 (b)

E (V)

E2

M2+

E1

I (A)

X4+

E1

M2+

M

X4+

2+

M2+

X4+ + 4e- → X

X
X

X

eM

1 (c)

e-

e-

X

2+

X
M

2+

M

M

2+

e e
M2+

1 (d)

4+

2+

E2

M2+
X

-

X

X 4+

X
-

X

e-

e

-

X M

X M

e-

E3

X4+
M2+

M2+

M2+

M

M

M2+ + X4+ + 6e- →
MX

X4+
M2+
M
M

M X

M M M M M

M2+ + 2e- → M

e- e- e- e Figure 1. A schematic picture of the induced codeposition mechanism of the
compound MX: 1(a) the current-voltage curve, and (b)–(d) the dominating
deposition mechanisms at the different potential ranges. For simplicity, the
aqueous species are denoted as M2+ and X4+ although they may be complexed
or in the form of oxospecies.
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2.1.2. Electrodeposition of binary chalcogenides
Among the binary chalcogenide electrodeposition processes, CdSe, CdTe and
CdS are the most studied ones because of their very interesting application in
solar cells, and therefore they are discussed here separately. Reference [7]
reports a table which contains 21 references for CdS electrodeposition, 15 for
CdSe and 31 for CdTe. In addition, there are many reviews available, for
example [8]. The purpose of this presentation is not to be a complete review of
the electrodeposition of cadmium chalcogenides, and the references cited here
just give examples of the different aspects of the processes.
In addition to the binary compounds, the electrodeposition of ternary and even
quaternary chalcogenides has been investigated widely. Solid solutions, such as
CdSe1-xTex, may be achieved moderately simply by having all the precursors in
the solution at the same time provided that they are soluble, stable, and
reducible under the same conditions. The situation is more complicated when
the product is a compound with a strict stoichiometry, such as CuInSe2. The
electrodeposition of CuInSe2, which also is a very promising solar cell material,
has widely been studied [9 and references therein], but still the control of the
stoichiometry is the most challenging task.
In the following chapters the electrodeposition of CdTe, CdSe and CdS thin
films is discussed first. Then the electrodeposition of other binary chalcogenide
films is reviewed. The electrochemical atomic layer epitaxy method and the
electrodeposition of oxide films are mentioned very briefly, and finally few
electrodeposition processes of PbSe, PbTe and PbS thin films are looked in
more detail.

2.1.2.1. Electrodeposition of cadmium chalcogenides
The electrodeposition of CdTe is commonly carried out cathodically under
constant potential in the aqueous H2SO4 solution using CdSO4 and TeO2 as
precursors. In most studies Kröger’s induced codeposition methodology [4] is
used, i.e. the concentration of Cd2+ is much larger than that of Te4+. The pH of
the solution is moderately low, 1–2.5, due to the scarce solubility of TeO2
between pH 2 and 7 [10]. The main problem in the process is that an excess of
Te is very easily deposited, but it can be diminished using very strict control
18

over the deposition potential [11]. Earlier, alkaline solutions were not used
because in some studies it was observed that the deposit formed at high pH is
powdery and of a poor quality. [12] It was stated that the deposition of high
quality CdTe is not possible because, according to Pourbaix diagram, elemental
Te is not stable in the alkaline solution. [12] Recently, however, Murase et al.
[13–15] have deposited nearly stoichiometric, good quality CdTe films also
from the alkaline solution, at pH 10.7.
In addition to pH and concentrations, the substrate has also been found to be
very critical for the composition of the product. The films deposited on CdS and
GaAs were stoichiometric, but those deposited on graphite were Te rich and the
deposition of a good quality film on a Si surface was very difficult. [16] In
addition, a reduction of a SnO2 substrate in a NaClO4 solution prior to the CdTe
deposition has been found to improve the stoichiometry. [17]
CdTe films which are electrodeposited at the room temperature are usually
amorphous, but those deposited at higher temperatures are polycrystalline with
the cubic structure. However, the electrodeposition of monocrystalline CdTe
films has been achieved using both polycrystalline SnO2 [18] and
monocrystalline InP [19] as substrates. In the latter case the epitaxial growth
was verified.
CdSe is ordinarily deposited analogously to CdTe in an acidic solution using
SeO2 as precursor. However, in order to avoid excess Se in the films, CdSe has
been deposited also in alkaline solution using in situ prepared SeSO32- where
selenium has an oxidation state lower than 4+. [20, 21] In addition, for the same
reason, KCN has been used to complex Se and Te in the CdSe and CdTe
depositions in alkaline solutions [22]. Due to the instability of the Se2- and Te2species the anodic processes are less studied with few exceptions [23, 24].
The CdSe and CdTe depositions are commonly carried out from uncomplexed
solutions but complexing agents such as ethylenediaminetetraacetic acid
(EDTA) [21], nitrilotriacetic acid (NTA) [20] and NH3 [13–15] have also been
used. The complexing is essential in the alkaline solutions where cadmium, and
metals in general tend to precipitate as hydroxides.
Organic solvents, such as dimethylsulfoxide (DMSO) [18, 25], and ethylene
glycol [26], have been used as well in order to be able to use chalcogen
19

precursors with oxidation state lower than 4+. In those cases the chalcogen is
normally in the elemental form whereas the metal is as a cation, exception are
the studies where CdTe and CdSe were deposited in propylene carbonate and
diethylene glycol using tri(n-butyl)phosphine telluride [27] or selenide [28].
CdSe and CdSexTe1-x thin films have been deposited also from a solution
containing both water and ethylene glycol [26] with SeO2 and TeO2 as
precursors at pH 2.2.
Commonly, the electrodeposition is carried out using a constant potential or
current, but there are examples of the pulsed CdS [29, 30], CdTe [29, 31] and
CdSe [32] or cycled CdSe [33] and CdTe [34] deposition systems. The pulsed
deposition was found to improve adhesion [29]. In addition, the film structure
was more compact and uniform [31] and the grain size was found to increase.
[32] The improvement of the film structure has been proposed to be due to
nucleation which occurs during the first pulse stage and the unwanted small
nuclei disappear during the subsequent pause stage. The cyclic deposition mode
was also found to improve the stoichiometry of CdSe. [33]
Electrodeposition of CdS, as well as other metal sulfides, differs from the
conventional CdTe and CdSe processes where the oxidation state of tellurium
and selenium precursors is 4+. An analogous sulfur precursor, SO32-, is not used
due to its instability. On the other hand, the most common sulfur precursor,
S2O32-, is not stable either and decomposes in the acidic solution according to
the reaction (7)
S2O32-(aq) ! S(coll.) + SO32- (aq)

(7)

Therefore the electrodeposition of cadmium sulfide films is predicted to occur
via adsorption of colloidal sulfur and subsequent induced reduction of cadmium.
Cd2+(aq) + S(ads.) + 2e- ! CdS(s)

(8)

However, incorporation of colloidal sulfur into the films may cause
nonstoichiometry and irreproducibility problems. In addition, the solution
ageing during the deposition may become a problem. On the other hand, in the
alkaline solutions deposition has not been successful probably because the
reduction potentials of both S2O32- and complexed Cd shift to such negative
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values that hydrogen reduction becomes a competitive reaction for the film
growth.
CdS films have also been deposited anodically from an alkaline solution. The
disadvantage is that in the conventional anodic process a cadmium substrate is
needed and in the most cases the film thickness limited and the quality of the
film is poor. In order to avoid the stability problems, CdS has been deposited in
organic solvents, such as DMSO [35], diethylene glycol [36] and propylene
carbonate [37].

2.1.2.2 Electrodeposition of other metal chalcogenides
Table 1 represents an overview of the other electrodeposited binary
chalcogenides, except lead and cadmium chalcogenides. Most of the deposition
processes are very similar to the original CdTe process and not very many are
carried out in organic solvents. Complexing agents have been used in some
studies, EDTA in refs. [38–42] and acetate in ref. [43]. Both potential and
current control have been used but in general more stoichiometric, adhesive and
dense films have been produced potentiostatically. Especially the chemical
composition is difficult to control in the galvanostatic mode. On the other hand,
the film compositions have often been determined only by EDX, the accuracy of
which may be only about 5 %, and by XRD which only detects crystalline
phases of the film. Therefore it is very difficult to conclude the accurate
stoichiometry of the films.
Though it was stated above that in the alkaline solutions the reduction potential
of S2O32- is too negative to be useful, an example of a dissimilar situation is the
electrodeposition of Ag2S. [38] Silver is the more noble component and even
when complexed with EDTA its reduction potential remains close to zero. In
that case silver induces the codeposition of sulfur. Another type of sulfide
deposition involves an electrochemical conversion of the evaporated CdS films
to CuxS. [44]
In the aqueous solutions the depositions are normally carried out at room
temperature, but higher temperature experiments have also been carried out.
[44–48] In the organic solutions higher temperatures, 100–165 °C, are used
without an interference of the evaporation of the solvent. The higher deposition
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temperature in general increases the crystallinity of the films. In addition, it may
be used to increase the solubility of the precursors, for example TeO2. The high
temperature also increases the deposition rate by enhancing the diffusion.
Another way to enhance the deposition rate is stirring, accomplished usually
with a simple magnetic stirrer, which has also been found to have positive
effects on the film quality. [41, 49–54]
In comparison with the other metal chalcogenides, the electrodeposition of tin
chalcogenides is more difficult due to the very poor stability of Sn2+ and Sn4+ in
the aqueous solution. In addition, Sn2+ tends to reduce Se4+ to Se0 in the
deposition solution. EDTA has been used to stabilize the solution but the
problem has not been totally avoided, for example in ref. [40] it is mentioned
that the solution was stirred to homogenise the viscous, gelatinous mass.
Electrodeposition of chalcogenides is usually carried out from a single solution
where separate precursors for metal and chalcogen are diluted. However, FeS2
[55] and In2S3 [56] films have been deposited sequentially using different
solutions for sulfur and iron or indium precursors. MoS2 films has been
deposited by reducing a single compound, MoS42-, which was synthesised in the
solution prior the film growth. [57–59]
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Table 1. An overview of the electrodeposited binary chalcogenide compounds,
except lead and cadmium chalcogenides. Only chalcogen precursors are listed
since in general the metal precursor is a metal cation in the solution and its
counterion appears to have no effect.
a

ac = acidic, alk = alkaline, org = organic deposition solution, pH is given if
reported, organic solvents: DEG = diethylene glycol, PG = propylene glycol,
EG = ethylene glycol, FA = formaldehyde, DMF = dimethyl formamide, b a =
anodic, c = cathodic process, c p = potentiostatic, g = galvanostatic deposition.
* Deposition of metal and chalcogen was carried out sequentially using
different deposition solutions.
ac/alk/orga

a/cb

p/gc

Chalcogen
precursor

Ag2S

pH 2

c

p

Na2S2O3

38

Ag2S

pH 10

c

p

Na2S2O3

38

As2S3

pH 2

c

p, g

Na2S2O3

S excess

42

Bi2S3

pH 2

c

p, g

Na2S2O3

S excess

42

Bi2S3

org DEG

c

g

S

49

Bi2S3

alk

a

p, g

Na2S

60

Bi2S3

alk

a

p

Na2S

61

Cu2S

alk

a

p

Na2S

62

Cu2S

alk

a

p, g

Na2S

63

Cu2S

alk

a

p

Na2S

64

Cu-S

org PG

c

p

S

mixture

41

Cu-S

ac

c

g

–

mixture

44

Cu-S

pH 2.5

c

p

Na2S2O3

mixture

65

FeS2*

alk S ac Fe

a

p

Na2S

Fe-S

pH 2.0–6.5

c

p

Na2S2O3

In2S3*

alk S ac In

a

p

Na2S

56

MoS2

pH 8.0

c

p

(NH4)2MoS4

57

Material

Excess species
or phase
mixture

Ref.

Sulfides

23

55
S excess

66

Material

ac/alk/orga

a/cb

p/gc

Chalcogen
precursor

Excess species
or phase
mixture

Ref.

MoS2

org EG

c

p

(NH4)2MoS4

S excess

58

MoS2

org EG

c

g

(NH4)2MoS4

Mo excess

59

Sb2S3

pH 2

c

p, g

Na2S2O3

S excess

42

Sb2S3

pH 9.0

a

p, g

Na2S

SnS

pH 1.5

c

p

Na2S2O3

SnS

pH 1

c

p

Na2S2O3

40

SnS

org various

c

g

S

50

SnS

org EG

c

p, g

S

Sn excess

51

SnS

pH 3–4

c

p

Na2S2O3

Sn excess

68

Y-S

org FA

c

p

CH3CSNH2

mixture

43

ZnS

pH 2.5

c

p

Na2S2O3

69

ZnS

pH 8–10

c

p

Na2S2O3

70

Bi2Se3

ac

c

SeO2

71

Cu2-xSe

pH 2.7–3.1

c

p

SeO2

Se excess

9

Cu-Se

pH 1.7–2.5

c

p

SeO2

Se excess

72

Cu-Se

pH 1.4

c

p

SeO2

Se excess

73

Cu-Se

pH 1.8

c

p

SeO2

mixture

74

Cu-Se

pH 1.4

c

p

SeO2

mixture

75

In2Se3

pH 3.35

c

p

SeO2

In-Se

pH 1.5

c

p

SeO2

Se excess

72

In-Se

pH 1.2

c

p

SeO2

Se excess

73

In-Se

pH 1.5–1.7

c

p, g

SeO2

g → Se excess

77

In-Se

pH 1.7

c

g

SeO2

MoSe2

pH 9.7

c

g

SeO2

mixture

79

MoSe2

pH 9.7

c

g

SeO2

mixture

80

67
S excess

39

Selenides

24

76

78

Material

ac/alk/orga

a/cb

p/gc

Chalcogen
precursor

Sb2Se3

ac

c

p

SeO2

Sb2Se3

pH 1

c

p

SeO2

Se or Sb
excess

82

SnSe

pH 3

c

p

SeO3

Se excess

83

SnSe

org DMF

c

p

Se

Se excess

83

SnSe

pH 2.8

c

p

SeO2

WSe2

pH 9.2

c

g

SeO2

mixture

54

YSe2

org FA

c

p

SeO2

mixture

43

ZnSe

pH 2.0–2.5

c

p

SeO2

Se excess

47

ZnSe

ac

c

p

SeO2

ZnSe

pH 2.0

c

p

SeO2

Se excess

86

ZnSe

pH 2.5

c

p, g

SeO2

Se excess

87

ZnSe

ac

c

g

SeO2

88

ZnSe

ac

c

g

SeO2

89

Bi2Te3

pH 0

c

g

TeO2

Te excess

90

Bi-Te

pH 0.9

c

p

TeO2

mixture

91

Y-Te

org FA

c

p

TeO2

mixture

43

ZnTe

pH 2.5–5.6

c

p

TeO2

45

ZnTe

pH 2.5–5.6

c

p

TeO2

pH<4 Te
excess
Te excess

ZnTe

ac

c

p, g

TeO2

Te excess

48

ZnTe

org EG

c

p

TeCl4

52

ZnTe

org EG

c

p

TeCl4

53

ZnTe

ac

c

g

Te-rod as an
anode

92

Excess species
or phase
mixture

Ref.

81

84

85

Tellurides

25

46

ECALE (electrochemical atomic layer epitaxy) is a different approach to the
electrodeposition of compounds. In ECALE the compound constituents are
deposited from separate solutions alternately one at the time and the deposition
potentials, solution concentrations, pH’s etc. can be optimized separately. The
deposition potentials are chosen so that the compound constituents deposit at
the UPD range, which should ensure that a monolayer is deposited and thereby
the deposition process is very strictly controlled. ECALE has been applied to
deposit CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, HgSe, PbSe and GaAs thin films.
[93]
Although oxygen belongs to the same group with S, Se and Te,
electrodeposition of oxides is quite different from the other chalcogenides since
oxygen atoms are always present already in the aqueous solvent, molecular
oxygen readily dissolves in water from air, and the stable oxidation state of
oxygen is 2-. Metal oxide films may be deposited cathodically at potentials
more positive than the metals themselves, for example ZnO [94] and Cu2O [95],
with either NO3- or molecular oxygen as the oxygen precursor, or anodically, for
example PbO2 [96] and ZrO2 [97]. In both cases the oxide film is usually formed
via dehydration of metal hydroxide. An overview of the oxide electrodeposition
may be found from the recent review article. [98]

2.1.2.3. Electrodeposition of lead chalcogenides
Strel’tsov et al. have investigated the cathodic electrodeposition of all lead
chalcogenides, PbSe [99, 100], PbTe [99] and PbS [101]. PbSe and PbTe
electrodeposition processes were examined in 0.1 M HNO3 using platinum
substrates. [99, 100] PbSe films deposited from solutions containing 0.05 M
Pb(NO3)2 and 0.001 M SeO2 at potentials -0.1,–0.26 and -0.4 V vs. saturated
Ag/AgCl electrode were found to be selenium rich (55–57 at.% Se). PbTe films
deposited from 0.05 M Pb(NO3)2 and 0.001 M TeO2 solutions at -0.3 V were Te
rich but the amount of the Te excess in the films was smaller (49 at.% Pb – 51
at.% Te) than the amount of the Se excess in PbSe. The PbSe and PbTe films
were crystalline with randomly oriented cubic structure as measured by XRD.
Lead and cadmium sulfide multilayer films were electrodeposited by a pulsed
potential method in an organic DMSO solution using elemental sulfur and lead
and cadmium salts as precursors but the properties of the individual layers were
not analysed. [101]
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The electrodeposition of PbSe has also been studied in a solution containing
EDTA as a complexing agent for Pb2+ [102]. Titanium and graphite were used
as substrates and a rotating disc electrode was used in the electrochemical
analysis. Stoichiometric films, as measured by EDX, were deposited from the
solution where the concentration ratio of Se and Pb precursors was 0.5 but the
actual concentrations and deposition potential were not reported. In addition, the
authors concluded that Pb2+ catalyses the reduction of Se4+ which alone would
reduce at a potential more negative than the reduction potential of Pb2+[102]
which is a quite unique statement and has not been confirmed in any other
study.
PbS thin films have been electrodeposited by three methods: cathodically both
in aqueous solutions [103–105] and in an organic solution [35], and anodically
in an aqueous solution [106]. In addition, anodic PbS electrodeposition has been
investigated by using a lead amalgam electrode [107] but the deposition was
restricted to the first tens of monolayers. In the both anodic deposition studies
[106, 107], only the deposition mechanism was studied but not the film
properties. In two cathodic cases [103, 104], films were deposited in acidic
solutions with low concentrations (0.001 M) of Pb2+ and S2O32-. In one study
[103] titanium, aluminium and stainless steel substrates were used. The pH
range where the deposition occurred was very narrow, from 2.7 to 2.9. In
addition, the films were deposited only at one potential, -0.7 V vs. Ag/AgCl.
According to XRD the films were (100) oriented on the stainless steel
substrates. On the other hand, another phase, PbS2, was found at pH 2.9 on the
Al and Ti substrates, probably due to S22- ions in the solution. In another
cathodic study [104] the films were deposited at -0.6 V vs. Ag/AgCl and they
were found to be stoichiometric. In the third cathodic deposition study [105],
PbS was deposited from a solution containing 0.1 M Pb2+ with an excess of
S2O32-, the latter serving as a complexing agent as well as the sulfur source. The
substrate was (100) single crystal gold and the PbS deposit was epitaxial.
Besides thin films, lead chalcogenide powders have been synthesised
electrochemically. For example, PbTe powder was made using Te anode and Pb
cathode at pH 4.5 [108].
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2.2. Cyclic voltammetry combined with electrochemical
quartz crystal microbalance
Cyclic voltammetry is an electrochemical technique in which the potential
applied to the working electrode of an electrochemical cell is scanned and the
current due to the electrochemical reactions is measured. The potential scan is
programmed to begin at an initial potential where no electrochemical reactions
occur. The scan goes with a desired constant rate to the switching potential, then
reverses direction and returns to the initial potential. The current is positive or
negative if the reaction on the electrode is oxidation or reduction, respectively.
Cyclic voltammetry can be used to analyse the electrochemical behaviour of
species diffusing to the electrode, interfacial phenomena at the electrode
surface, and the bulk properties of materials in or on the electrodes. Cyclic
voltammetry is only semiquantitative, but very useful technique for finding
suitable potential ranges for electrodeposition processes.
In the quartz crystal microbalance (QCM) method, the resonant frequency of a
quartz crystal is monitored. The piezoelectric quartz crystal is forced to vibrate
by introducing an alternating voltage between metal electrodes evaporated on
both sides of the crystal (Fig. 2). That is called a converse piezoelectric effect
and it is the basis of the QCM method. As the resonance frequency is dependent
on the mass of the crystal, including also deposit layers on its surfaces, QCM
offers an accurate way to measure deposit masses.

14 mm

Rear
Front

Figure 2. A schematic picture of the quartz crystal used in the QCM system. The
dark areas represent metal electrodes evaporated on the both sides of the
translucent crystal. The metal patterns may vary.
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Changes in the resonance frequency of the crystal correspond directly to the
mass changes of the crystal according to the well known Sauerbrey equation:

 2f02 
 ∆m = - K∆m
∆f = - 
 A µρ 

(9)

where f0 is the resonant frequency of the quartz crystal, A is the
piezoelectrically active area, µ is the shear modulus of the quartz, and ρ it’s
density. The negative sign implies that the resonant frequency falls as deposition
takes place. Quartz crystal microbalance is a convenient, very accurate
technique for measuring film thicknesses and deposition rates in situ and it is
routinely used in physical vapour deposition processes.
The theoretical sensitivity of a 5 MHz crystal, calculated from Eq. (9), is 17.7
ng Hz-1 cm-2. For example, 1 Hz frequency change on the 1 cm2 crystal during
the deposition of Pb corresponds to a film thickness of 0.16 Å, which is well
below the thickness of one monolayer. Factors affecting the sensitivity of QCM
include roughness of the crystal and the deposit, size of the active area on the
crystal surface, and the resonant frequency. Therefore it is convenient to
calibrate the crystal under the experimental conditions. In addition, the vibration
frequency should not decrease over 5% from the original value in order to
maintain the reliability.
During the last fifteen years, the quartz crystal microbalance technique has been
introduced into electrochemistry and many good review articles about the
subject have been written since that. [109, 110] In an electrochemical cell, QCM
may be combined with cyclic voltammetry measurement. The quartz crystal
serves as a working electrode which allows simultaneous measurement of the
mass and the current. The system is called as an electrochemical quartz crystal
microbalance (EQCM). The quantification of the results is obtained by
combining the Sauerbrey equation (9) with the Faraday law (10):
Q = znF

(10)

29

A detailed description of the mathematical treatment of the measured data is
presented in papers IV and V, and is not discussed here.
In the most simple situation EQCM is used to measure the thickness of the film,
provided that the film composition and density are known. However, as EQCM
is a very accurate technique, it has been used also in many other kinds of
studies, for example to monitor the formation of monolayers of oxides and
halides on Au, UPD of metals, adsorption and desorption of surfactant
molecules, electrodeposition and corrosion processes and monolayer selfassembly. [109, 110] EQCM is especially useful in the analysis of the quite
complicated electrochemistry of chalcogens. Due to their different solubilities,
the various oxidation states of chalcogens may be distinguished easily from the
mass variations. Figure 3 shows an example of the simultaneous cyclic
voltammetry and EQCM measurement in a solution containing TeO32-. As it
seen, Te(IV) is soluble (mass does not change), Te(0) is insoluble (mass
increases) and Te(-II) is soluble (mass decreases) under the present
experimental conditions.
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3 (a)
Current (mA)

0.00

I

-0.02

Te(IV)

-0.04

Te(IV)
Te(0)

-0.08
-1.2

3 (b)

II

III

-0.06

Scan direction

Te(0)

Te(-II)

-1.0
-0.8
-0.6
-0.4
Potential (V vs. Ag/AgCl)

-0.2

20

I

Frequency (Hz)

0

Te(IV)

-20
-40
-60
-80

III

Te(IV)

-100
-120 Te(0)
-1.2

II
Te(0) Scan direction

Te(-II)

-1.0
-0.8
-0.6
-0.4
Potential (V vs. Ag/AgCl)

-0.2

Figure 3. Cyclic voltammogram (a) and corresponding QCM curve (b)
measured in a solution containing 0.001 M TeO32-. For simplicity, TeO32- and
HTe- are presented as Te(IV) and Te(-II).
Chalcogen and chalcogenide systems studies by EQCM include CdSe [111,
112], CuSex [113, 114], CuInSe2 [115], Te [116], CdTe [117, 118], In2S3 [56],
FeS2 [55] and Cu2S [62]. In those studies EQCM has been used to analyse both
the electrodeposition mechanisms [62, 113–116, 118] and the composition of
the deposition products [111, 117], as well as to monitor that deposition occurs
at the chosen potential [55, 56].
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2.3. Lead chalcogenides
2.3.1. Properties
PbS, PbSe and PbTe are narrow band gap semiconductors. Their crystal
structure is face-centred cubic, the coordination number in the structure is six,
and the bond between Pb and S, Se or Te is considered to be mostly ionic. [119]
The minimum energy gap Eg between the conduction band and the valence band
is direct and the values for Eg are listed in Table 2 at different temperatures. The
band gaps can be tailored by making solid solutions, such as PbSe1-xTex or
Pb1-xSnxSe. Table 2 contains also some other material characteristics of PbS,
PbSe and PbTe.
Table 2. Band gaps, densities and static dielectric constants of PbS, PbSe and
PbTe.
PbS

PbSe

PbTe

Ref.

Eg at 77 K (eV)

0.307

0.176

0.217

119

Eg at 300 K (eV)

0.41

0.27

0.31

119

Eg at 373 K (eV)

0.44

0.31

0.34

119

ρ (g cm-3)

7.61

8.15

8.16

6

Static dielectric constant

161

280

360

6

Lead sulfide, selenide and telluride have many special characteristics in
comparison with other semiconductors: [119]
1. The band gaps are smaller at lower temperatures, i.e. the temperature
coefficients of Eg are positive while they are negative for all other elemental or
compound semiconductors.
2. The lattice structure may be very unstoichiometric. The vacancies and
interstitials control the conductivity type, an excess of Pb causes n-type
conductivity and excess of chalcogenide causes p-type conductivity.
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3. The band gap of PbSe is smaller than the band gap of PbTe, although
commonly the band gap in the metal chalcogenide semiconductors diminishes as
the atomic number of the chalcogenide increases.
4. The static dielectric constants of lead chalcogenides are much larger than
those of the other semiconductors, for example for Si, GaAs, and InAs they are
11.8, 13.2 and 14.6, respectively. [6]
2.3.2. Film deposition
Lead chalcogenide thin films have been prepared by several gas phase
techniques: evaporation [120, 121], molecular beam epitaxy (MBE) [122–125],
hot wall epitaxy (HWE)[122–124, 126] and sputtering [127]. In addition, PbS
films have been deposited by chemical vapour deposition (CVD) [128, 129] and
atomic layer epitaxy (ALE) [130, 131]. Liquid phase techniques chemical bath
deposition (CBD) [132–156] and successive ionic layer adsorption and reaction
(SILAR) [157–159] have been applied to the deposition of both PbS and PbSe
thin films. In addition, liquid phase epitaxy (LPE) has been used to deposit
epitaxial lead chalcogenide thin film structures. [160] Electrodeposition, which
was presented in the chapter 2.1.2.3. has been applied to the deposit all lead
chalcogenides, as is also verified by the present study.
CBD is the oldest and the most studied PbSe and PbS thin film deposition
method. It was used to deposit PbS already in 1910. [133] The PbSe and PbS
films used in the commercial IR detectors are made by CBD. The basis of CBD
is a precipitation reaction between a slowly-produced anion (S2-, Se2- or Te2-)
and a complexed metal cation. The commonly used precursors are lead salts,
Pb(CH3COO)2 or Pb(NO3)2, and thiourea ((NH2)2CS) [133–151] or
thioacetamide (CH3CSNH2) [152] for PbS, and selenourea ((NH2)2CSe) [153],
its methyl derivative [154] or sodium selenosulfate (Na2SeSO3) [153, 155, 156]
for PbSe, all in alkaline solutions. Lead may be complexed with citrate [154],
ammonia [155], triethanolnamine [148, 149] or by selenosulfate itself [156].
Most often, however, the deposition is carried out in highly alkaline solution
where OH- acts as the complexing agent for Pb2+. [134–147] CBD of PbTe has
not been studied much which is probably due to the very high instability of
telluride precursors, such as tellurourea, in the solution. However, PbTe has
been deposited chemically from the solution containing Te4+ which was reduced
by adding hydrazine (N2H4). [161]
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In CBD the film is formed when the product of the concentrations of the free
ions is larger than the solubility product of the compound. Thus, CBD demands
very strict control over the reaction temperature, pH, and the precursor
concentrations. In addition, the thickness of the film is limited, the terminal
thickness is usually 300–500 nm. Therefore in order to get a film with a
sufficient thickness, about 1 µm in IR detectors, for example, several successive
depositions must be done. In comparison with gas phase techniques, the benefit
of CBD is that it is a low cost and temperature method, and the substrate may
temperature sensitive with various shapes.
2.3.3. Applications
Owing to their suitable band gaps, PbSe and PbS thin films are widely used in
IR detectors. PbS is suitable for the detection of the radiation between
wavelengths 1 and 3 µm and PbSe between 3 and 7 µm. Both detectors can
operate at any temperature between 77 and 300 K. [132] On the other hand, Nair
et al. have discussed the possibility to use very thin (20–60 nm) chemically
deposited PbS films as solar control coatings. [148, 149] In addition, PbTe has
been investigated for thermal applications, such as thermophotovoltaic cells.
[120, 162, 163] In addition, as a trend of this time, nanocrystals and quantum
size effects of lead chalcogenides deposited, for example, chemically from
solution [164], gas phase [165] and aerosol [166] have been reported. In
addition, quantum wells as well as other structures, grown by MBE and HWE
have been studied for mid-infrared laser applications. [160, 167] However, since
IR detectors are the most important application of lead chalcogenide thin films,
they are discussed in more detail in the next few paragraphs.
Infrared radiation may be detected by using either thermal detectors or
photodetectors. In the former, the IR radiation rises the temperature of the
detector, which causes changes in the resistance (bolometer) or generates
voltage (thermopile and pyroelectric detector). In the photodetectors, to which
PbSe and PbS detectors also belong, the radiation produces electrons and holes
in the detector material. Historically, thermal detectors, thermopiles and
bolometers, were the only IR detectors before World War II. [168]
The photodetectors may be either photoconductors or photovoltaics, where the
IR radiation increases the current or the voltage in the device, respectively.
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Important parameters of the IR photodetectors are sheet resistance (R!), time
constant (τ), detectivity (D*), and the wavelength or the wavelength range
where the detector is sensitive (λ). Time constant, the unit of which is s,
describes the speed of response to a pulse of radiation. Detectivity describes the
IR detector signal to noise ratio normalized to a detector active area of 1 cm2
and a noise equivalent bandwidth of 1 Hz, and its unit is cm Hz1/2 W-1. D* is
stated for a specific wavelength, a chopper frequency, and noise equivalent
bandwidth, for example D*(4 µm, 1000 Hz, 1 Hz). D* may also be measured at
the wavelength of maximum spectral responsivity and then the resulting
parameter is denoted as D*(peak). All the parameters are strictly dependent on
the measurement temperature. In general, the detectivity and the resistivity are
at maximum and the time constant at minimum at low temperatures because of a
decrease of noise in cold.

2.3.3.1. Photoconductor detectors
The incident radiation decreases the resistivity of a photoconductive film by
creating electronic transitions between the valence and conduction bands. In the
polycrystalline lead chalcogenide films the conductivity increase is partially due
to the increase in the number of the free carriers, electrons and holes, and
partially to the decrease in the potential barrier at the grain boundaries, which
increases the mobility of the carriers. [119, 169] The definite mechanism has
remained difficult to assign due to the several simultaneous processes.
In the IR devices, photoconductive films are usually deposited on quartz or
sapphire substrates. On the top of the film gold electrodes are deposited either
by vacuum evaporation or electroless plating. [132] In addition to PbSe and
PbS, HgCdTe and InSb are used as photoconductive materials in IR detectors.
[170, 171]
In order to obtain high performance detectors, lead chalcogenide films need to
be sensitized by oxidation. The oxidation may be carried out by using additives
in the deposition bath, by post deposition heat treatment in the presence of
oxygen, or by chemical oxidation of the film. The effect of the oxidant is to
introduce sensitizing centres and additional states in to the band gap and thereby
increase the lifetime of the photoexcited holes in the p-type material. [169] In
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some PbSe films, the oxygen concentration has been stated to be as high as 64
at.% after the sensitization as measured by electron probe microanalysis. [132]
In the old literature, unfortunately, the additives are very seldom identified and
are often referred only as “an oxidant”. [169, 172] A more recent paper deals
with the effects of H2O2 and K2S2O8 both in the deposition bath and in the post
deposition treatment. [150] It was found that both treatments increase the
resistivity and sensitivity of PbS films. For example, the increase in R! during the
H2O2 post deposition treatment was from about 65 kΩ "-1 to 200–400 kΩ "-1.
[150] Photosensitivity, which was defined as (R"dark–R"illuminated) / R"illuminated, was
found to be ten times larger after the H2O2 treatment. In comparison, during the
heat treatment at 75 °C for 8 hours in air, R! of PbS films increased from about
100 kΩ "-1 to 700 kΩ "-1 and photosensitivity increased from 0.14 to 1.64.
[151] In both cases the thickness of the films was 0.12–0.2 µm.
Although the resistivity usually increases during the oxidation, a different
behaviour has also been observed, as in one study the resistivity of a PbSe film
dropped from 90 MΩ cm to 30 Ω cm after an annealing for 24 h at 100 °C in
air. [156] The cooling rate has been found to affect the resistivity as well, the
faster the cooling was done, the higher the final resistivity was. [153] Ordinarily
after the deposition PbS films are annealed between 80–120 °C and PbSe films
at a higher temperatures around 400 °C. [132]
The lead chalcogenide films are very susceptible to the adsorbed oxygen and
water. A sensitized PbS film may significantly degrade in air without an
overcoating. [173] Possible overcoating materials are As2S3, CdTe, ZnSe, Al2O3,
MgF2, and SiO2. [173] Vacuum deposited As2S3 has been found to have the best
optical, thermal and mechanical properties, and it has even improved the
detector performance. [173] The drawback of the As2S3 coating is the toxicity of
arsenic and its precursors.
Overall, however, the electric properties, resistivity and in particular detectivity,
of lead chalcogenide thin films are rather poorly reported although there are so
many papers on the film growth of especially PbS and PbSe. The effects of
annealing and oxidation treatments on detectivity are not reported accurately
either. Examples of the parameters measured for the photoconductive devices
deposited by various techniques are listed in Table 3. For comparison,
properties of commercial uncooled PbS and PbSe photoconductive detectors are
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presented in Table 4. It can be concluded that the detectivities of the commercial
PbS films are at the same level as those prepared in the laboratory whereas the
performance of the commercial PbSe detectors are relatively far from the best
laboratory devices.
Table 3. Properties of photoconductive IR devices prepared by various
techniques.a(4.0µm,10kHz,1Hz), b(330Hz,1Hz), c(4.5µm,800Hz,1Hz)
Film

Technique

R"
(MΩ !-1)

D*
(cm Hz1/2 W-1)

τ
(µs)

T
(K)

Ref.

PbS

CBD

0.5–2

∼1011

∼10

300

172

PbS

ALE

0.1–0.2

5x106

<0.3

RT

130

PbSe

CBD

18

>1010 a

<0.3

300

174

PbSe

evaporation

0.2–0.8

5x108–109 b

300

121

PbTe

sputtering

0.02–2

>8x1010

77

127

c

few

Table 4. Properties of commercial uncooled PbS and PbSe detectors. [170]
a
(λ,200Hz,1Hz), b (λ,600Hz,1Hz), c (λ,650Hz,1Hz), d (λ,1 kHz,1Hz).
Company

Film

R"
(MΩ)

D*
(cm Hz1/2 W-1)

τ
(µs)

λ
(µm)

SensArray

PbS

3–10

1.5–2.0x1011 a

>400

1.0–3.0

Hamamatsu

PbS

0.1–1

1.0x1011 b

Cal Sensors

PbS

1.0

1.0x1011 c

200

2.4

N.E.P.

PbS

0.2–2.0

0.5–1.2x1011 b

<100

3.0

SensArray

PbSe

0.2–0.5

2x109 d

<2

2.0–5.0

Hamamatsu

PbSe

0.3–1.5

1.0x109 b

Cal Sensors

PbSe

0.75

1.0x109 d

2

3.8

N.E.P.

PbSe

0.1–4

1.0–3.0x109 d

1–3

4.5–5.0
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2.2

3.8

Although the detectivities of the detectors are high, the problem with CBD
grown PbS and PbSe devices is that the properties of the films may vary from
one deposition to another. [175, 176] Thus, all the detectors need to be tested
and calibrated separately [175], which is complicated especially in the case of
array detectors.

2.3.3.2. Photovoltaic detectors
The photovoltaic detectors consist of a p-n junction of either the same material
(homojunction) or two different materials (heterojunction). The incoming
radiation creates electron-hole pairs, which are separated by the electric field in
the junction, thereby causing a detectable voltage over the junction. The films in
the photovoltaic devices are commonly single crystal and epitaxial, i.e. the
lattice structure of the film is ordered upon the substrate. Materials used in
commercial IR-photovoltaics are for example InAs, InSb, PtSi, and HgCdTe.
[170, 171]
Zogg et al. [122–124] have widely studied lead chalcogenide IR photovoltaics.
In their studies, the lead chalcogenides have been deposited epitaxially on a
silicon substrate by the MBE and HWE techniques using CaF2 and BaF2 buffer
layers between the Si substrate and the lead chalcogenide films. A homojunction
is formed by depositing a Pb layer on the top of the lead chalcogenide which
inverts the surface region of the p-type lead chalcogenide to the n-type, thus
creating a graded p-n junction. Silicon as a substrate makes the integration of
the readout circuits easy. The resulting D* for a PbTe homojunction is 2x109 cm
Hz1/2 W-1 at room temperature and that for PbS 5x109 cm Hz1/2 W-1 at 277 K. In
a report by another group, the epitaxial PbSe homojunction grown by MBE
[125] had D* of 3x109 cm Hz1/2 W-1 at 300 K and λ = 4 µm. In comparison, the
PbTe-Si epitaxial heterojunction grown by HWE gave a detectivity D* =
1.6x109 cm Hz1/2 W-1 at room temperature and λ = 4.26 µm. [126]
Though the photovoltaic diodes consist usually of epitaxial films grown by the
gas phase techniques at high temperatures, CBD grown polycrystalline diodes
have also been studied. They are listed in Table 5. The heterojunction is formed
directly between the substrate and the PbS film. The table includes only those
studies where the approach of employing the heterojunction is discussed and
measured. The effect of annealing or other post deposition treatments have not

38

been studied except in Refs. [141,142,147] with the following results, annealing
at 100–300 °C R! increased from 1–2 kΩ !-1 to 10–20 kΩ !-1,[141] heat
treatment in air increased the oxygen and decreased the sulfur concentration at
the film surface [142] and a few hours at 150 °C in air increased the signal-tonoise ratio by one order of magnitude [147].
Table 5. Heterojunctions grown by CBD. a s = single crystal, epitaxial PbS film,
p = polycrystalline film.
Junction

s/pa

Resistivity
(Ω cm)

Ge-PbS

s

1.7–45

Si-PbS

p

CdS-PbS

s

GaAs-PbS

p

Ge-PbS

p

CdS-PbS

s

D*
(cm Hz1/2 W-1)

τ
(µs)

λ
(µm)

Ref.

10 (RT)

1–4

134

several

1–3

135

16

136
0.85,
2.25
100
(77 K)
1.5 x1010

200

2 x109
(77 K)

GaAs-PbS
5 (300 K)

137
138

3.3

139

0.9–
3.2

140

1–3

141

Si-PbS

p

Si-PbS

p

Si-PbS

p

Ge-PbS

s

143

InP-PbS

s

143

142
1 x1010
(200 K)
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1000
(200 K)

3

144–
147

3. Experimental
3.1. Cyclic voltammetry, EQCM and film growth
Cyclic voltammetry measurements and film growth experiments were carried
out using a Metrohm 626 Potentiostat. An Autolab PGSTAT20 potentiostat
combined with an EQCM equipment (Institute of Physical Chemistry, Warsaw,
Poland) [177] was used to EQCM measurements. All the studies were carried
out using a three electrode cell, graphite rod or platinum foil served as a counter
electrode and saturated calomel electrode (SCE) or 3 M Ag/AgCl as a reference
electrode. SnO2 coated glass, Cu foil, Au film on glass, Pb foil or a silicon wafer
were used as substrates, i.e. working electrodes. In addition, in the EQCM
experiments unpolished quartz crystal covered with Au served as the working
electrode. SnO2 and Cu substrates were cleaned ultrasonically in water and
ethanol before the experiments, the other substrates were used as received.
Due to the poor adhesion of PbTe and PbS films to the SnO2 coated glass
substrate, these substrates were pretreated by reducing them at the potential
-0.95 V vs. Ag/AgCl in 0.1 M H2SO4 solution for 30–60 seconds. The adhesion
was significantly improved after this treatment. Similar method has been used
earlier when Cu was deposited on SnO2 [178] and the improvement was
suggested to be due to a combination of tin oxide surface roughening caused by
preferential etching, in situ cleaning, and the stronger bonding between metallic
Sn and Cu than SnO2 and Cu. In CdTe studies, on the other hand, SnO2
substrates have been reduced in a NaClO4 solution [17] and the proposed
mechanism was the reduction of Sn followed by the formation of SnTe when the
substrate was immersed into the deposition solution.
The experiments were carried out at room temperature. The solutions were
deaerated with 95.5 % purity nitrogen prior the EQCM measurements.
The precursor concentrations were chosen so that in the induced codeposition
processes (PbSe, PbTe) the concentration of the chalcogenide was much smaller
than the concentration of lead. In the case of PbS, the concentrations were
chosen so that the spontaneous precipitation of PbS was avoided. The solutions
used for electrodepositions contained 0.1–0.01 M Pb(CH3COO)2 complexed
with an excess of EDTA, and 0.001 M SeO2, 0.001 M TeO2 or 0.01–0.001 M
Na2S in deionised water. In the cyclic voltammetry studies the concentrations of
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the precursors were varied. In the EQCM measurements also solutions
containing either only 0.1 M Na(CH3COO) or both 0.1 M Na(CH3COO) and 0.1
M EDTA were used as an electrolyte.
EDTA was used to complex Pb2+ in order to avoid the spontaneous precipitation
of insoluble PbSeO3, Pb(OH)2 or PbS during the deposition of PbSe, PbTe and
PbS, respectively. The PbSe deposition was studied at pH 3.5, PbTe at pH 9,
and PbS at pH 8.5 and 5. NaOH and HNO3 or CH3COOH were used to adjust
the pH. These pH values were chosen so that the PbEDTA2- complex and all the
other precursors were soluble and stable in the solution.
In the cyclic voltammetry measurements without EQCM the voltage scan rate was
0.1 V/s and in the cyclic voltammetry measurements combined with EQCM it was
0.01 V/s in the PbSe and PbTe studies. In the PbS studies the scan rate was varied
between 0.01–10 V/s. Sampling rate of the EQCM frequency counter was 10 Hz.

3.2. Film characterisation
A Zeiss DSM 926 scanning electron microscope (SEM) of the Electron
Microscopy Unit, Institute of Biotechnology, University of Helsinki, was used
for imaging surfaces and cross sections of the films. Before imaging the samples
were coated with a thin platinum layer using JEOL JFC-1100 sputter device.
The cross sectional imaging was done from samples tilted 45o.
Thicknesses of the films were determined by a Dektak II profilometer and a
Link ISIS Energy dispersive X-ray spectrometer (EDX) which was installed to
the SEM equipment. A GMR electron probe thin film microanalysis program
[179] was used to analyse the EDX results.
Compositions of the PbSe and PbTe films were analysed by EDX and
Rutherford backscattering spectrometry (RBS). Deuteron induced reactions and
elastic recoil detection analysis (ERDA) were used to analyse oxygen and
hydrogen contents in the PbSe and PbS films while time-of-flight (TOF) ERDA
was used to estimate oxygen and hydrogen contents in the PbTe films. In
addition, chemical compositions of the PbS films were also analysed by a
CAMECA SX50 wavelength dispersive X-ray analyser (WDX) at the
Microprobe Laboratory of the Geological Survey of Finland.
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Ion beam measurements were carried out at the Accelerator Laboratory at the
Department of Physics, University of Helsinki. RBS, ERDA and deuteron
induced reaction measurements were done using 4He+ and 2H+ ions from a 2.4
MV Van de Graaf accelerator and TOF-ERDA measurements using 53 MeV
127 10+
I from a 5 MV tandem accelerator EPG-10-II.
A Philips MPD 1880 powder X-ray diffractometer (XRD) using CuKα radiation
was employed in characterising film crystallinity. The step width was 0.020o
and the time per step 1 or 2 s except during the more exact analysis of the dvalues where the step width was 0.010o and the time per step was 20 s.

3.3. Electrical characterisation
3.3.1. Sample preparation
Electric properties of two types of samples, photoconductors and photovoltaic
diodes, were examined. The photoconductive samples consisted of a lead
chalcogenide film on a glass substrate (Fig. 4 (a) and (b)). The photovoltaic
samples consisted of a PbSe or PbS film deposited on a Au electrode upon
which a Pb layer had been deposited to form the homojunction (Fig. 4 (c)).
(a)

(c)

(b)

= PbX

= Pb

= Au

= epoxy

= Glass

Figure 4. Schematic picture of photoconductive samples (a) and (b) and
photovoltaic sample (c). Dimensions are not to scale.
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Four point probe and hot point probe measurements as well as post deposition
annealing experiments of the photoconductors were made with the samples
shown in Fig. 4 (b) which were prepared by the following procedure. A lead
chalcogenide film was deposited on a temporary substrate, which was a
commercial Pb film on an acrylic foil (Goodfellow). The deposition potentials
were -0.65 and -0.75 V vs. Ag/AgCl for PbSe and PbTe, respectively. PbS films
were deposited between -0.45–-0.95 V in acidic solutions and between
-0.60–-1.10 V vs. Ag/AgCl in alkaline solutions. After the deposition, the PbX
film was glued to a glass substrate with an epoxy resin (Loctate). Then the
acrylic film was removed with acetone. Finally, the Pb layer was dissolved
electrochemically in a 0.1 M EDTA solution between the potentials -0.2 and
-0.5 V vs. Ag/AgCl. The complete removal of Pb was verified by XRD
measurements. The samples were annealed for various times in air at 85, 100
and 120 °C and some samples were dipped into a solution containing H2O2.
The photoconductor D* measurements were made with the samples depicted in
Fig. 4 (a) which were prepared so that the Pb-acrylic foil was at first partially
covered by gold which was electron beam evaporated through a mask. PbX
films were then deposited on top of both gold and uncovered lead, and after that
the films were glued and the lead substrate was removed as described above.
The samples were annealed in air at 100 °C for 264 h and finally PbX was
covered by a glass plate attached with the epoxy resin. D* values were measured
at different temperatures between -60–+20 °C. The samples were capsuled and
cooled by Pelter coolers.
The substrates in the photovoltaic samples (Fig. 4 (c)) consisted of gold films
deposited by electrodeposition or electron beam evaporation on top of glass
covered by Cr-Ni or Ni adhesion layer. A Pb layer (1 µm) was electrodeposited
at -0.5 V vs. Ag/AgCl from a commercial Pb electroplating solution (Shlötter).
A PbSe film (2–4 µm) was deposited on the Pb layer at -0.65 V and PbS (2–4
µm) between -0.45–-0.95 V, then the film was contacted by evaporated gold.

3.3.2. Measurement equipment
Resistance and resistivity values of the samples were measured by the four point
probe method using Keithley 2400 SourceMeter and Alessi C4S Four Point
Probe head. The conductivity types were determined by the hot point probe
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method, where the hot end of a voltmeter (CEM DT-3900 Multimeter) was at
the room temperature and the cold end (ground) was at the temperature of a
liquid nitrogen. A positive voltage indicated n-type and negative voltage p-type
conductivity. D* measurements were made at VTT Electronics or Rikola ltd in
Oulu.
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4. Results
In this chapter the main results of the author are summarised. More details will
be found from the corresponding papers. In the following text all potentials are
denoted versus 3 M Ag/AgCl (Eo = 0.207 V vs. H2) reference electrode although
some potentials are referred to saturated calomel electrode (SCE) (Eo = 0.244 V
vs. H2) in the original articles.

4.1. Film growth
PbSe and PbTe films were deposited for the first time by employing the induced
codeposition method and using a complexing agent. In the induced codeposition
system the large excess of metal precursor is used and the composition of a
deposit is not affected by small variations in concentrations of precursors. On
the other hand, the use of strong complexing agent such as EDTA enables the
deposition over a wide potential range. In addition, the complexing agent allows
higher pH in the deposition solution, as the formation of insoluble species, such as
PbSeO3, is avoided. PbSe was deposited in an acidic solution at pH 3.4 [I] and
PbTe in an alkaline solution at pH 9 [II], because of the very low solubility of
TeO2 between pH values 2 and 7 [10]. In comparison, Strel’tsov et al. work [99,
100] was carried out in the 0.1 M HNO3 solution from uncomplexed precursors.
PbS was deposited using a novel cyclic technique which involves an alternate
cathodic and anodic reaction. [III] In contrast to conventional anodic process no
lead substrate is needed. Since Na2S is used as a sulfur source, the solution
remains stable when made alkaline, as in the conventional cathodic process it is
unstable. This method is based on cycling the substrate potential between two
values with a symmetric triangle wave shape. A simplified reaction scheme is
that at the negative, cathodic potentials (E1), PbEDTA2- reduces to Pb:
PbEDTA2-(aq) + H2O + 2e- ! Pb(s) + HEDTA3-(aq) + OH-(aq)

(11)

and at the positive, anodic potentials (E2), Pb reoxidises and reacts with sulfide
ions according to the reaction (12) instead of complexing with EDTA or
hydroxide ions.
Pb(s) + HS-(aq) + OH-(aq) ! PbS(s) + H2O + 2e-
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(12)

4.1.1. Deposition parameters and film compositions
4.1.1.1. PbSe [I] and PbTe [II]
The compositions of the electrodeposited PbSe and PbTe films measured by
EDX are shown in Fig. 5. In all cases a rather wide potential range was found
where the film composition was constant. RBS analysis showed that in that
potential range the PbSe films were stoichiometric but PbTe films contained an
excess of Te, the Pb:Te ratio was 45:55 at.%. At more positive potentials in the
0.01 or 0.05 M PbEDTA2- solution the films were chalcogen-rich but in the 0.1
M PbEDTA2- solution the deposition became so sluggish, that those, the most
probably chalcogen-rich films, were not analysed at all. The films contained
oxygen and hydrogen as impurities. The concentrations in the PbSe films were
8–12 at.% oxygen and 10–14 at.% hydrogen as analysed by deuteron induced
reactions and ERDA, respectively. The origin of the impurities was obviously
the aqueous deposition solution. Annealing under nitrogen at 200 °C for 1 h
removed only ca. 20 % of hydrogen, thereby indicating that water was strongly
bound to the films. The oxygen and hydrogen concentrations of PbTe films were
analysed only semiquantitatively by TOF-ERDA, due to the difficulties arising
from the large molar mass of Pb and Te and a rough film surface, and they were
found to be rather similar than in the PbSe films.
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100
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0
-1.0
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c(PbEDTA ) = 0.1 M

-0.8
-0.6
-0.4
Deposition Potential / V vs. Ag/AgCl

100

Pb/(Pb+Te) / at.%

80
60
40
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c(PbEDTA ) = 0.05 M
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0
-1.0

-0.9
-0.8
-0.7
Deposition Potential / V vs. Ag/AgCl

-0.6

Figure 5. Composition of PbSe (a) [I] and PbTe (b) [II] films deposited at
different potentials.
In comparison with the other metal-selenide electrodeposition processes, where
the films are usually Se-rich (Table 1), in the present case the PbSe films were
stoichiometric. A possible reason for that is the pH of the solution which in our
case was higher than in the previous studies. At lower pH the reduction of Se
continues to H2Se at more positive potentials. H2Se reacts with HSeO32- by eq.
(13) and thereby increases the amount of Se in the films.
2H2Se(aq) + H+ + HSeO3-(aq) ! 3Se0(s) + 3H2O
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(13)

It has been claimed that CdTe can not be electrodeposited in alkaline solutions
because of the instability of Te resulting in powdery films of poor quality. In
our study, however, the films were shiny and dense if the SnO2 substrate was
reduced, i.e. the adhesion was improved. It is thus possible that the quality of
CdTe films could also be improved by a similar adhesion enhancement
procedure.
In the both cases of PbSe and PbTe, the current density remained constant,
about -0.15 mA/cm2, during the deposition, at the potential range where the
constant composition was achieved. At more positive potentials it was lower,
and at more negative potentials it started to increase because of the deposition of
metallic lead. The growth rate of the films was about 0.25 µm per hour.
Some PbSe growth experiments were carried out using Si substrates. Before the
deposition the substrates were dipped into a dilute HF solution to remove the
nonconductive SiO2 layer. However, the resulting films were nonadhesive and
powdery which is probably due to a reformation of the native SiO2 layer.

4.1.1.2. PbS [III,VI]
PbS films were deposited using fast potential cycling, 10 V/s at pH 8.5. Also
lower cycling rates, 0.1 and 1 V/s, were examined but the resulting films were
powdery and nonadhesive on the SnO2 substrate. [III] The compositions and
thicknesses of the PbS films deposited by cycling for 30 minutes using different
end potentials, E1 and E2, are represented in Fig. 6. When E1 was varied, E2 was
kept constant, -0.16 V, and when E2 was varied E1 was -1.36 V. Thicknesses of
the films varied when the potentials were changed. Thickness of the films
increased as E1 was made more negative, i.e. more lead was deposited during
the negative scan. On the other hand, if E2 was more positive than -0.01 V PbS
was dissolved by oxidation and if E2 was more negative than -0.21 V deposition
of PbS suppressed because during the short cycle not enough HS- diffused to the
surface.
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Figure 6. The compositions (cross) and thicknesses (square) of the PbS films
deposited at pH 8.5 by cycling for 30 minutes using different end potentials, E1
(a) and E2 (b).
PbS thin films were deposited with the fast cycling rate also at pH 5 where H2S
oxidises to form colloidal sulfur. [III] It was found that the deposition potentials
E1 and E2 did not affect the film composition if E1 was more positive than -1.11
V and E2 more positive than -0.66 V. In fact, films were deposited also at
constant potentials between -0.51–-0.76 V.
The growth rates at the different pH’s are compared in Fig. 7. In contrast to the
alkaline solution, the deposition rate from the acidic solution diminishes as a
function of the time, possibly because of the aging of the solution.
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Figure 7. Film thicknesses vs. deposition time at pH 5 with potential cycling being
carried out between -0.36 and -0.91 V and at pH 8.5 between -0.16 and -1.36.
Some PbS films were also deposited at pH 8.5 on the Au coated glass substrate
using two slow scanning rates, 0.1 and 0.01 V/s. [VI] In contrast to the films
deposited on the SnO2 substrates [III] these films were bright and adhesive. The
composition of the films are represented in the Table 6.
Table 6. Pb / (Pb + S) ratio measured by WDX for the films deposited on Au by
cycling between the cathodic (E1) and anodic (E2) end potentials. For the last four
potential pairs the composition of the films was not affected by the cycling rate.
E1
V vs. Ag/AgCl

E2
V vs. Ag/AgCl

Pb / (Pb+S) at.%

Scan rate V/s

-1.2

-0.5

82.3

0.1

-1.2

-0.5

92.7

0.01

-1.2

-0.4

77.8

0.1

-1.2

-0.4

94.0

0.01

-1.2

-0.3

52.9

0.1

-1.2

-0.2

52.5

0.1

-1.1

-0.2

50.9

0.1

-1.0

-0.2

50.8

0.1
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Like the PbSe and PbTe films, also the PbS films contained hydrogen and
oxygen as impurities but their concentrations were much smaller, only 1.7–2.0
and 1.3–1.9 at.%, respectively, as measured by ERDA and deuteron induced
reactions. The fact that the PbS films contained less impurities, oxygen and
hydrogen, than the PbSe and PbTe films is probably due to the large crystallites
of PbS, since the impurities most likely lie in the grain boundaries and there are
less grain boundaries in the more crystalline material. The impurity contents of
the electrodeposited PbSe, PbTe and PbS films have not been studied by the
other groups and therefore comparisons can not be made.
4.1.2. Morphology and crystalline structure
All the stoichiometric lead chalcogenide films were gray and mirror-like in
appearance. At negative potentials the large excess of lead gave the films light
gray colour. On the other hand, the excess of selenium gave red and tellurium
black colour to the films. From SEM images it was seen that PbSe [I] and PbTe
[II] were rather similar, though the PbTe films were somewhat rougher, but PbS
differed having large, well defined cubic crystallites [III].
According to XRD, all the films were polycrystalline, cubic and randomly
oriented. [I–III,VI] In the PbSe films XRD also indicated changes in the
interplanar distances (d-values) as a function of deposition potential. [I]

4.2. Cyclic voltammetry and EQCM
The electrochemical behaviour of the precursors and the possible growth
potential ranges were analysed in a preliminary manner by cyclic voltammetry
(I,II) but since the mechanistic studies were carried out in more detail by the
combined cyclic voltammetry and EQCM studies, only those results are
summarised in this chapter. For figures see the original articles.
4.2.1. PbSe [IV]
At first, the electrochemical behaviour of selenium and lead precursors were
measured separately at pH 3.5. EQCM studies on Au showed that before the Se
bulk deposition its under potential deposition (UPD) occurs between the
potentials -0.2–-0.4 V. The bulk deposition of Se by reaction (14) occurs
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between -0.4–-0.7 V before the formation of HSe- and reduction of hydrogen
become dominating.
HSeO3- (aq) + 5H+ (aq) + 4e- ! Se(s) + 3H2O

(14)

H2Se formation on the previously deposited Se film was observed to begin at
-0.45 V (reaction (15))
Se(s) + 2H+(aq) + 2e- ! H2Se(aq)

(15)

PbEDTA2- was found to reduce at -0.95 V on the Au electrode (reaction (16)).
PbEDTA2-(aq) + 2H+(aq) + 2e- ! Pb(s) + H2EDTA2-(aq)

(16)

The oxidation of Pb was complicated since three oxidation waves were
observed. It is proposed that they are due to the slow complexation of Pb2+ with
EDTA and adsorption and desorption of PbEDTA2-.
In a solution containing both lead and selenium precursors the deposition of
PbSe was found to occur by the six electron reduction reaction (17) between
-0.3–-0.7 V.
PbEDTA2-(aq) + HSeO3-(aq) + 7H+(aq) + 6e- ! PbSe(s) + H2EDTA2-(aq) + 3H2O
(17)
The oxidation of PbSe was found to occur by the reaction where Pb oxidises and
the dissolution of Pb2+ causes the simultaneous detachment of Se at 0.0 V.
Deposition of Pb0 was also studied on the Se film and it was found to deposit at
much more positive potential than on the Au substrate. In addition, during the
reversed scan the oxidation features characteristic to Pb oxidation were absent
which confirmed that the deposited lead had formed PbSe instead of remaining
as elemental lead.
4.2.2. PbTe [V]
EQCM studies on PbTe were carried out analogously to PbSe. Also the results
were rather similar although the electrochemistry of TeO32- in the alkaline pH
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was found to be more complicated than that of HSeO3- in the acidic solution (cf.
above). EQCM measurements from the TeO32- solution were made on three
different surfaces; bare Au, previously deposited Te, and PbTe. The UPD
reduction of TeO32- on Au begins at -0.4 V. The bulk reduction of TeO32- starts
at the potential -0.5 V, and the four electron reduction reaction (18) was
observed between -0.5–-0.7 V.
TeO32-(aq) + 3H2O + 4e- ! Te(s) + 6OH-(aq)

(18)

Between -0.7 and -0.9 V the frequency of the QCM decreased fast as compared
with the charge consumed. The stripping began at -0.9 V by a reaction:
Te(s) + H2O + 2e- ! HTe-(aq) + OH-(aq)

(19)

The fast frequency decrease at about -0.8 V was observed both on the Au
surface and on the PbTe film, but not on the Te film. Constant potential
experiments showed that at -0.7 V Te forms a dense film on Au and PbTe while
at -0.85 V it deposits as loose powder. Therefore it was concluded that the fast
decrease in the QCM frequency between -0.7–-0.9 V in the cyclic measurements
was due to the change in the deposit morphology. That may cause an inclusion
of the solvent during the deposition. Another factor which affects the crystal
frequency is that the formation of a powdery film on the substrate increases the
roughness of the crystal surface. The formation of powdery, dendritic or rough
tellurium deposit has been observed also in the literature. [180] That study was
carried out in an acidic solution and the observations differed perceptibly from
ours. Powdery tellurium was observed to deposit during the forward (from
positive to negative) scan in the cyclic voltammogram. During the reversed
scan, dense Te formed, and it did not reduce further to H2Te though the
potential was again made more negative. Powdery tellurium, on the other hand,
readily reduced further.
In our study at -0.8 V the deposition process changed on the PbTe and Au
surfaces and the reduction product was completely powdery and not adhesive at
all. It is notable that the change in the tellurium deposition process and the
formation of powdery Te did not affect the composition of the PbTe films which
was constant over the whole potential range.
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PbEDTA2- behaved very similarly at pH 9.0 as at pH 3.5. Only the reduction
potential was somewhat more negative, -1.05 V.
Similarly to PbSe, the formation of PbTe occurs by a six electron reduction
reaction (20):
PbEDTA2-(aq) + TeO32-(aq) + 4H2O + 6e- ! PbTe(s) + HEDTA3-(aq) + 7OH-(aq)
(20)
The reaction occurs between -0.65–-0.85 V. The oxidation of PbTe differed
from the oxidation of PbSe since it appeared to begin at about -0.5 V with the
oxidation of lead without simultaneous detachment of tellurium. The oxidation
continued at 0.04 V with the simultaneous oxidation of Te.
Lead was found to deposit on a tellurium film at much more positive potential
than on the Au substrate. During the reversed scan the oxidation features
resembled the system which contained both Pb and Te precursors instead of Pb
alone which confirmed that the deposited lead formed mostly PbTe instead of an
elemental film.
In summary from the film growth and EQCM results, it is concluded that the
electrodeposition processes of PbSe and PbTe occur by means of the induced
codeposition mechanism in which the reduction of chalcogen, selenium or
tellurium, induces the reduction of lead. The film forms at much more positive
potentials than where lead reduces alone. Wide potential ranges where films
with constant composition may be deposited were found. The reaction is six
electron reduction and it involves first the reduction of selenium or tellurium
which then induces the reduction of lead to form PbSe or PbTe. Another
possibility could be the reaction between H2Se or HTe- and PbEDTA2- but that
is not probable at least at the most positive potentials, since formation of neither
H2Se nor HTe- was observed at these potentials. In the film growth experiments,
the larger the concentration of PbEDTA2-, the wider the potential range where
constant composition products were deposited. In addition, in EQCM studies it
was evidenced that Pb reduces on top of Se and Te films forming PbSe or PbTe
film instead of forming a Pb layer over the chalcogen layer.
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EDTA was found to be very suitable for complexing lead. Although the use of
EDTA was necessary in order to avoid spontaneous precipitation reactions, it
was also otherwise practical since it moved the reduction potential of Pb to
more negative potential, thereby widening the potential range for the compound
deposition. On the other hand, the reduction potential of PbEDTA2- was not too
negative to be interfered by the reduction of hydrogen, since the overpotential
for the hydrogen reduction is very large during the reduction of lead in
comparison with, for example, Cu, Ag, Ni and Pt. [181]
The underpotential deposition (UPD), which was observed in both Se [IV] and
Te [V] studies on Au, is well known phenomenon when a few monolayers of
one metal is deposited on another metal at more positive potential than its bulk
deposition potential. The UPD of selenium and tellurium has been reported
earlier [182] and it was also found in our Cu2-xSe study [114].
4.2.3. PbS [VI]
Since EQCM is not applicable for such a fast cycling rates as 10 V/s used in the
PbS film growth study [III], lower cycling rates of 0.1–0.01 V/s needed to be
used in this work. EQCM studies were carried out at pH 8.5.
The oxidation of HS- was found to be more favourable on the Pb and PbS
surfaces than on gold. The oxidation leading to PbS film formation started on
both Pb and PbS at about -1.0 V. Analogously, PbEDTA2- was found to reduce
more easily on the PbS surface than on the Au surface. On sulfur surface, on the
other hand, the reduction of lead was observed, but it was not as intensive as it
was on the selenium or tellurium surfaces in the PbSe and PbTe studies. That is
probably due to more insulating nature of sulfur as compared with selenium and
tellurium.
The deposition of PbS occurred by two mechanisms. The first mechanism
includes the reduction of PbEDTA2- to elemental lead which during the
oxidation reacts with HS-, as presented at the beginning of the chapter 4.1 (eqs.
(11) and (12)).
In the other mechanism, PbS (or Pb) surface induces the direct chemical
reaction between PbEDTA2- and HS- (21):
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PbEDTA2-(aq) + HS-(aq) ! PbS(s) + HEDTA3-(aq)

(21)

The inducing effect of Pb and PbS surfaces was proved by the observation that
PbS deposited without an external current only on these surfaces but not on a
Au surface. The electroless deposition was self-terminated in an hour and the
thickness of the deposited film was only 10–20 nm, as calculated from the QCM
frequency change. The electroless deposition mode is possible since the
reduction of PbEDTA2- and the oxidation of HS- occur at the same potential on a
surface covered with Pb or PbS. In earlier studies the electroless deposition has
been observed in the anodic deposition of PbS [107] and CdTe [24].
The electrochemical decomposition of PbS was also studied separately in the
Na(CH3COO) solution. PbS was found to decompose by the reduction reaction
(22) at -1.2 V.
PbS(s) + H2O + 2e- ! Pb(s) + HS-(aq) + OH-(aq)

(22)

The decomposition by the oxidation begins at -0.2 V by the reaction (23)
PbS(s) + HEDTA3-(aq) + OH-(aq) ! PbEDTA2-(aq) + S(s) + H2O + 2e-

(23)

In both cases it was probable that as the dissociation continued the whole film
was detached from the surface.

4.3. Electrical measurements
4.3.1. Photoconductors
PbTe, PbSe and PbS films deposited on the Pb–acrylic foils were n-type
materials as measured by the hot point probe method after removing the
substrate as described in the Experimental chapter 3.3.1. The conductivity type
of all the films changed as the films were annealed at 85–120 °C in air or dipped
in a H2O2 solution. On the other hand, the conductivity type of PbTe changed
from n to p also during two days storage in the deccicator without any
treatments. The initially observed n-type conductivity is probably due to the ntype doping caused by the Pb under layer, because in the photovoltaic devices
the surface layer of the p-type film is converted to the n-type by depositing a Pb
layer on top of it. On the other hand, the hot point probe may to indicate n-type
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for a high resistivity material even if the sample is weakly p-type because the
method actually determines a product of a carrier concentration and a mobility.
[183] The chemically deposited PbSe and PbS films are usually p-type. [152,
153, 155, 184] Also the properly sensitized films in detectors are p-type. [132]
The resistivities of the as deposited 1 µm thick PbSe, PbTe and PbS films were
1–5, 0.3–3, and 1–6 Ω cm. The resistivities of the PbTe and PbS films did not
change considerably as the samples were stored in the desiccator but the
resistivity of PbSe increased to 200–2 700 Ω cm during the storage. Annealing
at 85 °C did not have a large effect on the resistivities (Table 7). On the other
hand, at 100 °C the resistivity of PbSe increased considerably (Table 8).
Table 7. Resistivities of PbSe, PbTe and PbS samples before and after heat
treatment at 85 °C in air.

PbSe

no. of
samples
4

annealing time
(h)
16

Resistivity before
(Ω cm)
250–2 500

Resistivity after
(Ω cm)
90–1 500

PbSe

4

104

250–2 500

50–1 000

PbTe

2

16

2 and 3

1 and 1

PbTe

1

104

3

1

PbS

4

16

1–4

5–10

PbS

4

104

5–10

3–7

Material

Table 8. Resistivities of PbSe, PbTe and PbS samples before and after heat
treatment at 100 °C in air.

PbSe

no. of
samples
1

annealing time
(h)
144

Resistivity before
(Ω cm)
5

Resistivity after
(Ω cm)
1 400

PbSe

3

168

1 000–1 500

10 500–60 000

PbSe

3

600

1 000–1 500

14 500–56 500

PbTe

2

168

1

0.5 and 1

PbTe

2

600

1

0.5 and 1

PbS

1

168

2

7

PbS

1

600

2

8

Material
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A PbTe film was also annealed at 120 °C. The resistivity increased from 0.2 to 1
Ω cm in 5 hours and from 0.2 to 2 Ω cm in 61 hours. Since the increase was not
remarkable and the epoxy resin used in the sample preparation could not tolerate
longer annealing times the experiments at 120 °C were not continued further.
According to XRD the annealing at the temperatures studied did not affect the
crystallinity of the samples.
The resistivity was observed to diminish slightly when the four point probe
measurement was made under a N2 purge, which is possibly due to the
desorption of H2O from the surface of the sample.
Since the annealing at 100 °C increased the resistivity of PbSe significantly, the
D* and resistance vs. temperature measurements were made from the samples
which had been annealed at 100 °C for 264 hours. Figure 8 shows resistances of
PbSe films and Figure 9 those of PbS and PbTe films. Each material is
represented by two or three samples, all from the same deposition and nominally
similarly post treated. As typical for semiconductors, in all the films the
resistivity increases as the temperature decreases.

1.0E+06
PbSe
PbSe
PbSe
Cal Sensor

R / kOhm

1.0E+05

1.0E+04

1.0E+03
-100.0

-50.0

0.0

50.0

o

T/ C

Figure 8. Resistances of electrodeposited PbSe films and a commercial PbSe
film (Cal Sensor) as a function of temperature.
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PbTe

1.0E+01

PbS acid
PbS alkaline
PbS alkaline

1.0E+00
-50 -40 -30 -20 -10 0 10 20 30

PbS acid

T / oC

Figure 9. Resistances of electrodeposited PbS and PbTe films as a function of
temperature. PbS films deposited from the acidic and alkaline solution are
shown separately.
Resistances of the PbSe films are about a decade higher than those of the
commercial PbSe detectors. On the other hand, the resistances of the PbS films
are much smaller than those of commercial films. Comparisons are, however,
difficult to make since the thicknesses of the commercial films are not known.
In addition, the resistivities of the lead chalcogenide films in general vary a lot.
Resistivity changes of PbX films have in the earlier studies been proposed to be
due to the oxidation of the film (cf. Chapter 2.3.3.1). On the basis of the present
resistivity measurements, PbSe seems to be the most easily oxidizing but the
composition changes, oxygen and hydrogen concentrations in particular, should
be measured in detail by, for example, RBS, deuteron induced reactions and
ERDA. The reason why PbS did not seem to oxidise is probably the structure of
large cubic crystals with a limited number of grain boundaries.
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D* values measured at different temperatures are presented in Figure 10. The
PbTe film with the lowest resistivity in Fig. 9 is the same which has the lowest
detectivity in Fig. 10. In that sample the film was not fully covered by the
protecting glass plate.

PbTe

1/2

D* / (Hz cm ) / W

1.E+05

PbTe
PbTe

1.E+04

PbSe
PbSe
PbSe

1.E+03

PbS acid
PbS acid

1.E+02
-100

PbS alkaline

-50

0

50

PbS alkaline

o

T/ C
Figure 10. D* (peak) values of electrodeposited films measured at different
temperatures.
Wavelength dependence of the photosensitivities of PbSe and PbS films were
also measured up to the highest wavelength measurable with the equipment used
and the results were compared with the commercial (Cal Sensor) PbSe and PbS
films measured with the same equipment. The electrodeposited PbSe and
commercial PbSe films as well as electrodeposited PbS and commercial PbS
films showed very similar behaviour.
Detector time constants could not be measured. The maximum chopper
frequency which could be used in the measurements was 1 kHz, so the time
constants are below 1 µs. In comparison with commercial detectors (Table 4),
the time constant of the electrodeposited PbS films is thus much lower.
Signal noise decreased when the temperature decreased, as typical for PbS and
PbSe detectors. The signal noise of the PbTe films was around 1 µV at room
temperature. In the PbS films it was close to the noise of the commercial film
measured with the same equipment, about 4 µV. This means that the low D*
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values of the present samples were due to a weak photosignal. In PbSe films the
noise was large, over 100 µV.
D* values of the films were several decades below those of the commercial
detectors and the best values presented in the earlier studies. However, the
results were rather consistent and all the films showed photoactivity. In
addition, the values would probably have been 0.5–1 decades larger if the
sample cover glass had been more IR transparent. The D* values of other
electrodeposited PbX films have not been published. The effects of annealing as
well as other post deposition treatments which could sensitise the films should
be studied more carefully. Unfortunately, the post deposition treatments are
poorly documented. One possibility could be to try to take advantage of the
sample preparation where the substrate lead film is dissolved electrochemically.
PbX film could possibly be oxidised simultaneously.
The glass plate which was used on top of the photoconductive samples is
possibly not able to cover the film surface effectively enough against
degradation. The cover is essential as is seen from the PbTe film which was not
fully covered, and it had the lowest resistance as well as the lowest detectivity
(Figs. 9 and 10). Therefore a deposition of a protective film on the chalcogenide
film should be considered.
4.3.2. Photovoltaic diodes
The current - voltage (I-U) curve of a photovoltaic PbSe sample measured
without illumination is shown in Fig. 11. The curves of both PbSe and PbS films
clearly showed diode type behaviour which denotes that a p-n junction was
formed and the preparation of photovoltaic device may be possible.
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Figure 11. I-U curve of a PbSe sample.
The best D* (peak) values were 5.5 x 106 cm Hz1/2 W-1 for the PbSe films and
1.6 x 106 cm Hz1/2 W-1 for the PbS films. The D* values were rather low, though
clearly higher than those of the photoconductors, and also in this case post
deposition treatments and sample protection should be studied.
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5. Conclusions
For infrared technology it is essential to manufacture IR active films, such as
PbSe and PbS, by a low cost and reproducible method. In the present thesis
PbSe, PbTe and PbS films were prepared by electrodeposition using two
different approaches, namely constant potential (PbSe and PbTe) and cyclic
(PbS) deposition.
The depositions were carried out at room temperature in aqueous solutions and
EDTA was used to complex lead. As the complexing agent prevented the
formation of unwanted insoluble compounds such as PbSeO3 and Pb(OH)2, it
allowed the use of rather neutral deposition solutions; PbSe was deposited at pH
3.5, PbTe at pH 9.0 and PbS at pH 8.5. In comparison, earlier PbSe and PbTe
films had been electrodeposited from 0.1 M HNO3 solution. A drawback of very
acidic deposition solutions is that H2Se, H2Te or H2S form at more positive
potentials. Besides being toxic, those species may also increase the amount of
elemental Se, Te, or S in the films. Another drawback is the possible dissolution
of substrates in highly acidic solutions. The use of EDTA also widens the
deposition potential range by moving the reduction of lead to more negative
potentials, and thus in the present study all materials could be deposited over
wide potential ranges. The cyclic method which was used to deposit PbS films
allowed to use a more stable precursor solution than before.
The films were analysed by various methods: XRD, EDX. WDX, SEM,
profilometry, RBS, ERDA, and deuteron induced reactions. PbSe and PbS films
were stoichiometric whereas PbTe films contained an excess of tellurium. All
films contained hydrogen and oxygen impurities originating from the aqueous
deposition solution. The films had polycrystalline, randomly oriented cubic
structure.
Mechanistic studies on electrodeposition of PbSe, PbTe and PbS thin films were
for the first time carried out using electrochemical quartz crystal microbalance
combined with cyclic voltammetry. The results were well compatible with the
film growth experiments. Electrodeposition of PbSe and PbTe occurs by the
induced codeposition mechanism where variations in the precursor
concentrations do not have large effect on the film composition. This
mechanism involves a six electron overall reaction where selenium or tellurium
reduces first and then induces the reduction of lead to form PbSe or PbTe. When
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Pb was deposited on top of a previously deposited Se or Te film it formed PbSe
or PbTe compounds instead of elemental lead. The cyclic electrodeposition of
PbS, on the other hand, includes several simultaneous processes, which are
difficult to distinguish by EQCM. On more general level, EQCM results
confirmed the earlier findings on the electrochemistry of Pb, S, Se and Te but
also new information was obtained.
Electrical properties of the PbS, PbSe and PbTe films were studied briefly.
Photoconductive samples were made from all materials and photovoltaic diode
samples from PbSe and PbS films. Before measurements photoconductive
samples were annealed at 100 °C in air, which increased the resistance of PbSe
from about 20 kΩ to 10 MΩ whereas the resistances of PbS and PbTe films
remained between 10 kΩ – 100 kΩ. All materials, both photoconductive and
photovoltaic samples showed IR activity. It is concluded that the preparation of
both photoconductive and photovoltaic IR detectors might be possible by
electrodeposition but thorough studies on the post deposition treatments as well
as sample preparation are still needed.
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