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(54) Device and method for the electrochemical deposition of chemical compounds and alloys
with controlled composition and or stoichiometry

(57) Disclosed is a method for depositing an alloy
and/or chemical compounds on a substrate immersed in
an electrolyte (1), comprising the steps of:

I. applying a first constant or varying potential to the sub-
strate under voltage control for a first time interval (t,);
Il. applying a second constant or varying current to the

substrate under current control for a second time interval
(tg);

repeating the sequence of steps I.-1l. at least twice. Fur-
ther the use of the method in particular for the deposition
of Bi,,yTes, is disclosed as well as a specific device for
carrying out the above method.
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Description
TECHNICAL FIELD

[0001] The presented invention relates to a method for depositing an alloy and/or chemical compounds on a substrate
immersed in an electrolyte. It furthermore relates to the use of such a method for the deposition in particular of Bi,.,, Tes .
coatings and it also relates to a specifically tailored device for the above method.

BACKGROUND OF THE INVENTION

[0002] Electrochemical deposition (ECD) is a well-known method to electrochemically deposit layers of metals, alloys
or chemical substances on the surface or into a surface structure of a substrate to be treated.

[0003] Electrochemical deposition is thus generally known and can be achieved by a variety of techniques. A typical
electrochemical deposition method comprises the reduction of ions from aqueous, organic or fused salt electrolytes at
the electrode-electrolyte interface forming a deposition. This deposition can be achieved in two different ways : a) with
an electroless (autocatalytic) deposition process in which the electrons are supplied by a reducing agent in the electrolyte
or b) by means of electrodeposition in which the an external power supply is the electron source.

[0004] In this context, so-called current controlled ECD-processes (galvanostatic ECD) are known, in which the dep-
osition process is carried out under complete current control. This means that if for example a pulse sequence is used
for the deposition process, there are intervals of time in which a high amplitude current is established and maintained
(deposition period), and there are intervals in which a low amplitude current is established and maintained (relaxation
or off-time period).

[0005] In contrast to this there are so-called voltage controlled ECD-processes (potentiostatic ECD), in which the
deposition process is carried out under complete voltage control. This means that if for example a pulse sequence is
used for the voltage controlled deposition process, there are intervals of time in which a potential, at which the deposition
of the desired material takes place, is established and maintained (deposition period) and there are intervals in which
a a potential, where no or less deposition or dissolution of the desired material takes place, is established and maintained
(relaxation or off-time period).

[0006] For the deposition of certain alloy and compounds using conventional electrochemical deposition processes
may lead to problematic layer properties and material properties like for example insufficient adhesion, internal stress
or undesired physical properties etc. These problems are due to variations in the stoichiometry/composition across the
thickness of the layer which in turn are due to lack of control during the deposition process. This insufficient stoichiometric
control during the deposition is inherent to the processes according to the state-of-the-art.

[0007] The above voltage controlled pulsed electrochemical deposition allows to quite efficiently control the deposition
reactions during the deposition period. However, during the relaxation period for certain electrochemical systems, e.g.
Bi,.,Tes., the problem of undesired reactions on the deposition electrode occurs, which are caused by shifting of the
equilibrium potential.. These undesired reactions are characterised by a current flow from or to the external voltage
source, indicating oxidation or reduction processes. The result of these undesired processes is a changing composition
and correspondingly changing properties of the deposited layer.

[0008] The current controlled pulsed electrochemical deposition is problematic in the sense that the deposition proc-
esses during the deposition period cannot be completely controlled. The reason for this is that there can be variations
in the potential at the deposition electrode leading in turn to changes in the stoichiometry and the composition of the
generated layer. These variations of the potential are caused on the one hand by changes of the deposition surface
area, which for example may be caused by changes in surface roughness of the deposit or design imposed changes of
the electrode geometry, and on the other hand due to the change of the electrical resistance of the deposited layer with
increasing thickness thereof

[0009] One possible application of ECD is the fabrication of thermoelectric devices in particular the formation of its
thermocouples. A material’s suitability for thermoelectric conversion may be expressed in terms of the thermoelectric
figure of merit ZT that is defined as a2aT/A where o is the Seebeck coefficient, ¢ is the electrical conductivity, T is the
mean absolute temperature and A is the thermal conductivity of the material. The V,-VI; compound bismuth telluride
(Bi,Tey) is considered to have the highest ZT in the regime near room temperature. Bi, Tez is a semiconducting compound
which may show either n-type or p-type behaviour depending on slight variations of the stoichiometry. It was shown that
Bi,.,Tes., is a p-type material, i.e. has a positive Seebeck coefficient, for x > 0. In this case the Bi,Te; is said to be "Bi
rich ". For "Te rich" material(x < 0), the Seebeck coefficient is negative. This property reflects a substantial advantage
when building thermocouples because the p- and n-legs can be made of materials with near identical mechanical and
thermal properties.

[0010] Theinterestin ECD of Bi,Te; is steadily growing because of its potential for low cost microfabricafion with high
deposition rates. Moreover the possibility to selectively electroplate material into patterned photoresist molds is beneficial
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for the integrated fabrication of micro thermoelectric devices. In addition, ECD into porous alumina membranes has
been successfully applied for the fabrication of Bi,Te; nanowire arrays, for which enhanced thermoelectric properties
compared to bulk material have been theoretically predicted.

[0011] In the existing studies on ECD of Bi,Te; the material was deposited either galvanostatically, potientiostatically
or by electroless plating.

[0012] Until now, all measurements of un-doped Bi, Te; have yielded negative Seebeck coefficients even though some
samples were Bi rich. Unfortunately few measurements have been made to investigate the stoichiometry across the
thickness of electrochemically deposited Bi, Te; layers. However discrepancies illustrate the necessity of investigations
on the stoichiometric profile and of means to control the deposition process in such a way, that a homogeneous stoichi-
ometry is achieved throughout the entire layer.

[0013] Asitisintended touse the electrodeposited material for fabrication of integrated micro thermoelectric generators,
a thickness of about 300 wm is necessary to achieve optimized devices. The thickest ever reported layer was 350pum
and was plated with a rate of 7.3 um/h. The highest rate for ECD of Bi,Te; reported was 20 pm/h.

[0014] Application of pulsed deposition enhances deposition control and quality of the deposit. Interrupting the current
supports the replenishment of the ion concentration at the working electrode. As a consequence higher current densities
can be applied during the deposition pulse. Hence the nucleation rate is increased which leads to a refined morphology
and reduced roughness. Deposits of higher density with fewer inclusions and less impurities could be achieved. Im-
provements in adhesion and hardness of deposits are reported.

[0015] Although the limiting current density of an electrolyte may not be increased by pulse plating, higher overall
deposition rates compared to continuous plating may practically be achieved due to the improved deposit properties of
pulse plated deposits which allow application of a higher average current density.

[0016] Finally for the deposition of compounds and alloys like of Bi,Te, the increased current densities achievable
with pulse plating allow shifting the ratio of rates of reactions with different kinetics to an extent, which is not possible
with continuous plating providing thereby additional control over the stoichiometric composition of the deposited com-
pound.

SUMMARY OF THE INVENTION

[0017] The object of the present invention is therefore to provide an improved method of electrochemical deposition
as well as specific uses of such an improved method as well as a device for carrying out such an improved method.
[0018] The proposed method for depositing an alloy and/or chemical compounds on a substrate immersed in a liquid
electrolyte, comprises the steps of:

1. applying a first constant and or varying potential to the substrate under voltage control for a first time interval (t,);

. applying a second constant and or varying current to the substrate under current control for a second time interval

(tg);

repeating the sequence of steps I.-1l. at least twice.

[0019] The steps I. and Il. may consist of a series of time intervals with different potential or current, respectively.
Within the intervals the potential/current can be varied as a function of time (shaped pulses) or it can be constant
(rectangular pulses).

[0020] The present invention therefore relates to a new method for the electrochemical deposition of chemical com-
pounds or alloys. One of the key features of the invention is that a sequence of voltage controlled deposition periods or
deposition pulses alternating with current controlled relaxation periods or relaxation pulses is used. This however does
not exclude that there is additional pulses which can be voltage controlled and/or current controlled.

[0021] According to a preferred embodiment however the sequence consists of voltage controlled deposition periods
alternating with current controlled relaxation periods.

[0022] The newly proposed method allows the exact control of the stoichiometry and composition, respectively, over
the whole duration of the deposition and therefore allows a targeted control over the layer properties and the material
properties over the whole thickness of the layer.

[0023] This is in complete contrast to the state-of-the-art. In the state-of-the-art it is known to have either voltage
controlled pulsed electroplating or current controlled electroplating but there is no disclosure of a combination of these
two methods. Indeed a standard device can only carry out a strictly voltage controlled pulsed electroplating or a strictly
current controlled electroplating and the corresponding control then applied to deposition periods as well as relaxation
periods both periods either being voltage controlled or current controlled.

[0024] In this respect it should be pointed out that it is known to have voltage controlled pulsed deposition in which
voltage pulses are alternating with so called zero voltage pulses (see e.g. US 6,881,318), If however such a voltage
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controlled pulse sequence is used for electroplating, inherently during the zero voltage periods there is no current control.
Quite in contrast, during the zero voltage periods an important current is flowing and this flowing current is actually
changing as a function of time and leads to detrimental effects as outlined in the introductory portion and as experimentally
demonstrated in the detailed description below.

[0025] As discussed, the newly proposed method allows an exact control of the stoichiometry and the composition
over the whole deposition process and therefore over the whole thickness of the deposited layer. This control is made
possible by the use of the above-mentioned sequence including voltage controlled deposition and current controlled
relaxation.

[0026] Indeed the voltage controlled deposition period allows to establish the desired electrochemical reduction and
allows complete control over the composition and structure and correspondingly over the properties of the deposited
material. On the other hand the current controlled relaxation period allows current-free compensation and leveling
reactions at the interface between the already deposited material (electrode) and the electrolyte, which leads to a self-
regulated resting potential.

[0027] So far the problems of with insufficient control of the deposit’s composition and or stoichiometry during ECD
according to the state-of-the-art were avoided by using different methods of deposition like for example sputtering,
evaporation or deposition from the gas phase, accepting the specific disadvantages of these methods when comparing
them with electroplating. Compared to the state-of-the-art the electrochemical electroplating as proposed allows however
to completely control the layer properties and the material properties, including optical, electrical, physical properties etc.
[0028] Inafirst preferred embodiment of the present invention, during the first time interval (t,) the voltage is controlled
to be constant (ie rectangular pulses), preferably within a tolerance range of at most =0.1 V, most preferably within a
tolerance range of at most =500u.V.

[0029] According to a further preferred embodiment, during the second interval (tg) the current is kept constant (ie
"rectangular” relaxation period), preferably within a tolerance range equivalent to a current density on the substrate of
at most =10mA/cm2, most preferably within a tolerance range of at most + 1pA/cm2,

[0030] Preferably, during the second interval (tg) the current is at zero (1=0), preferably within a tolerance range
equivalent to a current density on the substrate of at most +10mA/cm?2 most preferably within a tolerance range of at
most =1pA/cm?2,

[0031] It is for example possible to run the process such that during the first time interval (t5) the absolute value of
the voltage is above the nucleation potential of the reacting substance, typically at least 0.1 V (e.qg. for Bi,,, Tes, ca.
-0.25 V), preferably in the range of 0.1 - 3.0V (always in the following with reference to a mercury standard electrode,
MSE), preferably in the range of 0.4 - 1.0V. Typically the first time interval (t,) is in the range of 1 ns-60s, preferably in
the range of 1 ms-Is, most preferably in the range of 1-200 ms.

[0032] As concerns the second time interval (i) it is according to a further embodiment in the range of 1 us-60 s,
preferably in the range of 1 ms-30s, most preferably in the range of 1-5s.

[0033] Generally one can say that it is preferred that the duty cycle of the first time interval (t,) to the second time
interval (tz) is below 80% or below 50%, preferably below 25%, most preferably below 10% (a duty cycle of less than
50% meaning that the length of the first time interval is smaller than the length of the second time interval, and a duty
cycle of less than 25% meaning that the length of the first time interval is smaller than three times the second time
interval etc.).

[0034] As outlined above, the proposed method allows to control the stoichiometry of the deposited alloy and/or a
chemical compound. This control is possible by means of at least one correspondingly adapted process parameter
selected from the following group: value of voltage and/or length (t,) of the first time interval; ionic concentration ratio
of the starting materials of the compound dissolved as ions in the electrolyte.

[0035] The present invention also pertains to the use of the above methods for depositing a semiconducting material,
a thermoelectric material, and/or a magnetic material, preferably on the basis of at least one of the materials selected
from the following group: Bi,,,Tes, CulnSe, BiSbTe, BiSeTe, ShTe, GeTe, AgSe, PbTe, TeAgGeSb, AgSb, SnTe,
CuSe, ZnHgSe, PbCd or CdTe, CiNiFe or CoFe onto a substrate. This however does not exclude the applicability of the
proposed method to the deposition of other materials.

[0036] For depositing Bi,.,,Tes,, is preferred that the voltage during the first time interval (t,) is selected in the range
(-10.0) - (-0.1)V (again as always vs MSE), preferably (-1.0) - (-0.3)V, and during the second time interval there is a
controlled current of 1=0.

[0037] The newly proposed method for the first time allows to actually produce p-type Bi,,,Tes.,. This is possible by
running the process under conditions such that in the electrolyte the ratio of [HTeO2*] to [Bi3*] is chosen such that the
atomic ratio Te : Be in the deposit is below 1.6, or below 1.5, or below 1.25 (angular brackets as usual standing for
concentrations). In some cases this can be the threshold ratio also of the concentrations of the ions [HTeO2*] to [Bi3*]
in the electrolyte.

[0038] According to a further preferred embodiment of the method and the use, the electrolyte solution comprises at
least 1.5M [HNO3], at least 30mM [HTeo2*] and/or preferably at least 30mM [Bi3*]. Indeed it is possible to achieve these
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exceedingly high concentrations of relevant constituents, allowing to have, in combination with the proposed method,
the extremely high deposition rates which are by a factor of more than two higher than the deposition rates according
to the state-of-the-art and as discussed below and to enable to produce very thick layers in the millimeter range.
[0039] Furthermore the present invention relates to a device for use in a method as outlined above or for a specific
use as outlined above. This device comprises a power supply and mixed method control unit to connect to at least one
working electrode ,at least one counter electrode and (optionally) one or more additional (reference-) electrodes. For
the voltage controlled periods the use of a reference electrode allows to have more simple and more accurate control.
The mixed method control unit comprises a voltage source for providing a controlled voltage to the electrodes and at
least one controllable triggered switch (e.g. mechanical, electromechanical, IC or electrical triggered switch) which allows
to connect and disconnect the voltage source from the electrodes for the first time interval and the second time interval,
respectively. Optionally the unit further comprises at least one current source for providing a controlled current to the
electrodes and/or at least one short-circuit pathway and/or at least one open circuit pathway, all of these elements
connectable and disconnectable by the at least one controllable triggered switch alternatively to the voltage source. It
preferably furthermore comprises a control unit and means for monitoring the process.

[0040] Further embodiments of the present invention are outlined in the dependent claims.

SHORT DESCRIPTION OF THE FIGURES
[0041] Inthe accompanying drawings preferred embodiments of the invention and measurements are shown in which:

Figure 1 are cyclic voltammograms of Pt recorded in 2M HNO3 + 80 mM HTeO,* + 40 mM Bi3* (dashed line), 60
mM Bi3* (solid line), 90 mM Bi3* (doted line) and 110 mM Bi3* (dash doted line) respectively, scan speed:
10mV/s;

Figure 2 a) Pulse form of voltage pulses for chronoamperometric investigation, deposition pulses: -0.72V vs. MSE
1 s, resting pulses: -0.25 V vs. MSE 20 s b) Current response to a series of potential pulses applied to a
Pt electrode in 2 M HNO3 + 80 mM HTeO,* + 110 mM Bi3*. c¢) Superimposed current response to the
deposition pulses d) Enlargement of the current response to the resting pulses;

Figure 3 a) Pulse form of current pulses for chronopotentiometric investigation, deposition pulses: -0.04A 1 s, resting
pulses: OA 20 s b) Voltage response to a series of current pulses applied to a Pt electrode in 2 M HNO; +
80 mM HTeO,* + 110 mM Ei3*. c) Superimposed voltage response to the deposition pulses. d) Enlargement
of the voltage response to the resting pulses;

Figure 4 Linear sweep stripping of previously deposited Bi,,,Tes_, layers recorded in 2M HNO3with a scan speed
of 10mV/s. The deposition of the layers had been done with the mixed method with 1, 4 and 16 deposition
pulses respectively of 0.2s at-0.75 V vs. MSE and zero current resting pulses of 4.5s applied to Pt electrode
in a 2M HNO3 + 80mM HTeO,*+ 110mM Bi3* electrolyte solution;

Figure 5 a) Current responses of every 1000t potential pulse applied to a Pt electrode with an active area of 0.196
cm?Zin a 2M HNO3 + 80 mM HTeO,* + 93 mM Bi3* plating solution, deposition pulses: -0.72 V vs. MSE
and 0.2 s, resting pulses: 0 A and 4.5 s. b) Optical microscope image of a polished cross section of the so
deposited Biy,yTes.y;

Figure 6 XRD diffractogram of electrochemically deposited Bi,,,Te; .. Samples (a) and (b) were formed by 50000
deposition pulses of 80ms at -0.80V vs. MSE and zero current resting pulses of 4.5s onto Pt electrodes
immersed in electrolyte containing 2M HNO4 + 80 mM HTeO,* + 93 mM Bi3*. Deposit (a) was measured
as deposited with the direction of growth perpendicular to the sample holder plane. Deposit (b) was fine
ground to powder before the measurements. The data for the Bi, Te; reference curve and the crystal planes
are retrieved from literature;

Figure 7 Atomic ratio of Te/Bi in the deposit vs. the ion concentration of HTeO,* to Bi3* in the electrolyte. The
concentration of HTeO,* was 80mM. Samples are deposited with potential pulses of 100ms at -0.66V vs.
MSE and resting pulses of 4.Ss with 0A;

Figure 8 Back scattering SEM images of cross section profiles of Bi,,, Te;., samples deposited under varying po-
tentials. The deposits were each formed with a deposition pulse length of 0.1 s and a resting pulse length
of 4.5 s at current of OA in 2M HNO4 + 80 mM HTeO,* + 80 mM Bi3* electrolyte. The cathodic deposition
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potential was increased from a) - 0.53V to f) -0.72V vs. MSE;

Figure 9 Atomic ratio of Te/Bi of deposits and deposition rate over deposition potential for samples electroplated
with 100ms pulses in 2M HNO3 + 80 mM HTeO,* + 0 mM Bi3* electrolyte as shown in Fig.8;

Figure 10  Back scattering SEM images of cross sections of electrochemically deposited Bi,,, Tes_, layers deposited
with different pulse lengths. The deposits were formed with pulses at -0.66V on Pt in 2M HNO3 + 80 mM
HTeO,* + 100 mM Bi3* electrolyte. The resting pulse length was 4.5s at 0A;

Figure 11  SEMimage and EDX measurement of sample cross section deposited with the mixed method. The deposit
had been formed with potential pulses of 10ms at -0.66V vs. MSE and zero current resting pulse of 4.5s
on a Pt electrode in 2M HNO5 +80mM HTeO,* + 60mM Bi3* electrolyte solution. Atomic content of Te and
Bi are given according to EDX line scan along dashed dark line;

Figure 12 SEM image of Bi,,, Tes , thermolegs deposited with the mixed method into a polymer mold that had been
structured by photolithography. The mold was removed for demonstration purpose; and

Figure 13  schematically shows a device for electrochemical deposition of chemical compounds and alloys with con-
trolled stoichiometry and/or composition.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0042] In the following reference is made to the drawings and figures. These and the following discussion are for the
purpose of illustrating the present preferred embodiments of the invention and not for the purpose of limiting the same.
[0043] In this disclosure cyclic voltammetry, chronoamperometry and chronopotentiometry are reported to determine
the electrochemical Bi,,, Te;_, formation on Pt electrodes from electrolyte solution with an HTeO3* concentration 5 times
higher then reported before. Based on these measurements, a new mixed method is introduced that allows full stoichi-
ometric control throughout the entire deposition and that is appropriate to deposit very thick layers (up to 1mm) at a high
deposition rate that are free of stress. The influence of the deposition pulse duration, pulse height and electrolyte
composition on the stoichiometry and morphology of the Bi,,, Tes, is disclosed. The feasibility of the proposed method
for fabrication of p-and n-type Bi,,, Tes , is demonstrated by measurements of composition profiles and Seebeck coef-
ficients of the deposits.

[0044] The proposed new method can however equally be applied to the optimisation of existing electrochemical
(galvanic) processes, and it may be used to substitute alternative deposition processes for the generation of corresponding
layers and devices. Examples are for example the making of thermoelectric coolers and generators on the basis of
Bi,.xTes.,, the deposition of CulnSe, CuSe, ZnHgSe, PbCd or CdTe for applications in the field of solar cells, the making
of magnetic layers of CiNiFe or CoFe for magnetic datastorage, etc.

[0045] EXPERIMENTAL: All solutions were prepared with DI-water with a resistance >15 MQcm. The electrolyte
solutions were made by dissolving 80 mM TeO, (purum, Fluka) and the appropriate amount of BiO3 (purum, Fluka) in
2 M HNO; (65%, puriss, Fluka). This results in a 2 M HNO5 solution containing Bi3* ions + 80 mM HTeO,"ions.
[0046] All electrochemical experiments were performed with a three electrode configuration, where a Mercury Sulfate
Electrode (MSE) was used as reference electrode. This electrode was connected over a salt bridge consisting of 400
mM Na,SO, to the electrolyte solution. A Pt grid was used as counter electrode. The working electrodes were made of
n-doped Si chips (Prolog Semicor Ltd.) with evaporated layers of 5nm Cr, 200nm Au and 40nm Pt. For the cyclic
voltammetry experiments, the silicon chips were mounted in a PTFE support, which contacts the chip on the metal side.
This sample holder exposed a circular area of 28mm?2 of the chip to the electrolyte. For the electrochemical deposition
of Bi,,, Tes, the exposed area was reduced to 4mm2 by a polymer mold. Granting convection during the Biy,, Tes.,
pulse plating, the electrolyte was agitated by a mechanical stirrer. The electrodes were connected to a potentiostate/
galvanostate (PGSTAT302, Autolab®) which was computer controlled.

[0047] The Bi:Te ratios of the deposited layers were analyzed by electron microprobe analysis with a Energy Dispersive
X-ray detector (EDX). The Microprobe system was a FEI Quanta 200 FEG Environmental SEM with a Schottky type
emitter as electron source.

[0048] The acceleration voltage was 20kV with 51.2u.s amplification time, 100s life time, 33% dead time and a working
distance of 10mm. The conversion from intensity counts to element concentration was performed by software provided
by the FEI Company.

[0049] For the preparation of samples for cross section and surface analysis the deposits were embedded into a
bakelite matrix. The curing of the bakelite powder was performed in a Struers LaboPress-3 under a pressure of 20kN
while heated up to 180°C for 6min. The samples were polished with SiC polishing papers under water and an Al,O4
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suspension with particles size 0.05um on a Struers RotoPol21.

[0050] The crystal structures and crystal orientations were measured by X-ray Diffraction (XRD). The measurement
apparatus was a Siemens Kristalloffex & Diffraktometer D5000. The x-ray source was a Cu-Ka tube (wavelength 0.154059
nm), I= 30mA, V=40kV. The measurements parameters were the following: 2 Theta = [5.00; 90.00]°, step size 0.02°,
time/step 12.00°, delay time 0.0s, steps 4251, and synchronous rotation on.

[0051] CYCLIC VOLTAMMETRY OF THE SYSTEM Bi AND Te ON Pt: To determine the electrode reactions of the
system, cyclic voltammetry (CV) was performed. Figure 1 shows cyclic voltammograms of a Pt electrode recorded in
2M HNOg + 80 mM HTeO,* + 40 mM Bi3* (dashed line), 60 mM Bi3* (solid line), 90 mM Bi3* (doted line) and 110 mM
Bi3* (dash doted line). Starting from 0 V, the potential was swept in negative direction to -1V and back to 0.3 V with a
scan speed of 10 mV/s. Between -0.4 V and ca. -0.7 V a shoulder D1 at ca. -0.45 V and two peaks D2 and D3 are
observed with peak potentials of -0.48 V and -0.55 V respectively. These features are assigned to the Bi and the Te
deposition.

[0052] ThesmallshoulderD1isrelatedto Te deposition onthe Pt surface as predicted but not observed by voltammetry.

D1: HTeO,*+3H*+4e - Te+2H,O (1)
[0053] Peak D2 is assigned to the Bi,Te; deposition.
D2: 3HTeO,* +2BR* + 9H* +18e” - Bi, Teg + 6H,0 )

[0054] Alternatively some bismuth ions might be directly reduced in a reaction with the Te atoms at the electrode
surface to form Bi,Tes.

D2:3Te + 2 BR* +6e - BiyTe, 3)

[0055] However, if there is an excess of HTeO,™" ions in the electrolyte, i.e. the concentration is larger than necessary
to form stoichiometric correct Bi,Tes, surplus Te is additionally deposited according to equation (1).

[0056] Peak D3 is observed for concentrations of Bi3* higher than 60mM and further increases with a rise in the Bi3*
concentration. Hence D3 may be attributed to the deposition of surplus Bi.

D3: BA* + 3¢ - Bi ()

[0057] This reaction occurs only if the ratio of the ion concentrations of Bi3* and HTeO4* exceeds the ratio which is
necessary for the formation of stoichiometxic correct Bi,Te.
[0058] In case of this combined Bi and Bi,Te; deposition, the deposition peaks are slightly superposed with the H,
evolution (reaction 5), which starts to dominate from -0.8 V.

2H* +2e- - H, (5)

[0059] Since the H, evolution is shifted towards more negative potential for decreasing Bi3* concentration, it can be
assumed, that the surplus Bi on the surface, which was deposited at peak D3, promotes the formation of H2.

[0060] Duringthe backward scan abroad oxidation peak (O1) between-0.38 V and-0.08V occurs. This peak decreases
with decreasing Bi concentration. This peak is assigned to the oxidation of surplus Bi atoms from a Bi rich Bi,,,Tes .
deposit (reverse reaction of reaction (4)). The broadness of the peak is probably due to slow Bi atom diffusion of the
surplus Bi in the Bi,Te; lattice to the electrode interface. Peak O1 ends at the beginning of the double peak (02 and 03).
The peak potentials of those peaks are 0.05 V and 0.09 V respectively. We assume that Peak 02 is related to the Bi, Te;
stripping (reaction 6) and peak 03 to the stripping of Te that had been deposited at peak D1.

02: Bi,Tez + 6H,O — 2BR* +3HTeO,* + 9H* + 18e- (6)

[0061]] CHRONOAMPEROMETRIC INVESTIGATIONS OF THE SYSTEM Bi AND Te ON Pt: For the investigation of
voltage controlled pulse deposition of Bi,,,Te;., chronoamperometric measurements have been made. Figure 2 a)
shows the pulse form of the applied voltage pulses and b-d) the current response to a series of such potential pulses
applied to a Pt electrode in 2 M HNO5 + 80 mM HTeO,* + 110 mM Bi3*. The more cathodic pulses resulting in a negative
current response (deposition pulses, deposition intervals) have pulse heights of-0.72 V, and pulse lengths of 1s. Con-
sidering the CV in Figure 1, the deposition pulse is situated more negative to the Bi deposition peak, where a combined
Bi and Te deposition resulting in Bi,,, Tes_, formation at a high deposition rate is expected. To set the deposition pulse
only to the Bi,Te; deposition peak D2 would not lead to the formation of Bi doped (p-doped) Bi,Te; deposit and would
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decrease the deposition rate.

[0062] Except for the first deposition pulse, the current responses of these pulses all have the same heights and the
same current decreases (see Fig. 2 c¢). The first current response looks different because the combined Bi and Te
deposition takes place directly on the Pt surface, while in all subsequent pulses the deposition takes place on previously
formed Bi,,, Tes, layers.

[0063] The more positive pulses resulting in a positive current response ("resting pulse"), have pulse heights of -0.25
V and pulse length of 20 s. The current response depicted in Fig.2 b) at first sight looks as expected, showing a short
but large positive current, indicating the discharge of the double layer, that then drops to zero current. The enlargement
of these resting pulses displayed in Fig.2 d) gives a different perspective. It can be seen, that the height of the current
response continuously increases from the first to the last pulse, and even after 20 s the current does not decrease to
zero. Potential pulse plating of Bi and Te resulted in the formation of porous black deposits. It was not possible to form
thick stable layers with this method.

[0064] The chronoamperometric results are interpreted as follows: the resting pulse at -0.25 V is situated at the
oxidation of the surplus Bi (Fig. 1, peak O1). During the resting pulse after the deposition of Bi,,, Tes_, at-0.72V, surplus
Bi diffuses slowly thought the Bi,Te; matrix to the interface and oxidize there to Bi3*. This leads to an elevated concen-
tration of the surrounding electrode area with Bi3* ions, which results in an increase of Bi deposition in the next deposition
pulse. As a result, more surplus Bi is deposited and the Bi oxidation current increases. This increase is relatively hard
to observe because the oxidation current is superimposed with the discharging current of the diffusion layer. These
effects are increasing with each additional pulse cycle and result in the porous, non stable deposit on the surface.
However, setting the potential of the resting pulse to -0.3 V, results in a negative current response. This indicates that
at this potential, deposition of Te or Bi,Te; takes place, even though this potential is in the Bi oxidation region O1 of the
CV, shown in Fig 1. In general we were not able to find a resting voltage at which the current would drop to OA. This
result will be discussed in the next section.

[0065] CHRONOPOTENTIONL1ETRIC INVESTIGATIONS OF THE SYSTEM Bi AND Te ON Pt: In this section, chro-
nopotentiometric measurements which were performed to investigate the properties of Bi,,,Tes, plating by current
pulses are described. Figure 3 a) shows the current pulse sequence that alternates between deposition pulses with
pulse heights of -0.04 A and pulse length of 1 s and resting pulses at 0 A with a pulse length of 20 s. The recorded
potential response to a series of such current pulses applied to a Pt electrode in 2 M HNO3; + 80 mM HTeO,* + 110 mM
Bi3* is shown in Fig. 3 b)-d). The potential responses to the -0.04 A deposition pulses show, in the beginning of the
pulse, a shoulder between -0.6 V and -0.7 V. After the shoulder, a strong negative potential increase can be observed
as can be seen in Fig. 3 b). The height of the increase varies from pulse to pulse. The potential shoulder can be related
to Bi,,, Te,., deposition. This deposition decreases the Bi3* and HTeO,* ion concentration of the surrounding area of
the working electrode. To hold the current constant, the potential is increased, into the H, evolution (strong potential
increase after the shoulder). The voltage response at the deposition shoulder shows a slope of about 125mV/s in the
range between 0.1-0.7s (see Fig.3 c)), which is also caused by the onset of the depletion of ions. A potential shift of
50-100mV is expected to cause a significant change in the stoichiometry of the deposit according to reported results on
potentiostatic deposition. Reducing the duration of the deposition pulse to 1-10 ms would certainly limit the potential
shift but for deposition of thick layers >500.m the electrical resistance and the surface area of the deposit will increase
causing again a potential shift, that will influence the controlled Bi,,, Tes , deposition.

[0066] Figure d) shows an enlargement of the potential response during the resting pulses at 0 A. It can be observed,
that the potential does notremain constant and that for each pulse the potential decreases to a different value. Considering
this potential range in the backward scan of the CV in Figure 1, it can be observed that the potential shifts from the Te
and Bi, Te; deposition at peaks D1 and D2 into the Bi oxidation peak O1. Two possible explanations for this phenomenon
can be assumed. (1) The Bi,,, Tes_, electrode is at the equilibrium potential, which is unstable and shifts vs. more positive
potentials. (2) A superposition between deposition of Te and oxidation of previous deposited surplus Bi takes place at
potentials between ca. 0.38 V and ca. 0.26V. By applying zero current after a deposition pulse, to the working electrode,
the amount of electrons used for the HTeO,* reduction has to be equal to the amount electrons gained by the oxidation
of surplus Bi as shown in the following redox equation.

3HTeO,* + 3H* +4Bi — - Te + 4BR* + 3H,0 (5)

[0067] Since, the Bi oxidation and Te deposition are related to each other during a zero current pulse following a
deposition pulse; the decrease of the Bi concentration in the Bi, Te; matrix, would lead to a reduced use of Te, which is
balanced by the observed positive potential shift. Hence, the resting potential is quasi self adjusted by the described
equilibrating reaction. This also explains why it was impossible to find a fixed resting potential during chronoamperometric
experiments.

[0068] CONCLUSION OF THE FIRST PART: Chronoamperometric and chronopotentiometric measurements show
that neither potential pulse deposition (voltage control) nor current pulse deposition (current control) can lead to a
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controlled and stable deposition of Bi,,, Te3.,.

[0069] Itistherefore according to the invention proposed to combine voltage controlled deposition pulses, for repetitive
and exact control of reduction reactions, with current controlled resting pulses that allow undisturbed equilibrating reac-
tions between deposit and ions at the electrode-electrolyte interface. By applying this "mixed method" one achieves
precisely controllable deposition of thick layers of Bi,,, Te;_, with a homogeneous and defined stoichiometry, which are
suitable for fabrication of p- and n-type thermolegs.

[0070] CONTROLLED ELECTRODEPOSITION OF Bi,,, Te;, WITH THE MIXED METHOD, A COMBINATION OF
POTENTIAL DEPOSITION PULSES AND ZERO CURRENT RESTING PULSES TOWARDS N- AND P-DOPED
Bi,.,xTes,: Here the new method for the formation of thick Bi,,, Tes , layers is presented. To show the feasibility of this
method, voltammetric stripping experiments were performed on Bi,,, Tes, layers, which had been deposited with the
mixed method according to the invention. Figure 4 shows linear sweep voltammograms recorded in 2M HNO; of a Pt
electrode with a Bi,,, Tes., deposit on top.

[0071] This Bi,,,Tes.,, was previously deposited in a 2M HNO; + 80mM HTeO,* + 110mM Bi2* electrolyte solution
by 1, 4 and 16 pulses of 0.2s with a deposition pulse height - 0.75 V and zero current resting pulses of 4.5s.

[0072] Adter the deposition, the electrodes were cleaned in 2M HNOj3 and then transferred to 2M HNO; electrolyte
solution, where the potential was swept from -0.7V to 0.3V with a scan speed of 10mV/s. During this scan, one oxidation
peak (02) was observed, which increases with the number of deposition pulses due to higher amount of deposited
Bi,Tes, In comparison to the cyclic voltammograms shown in Figure 4, peak O and 03 are missing, which indicates that
primarily Bi, Tes is produced with this method. The absence of peak 03 in Figure 4 additionally proves, that 03 is indeed
related to the oxidation of a small layer of Te, which is produced only during potential sweep deposition but not with
pulse deposition.

[0073] PROCESS AND SETUP OPTIMIZATION BY DEPOSITION PULSE MONITORING: Itis possible to record the
currentresponse of any potential pulses. Thereby, the processes at the electrode surface can be monitored and analyzed.
This procedure provides substantial assistance for the optimization of the experimental setup and the deposition process.
[0074] For example, the undesired formation of H, bubbles on the working electrode is indicated by a drop of the
recorded current response, which is due to the decrease of the electrode surface caused by the bubble. On the other
hand, stress induced cracking or bursting of the deposit is indicated by a sudden increase in the current, because of an
increase in electrode surface area. Furthermore, convection conditions may be optimized by analysis of the current
responses. The results of the process optimization enabled the deposition of thick layers of Bi,,, Tes .

[0075] Figure 5 a) shows the current response of every 1000t potential pulse recorded during the plating of the
Bi, . Tes., layer shown in microscope image in Fig. 5 b).

[0076] The deposition was carried out with potential pulses of 0.2s at -0.72 V (deposition pulses, voltage controlled)
and resting pulses of 4.5s with 0A on a sandblasted Pt electrode in a 2M HNOg + 80 mM HTeO,* + 93 mM Bi3* electrolyte
solution.

[0077] The overall current rises with increasing pulse number because of the increase in surface roughness and hence
in surface area of the electrode. Undisturbed growth of a thick Bi,,, Tes., layer was achieved because formation of H,
bubbles on the electrode surface was avoided by a setup with vertical orientation of the working electrode and elevated
mechanical convection. The 12000 deposition pulses resulted in a Bi,,, Tes_, thickness of 78050 pum yielding a dep-
osition rate of 50 um/h.

[0078] CONTROL OF STOICHIOMETRY AND MORPHOLOGY OF THE Si,,,Te;, DEPOSIT: The dependency of
the deposits’ stoichiometry and morphology from deposition potential, concentration of Bi3* ions in the electrolyte and
deposition pulse duration was investigated in a series of experiments. The deposition pulses were applied to Pt working
electrodes in a 2 M HNO3 + 80mM HTeO,* + Bi3*. The Bi3* concentration was varied form 110 mM to 40 mM. The
potential pulse heights and the deposition pulse durations were varied in the ranges between -0.72 V and -0.53 V and
10 ms and 200 ms, respectively. The duration of the 0 A resting pulses, was 4.5 s. The samples were deposited to a
minimum thickness of 200pum. For preparation, the deposits are removed from the substrate, embedded in epoxy and
polished. The EDX measurements were performed along the polished cross section profile of each sample to determine
the ratio of Te and Bi atoms throughout the deposit. SEM pictures were taken of profiles or sample surfaces to evaluate
the morphology of the deposit.

[0079] INFLUENCE OF ELECTROLYTE COMPOSITION: In order to determine the influence of the electrolyte com-
position on the stoichiometry several depositions in electrolytes varying in concentration of Bi3* ions but with a constant
concentration of 80 mM HTeO,* were carried out. The deposition potential and the deposition pulse duration were set
to -0.66V and 0.1s, respectively. Figure 7 shows the results of the EDX measurements which were performed on the
cross section profile of each sample. Each point represents the average value of 128 measuring points, which were
evenly distributed on a line on the profile that is parallel to direction of growth. The error bars are equivalent to the
standard deviation of these measuring points.

[0080] The atomic ratio of tellurium to bismuth in the deposit is proportional to the ratio of the concentration of HTeO,*
to Bi3* ions in the electrolyte and may therefore be adjusted by this electrolyte concentration ratio. The slope of the linear
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fitin Figure 7 has a value of 1.15. This resultis comparable to literature for lower concentrated electrolytes, and indicates
that the concentration of Bi ions in the electrolyte needs to be above the desired stoichiometry in the deposit.

[0081] Stoichiometric Bi,Te; may be deposited with an ionic ratio of 1.31 HTeO, to Bi3* ions. Subsequently, ratios
above and below this value will yield Te rich and Bi rich deposits respectively. According to literature Bi,,,Tes , which
is Te rich (x<0) should exhibit a n-type behavior, i.e. posses a negative Seebeck coefficient, whereas Bi rich (x>0)
material should show p-type behaviour.

[0082] INFLUENCE OF THE DEPOSITION POTENTIAL: In a series of experiments, the influence of the deposition
potential on the morphology and stoichiometry of the deposit were investigated. The samples were electrochemically
deposited with the mixed method in 2 M HNO3 + 80mM HTeO,* + 80mM Bi3* and with deposition pulse duration of 100ms.
[0083] The influence of the deposition potential on the morphology of the deposit is illustrated by means of the back-
scattering SEM images of polished cross section profiles shown in Figure 8. For low potentials from a) -0.53V to b) -0.57
V a very compact and uniform deposit is formed. No grain boundaries are visible but the layer exposes cracks caused
by stress which additionally leads to poor adhesion. For samples deposited at more cathodic potentials (samples c) to
f)) the stress-induced cracks disappear, grain boundaries become visible and the roughness of the profile increases
when shifting the deposition potentials towards more negative values. In the initial 5 to 10 wm of the layer the grain size
is quite small (< 1pm). Then, larger grains of up to 50 pm evolve which arrange along the direction of growth. Samples
c¢) and d) deposited at -0.63 and -0.66V vs. MSE, respectively, show a compact structure with large column like grains.
For higher potentials e) -0.69V and f) -0.72V, more dendrite-like grains evolves and voids in increasing number and size
appear.

[0084] The variationin morphology can be explained by the rate of deposition, which is shown in Figure 9 . As expected,
the deposition rate rises with the magnitude of the deposition potential. Dendrite like growth, increased surface roughness
and appearance of voids are promoted by fast deposition rates as for samples f) and e). As a result, a larger stochastic
derivation in the atomic composition of the deposits, reflected by larger error bar in the EDX measurement data in Figure
9, is noted.

[0085] A range of deposition potentials from -0.63 to -0.66V vs. MSE seems most suitable for fabrication because it
yields homogenous, compact and low stress deposits at deposition rates of about 50um/h.

[0086] Figure 9 also depicts the influence of the deposition potential on the composition of the deposit. For the potential
range between -0.72V and -0.63V, the atomic ratio of tellurium to bismuth in the deposit stays constant at a value of
1.2. This behavior may be explained by means of the cyclic voltamogramm in Figure 1. The deposits are bismuth rich
because they have been formed at potential more negative than the two reduction peaks, D2 and D3, of the system.
Hence, additional Bi is incorporated in the bismuth telluride crystal. For more positive potentials, the ratio increases to
1.4 for -0.57 V, to a nearly stoichiometric composition of 1.48 for the sample deposited at -0.53 V. At these potentials,
the additional Bi deposition according to equation (4) at peak D3 in the CV is very low, hence, primarily stoichiometric
Bi,Te; is deposited. The results of the composition measurement support the assignment of the reduction peaks in the
CV and confirm the importance of potential control during deposition in order to avoid composition variations and stress
problems.

[0087] Itisalso possible to adjust the deposits stoichiometry by means of the deposition potential. However for practical
reasons, i.e. maintaining a high deposition rate and stress free deposits, it is recommended to rather adjust it with ionic
concentration ratio as described before.

[0088] INFLUENCE OF DEPOSITION PULSE DURATION: The influence of the deposition pulse length on morphology
and stoichiometry was investigated by additional experiments. The examined samples were prepared with deposition
pulses of varying duration while the duration of the zero current resting pulse was set to 4.5 seconds. All sample were
deposited at -0.66V in 2 M HNO5 + 80mM HTeO,* + 100mM Bi3*.

[0089] The pulse duration mainly influences the morphology of the deposit as can be seen in Figure 10 showing back
scattering SEM images of the sample cross sections. With increasing pulse length the grain size, the number and size
of voids increases, the surface roughness increases, and the deposit becomes less compact. The stoichiometry does
not vary significantly with the pulse duration.

[0090] For 10ms pulses, the deposition yields a very compact deposit but several cracks indicate an increased level
of stress in the layer. For the determination of the optimal pulse duration, the area to be plated needs to be considered.
The plating of large cohesive areas is much more vulnerable to layer stress than plating into small holes. The bigger the
ratio of circumference to surface of an area to be plated the more boundaries there will be for stress release and the
better the adhesion will be. Additionally, the sidewalls of a mold provide stability to the deposit. Application of short
pulses may be beneficial, if not necessary, for ECD into high aspect ratio molds.

[0091] VARIATION OF STOICHIOMETRY OVER THICKNESS: Composition measurements along profiles of elec-
trochemically deposited bismuth telluride reveal variations in the composition that cause the formation of a p-n junction
within the deposited layer. As a result, unwanted thermoelectric behaviour, i.e. a negative Seebeck coefficient in a Bi-
rich deposit, is observed. In order to achieve the desired thermoelectric properties, a constant composition profile may
be necessary.
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[0092] The variation of the stoichiometric composition over the thickness of various samples fabricated with the mixed
method was investigated by EDX measurements across polished cross section profiles. Figure 11 shows the secondary
electron SEM image and the results of an EDX measurement across the profile of a sample deposited with potential
pulses of 10ms at -0.66V vs. MSE on a Pt electrode in a 2 M HNO3 + 80mM HTeO,* + 60mM Bi3* electrolyte solution
at a rate of 20pm/h.

[0093] The sample exhibits a very constant composition over its entire thickness. The atomic ratio of Te to Bi is
1.50+0.06. Hence, stoichiometric Bi, Te; has been deposited. For all samples deposited with pulses of 10ms and shorter,
the variation of the composition was below 0.1

[0094] The demonstrated deposition with constant stoichiometry is a requirement for the specific control and optimi-
zation of the thermoelectric properties of electroplated Bi,,, Tes .

[0095] MEASUREMENT OF SEEBECK COEFFICIENT: In order to prove the suitability of the proposed method for
fabrication of both p- and n-type Bi,,,Te;.,, first measurements of the Seebeck coefficient have been performed. The
measurements were performed across the thickness of the deposits, which had not been annealed.

[0096] The Bi-rich samples with Te content below 60% show a positive Seebeck coefficient with a maximum value of
55uVIK. The Te rich deposits with Te content higher than 60% exhibit a negative Seebeck coefficient of -40uV/K.
[0097]  Until now, only measurement of undoped n-type Bi,,, Tes, has been reported. With the presented invention,
the feasibility of fabrication of undoped p-type Bi,., Te;_, by means of electrochemical deposition has been demonstrated
for the first time. This is the result of the enhanced uniformity of composition achieved for deposits fabricated with the
introduced method.

[0098] CONCLUSION: A comprehensive electrochemical investigation of the system Bi and Te on Pt in 2M HNO4
including cyclic voltammetry, chronoamperometry and chronopotentiometry demonstrates the new mixed method for
the electrochemical deposition of Bi,,, Tes_,, which combines voltage controlled deposition pulses with current controlled
resting pulses. The stoichiometry of the deposits can be controlled to be constant over the thickness and may be adjusted
by the ratio of ionic concentration in the electrolyte and the potential of the deposition pulse. The method allows stable
and stress free deposition of very thick layers of Bi Te at high rate. Sample thicknesses of >800p.m and deposition rates
of up to 73um/h have been achieved exceeding the values previously reported by a factor of 2.3 and 3.6 respectively.
The high deposition rates could be achieved by deposition at low pH values with ionic concentrations of Bi and Te ions
4-5 times higher than reported in literature. The fabrication of n- and p-type Bi,,,Tes, was successfully verified by
Seebeck measurements. The presented technology may be incorporated into the process flow for low cost fabrication
of flexible micro thermoelectric devices made of Bi,,, Tes., thermolegs as shown in Figure 12. The proposed method
can also be applied for electrochemical deposition of other binary or ternary or generally multinary compounds.

[0099] DEVICE: Figure 13 shows a device for electrochemical deposition of chemical compounds and alloys with
controlled stoichiometry and/or composition. The electrolyte 1 is provided in the corresponding container, and at least
two, preferably three electrodes are located in the electrolyte bath.

[0100] On the one hand there are one or more working electrodes WE to which one ore more devices to be coated
are connected. On the other hand there are one or more counter electrodes CE and optionally one or more reference
electrodes RE and/or additional electrodes. The device thus allows connection of several groups of WE, CE and optional
RE for simultaneous deposition on multiple workpieces.

[0101] The potentials and currents at the electrodes are monitored and/or controlled by means of a voltmeter 2 and
an amperemetre 3, respectively.

[0102] The potential applied or measured between WE and RE or CE is controlled and governed by the power supply
and mixed method control unit 4. Unit 4 additionally controls and governs and/or measures the current flow between
WE and CE..

[0103] It should be noted that presently available control units for ECD can either be operated in exclusively current
controlled mode or in exclusively voltage controlled mode. Devices are available which can be operated in both modes,
however the two modes have to be selected for a specific cycle and it is not possible to combine the two modes in one
ECD-cycle.

[0104] Correspondingly the proposed device for the first time provides the possibility to carry out the proposed method
in that it comprises a current source element 8 which allows to provide the two electrodes WE and CE with a precisely
controlled current of desired value. On the other hand it comprises a voltage source 9 element, which allows to provide
the two electrodes WE and CE with a precisely controlled potential or voltage of desired value.

[0105] Furthermore it comprises an open circuit pathway 7 and a short-circuit pathway 6, which also allow control over
the desired current and/or potential applied.

[0106] The units 6-9 can independently be switched on or off and therefore connected to the two electrodes WE and
CE by means of one ore more triggered switches 5.

[0107] Itisforexample possible to operate the device in the case of zero current relaxation period and voltage controlled
deposition period by switching with the triggered switches 5 between the elements 7 (current controlled period) and 9
(potential controlled period). Correspondingly the switching time of one or more triggered switches should be in the
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nanosecond to low millisecond or to low microsecond range in order to allow fast switching of the pulses. The triggered
switches are synchronously clocked for the generation of the pulse sequence.

LIST OF REFERENCE NUMERALS

[0108]
1 electrolyte
2 voltmeter
3 amperemetre
4 power supply and mixed method control unit
5 triggered switch, e.g. mechanical, electromechanical, IC or electrical
6 short-circuit
7 open circuit
8 current source
9 voltage source
RE  reference or additional electrode
WE  working electrode
CE counter electrode
Claims
1. Method for depositing an alloy and/or chemical compounds on a substrate immersed in a liquid electrolyte (1),
comprising the steps of:
I. applying a first constant or varying potential to the substrate under voltage control for a first time interval (t,);
II. applying a second constant or varying current to the substrate under current control for a second time interval
(tg);

repeating the sequence of steps I.-1l. at least twice.

2. Method according to claim 1, wherein during the first time interval (t,) the voltage is controlled to be constant,
preferably within a tolerance range of at most +0.1 V, most preferably within a tolerance range of at most =500 V.

3. Method according to any of the preceding claims, wherein during the second interval (tg) the current is kept constant,
preferably within a tolerance range equivalent to a current density on the substrate of at most +10mA/cm2, most
preferably within a tolerance range of at most +1 pA/cm?2.

4. Method according to any of the preceding claims, wherein during the second interval (tg) the current is at zero,
preferably within a tolerance range equivalent to a current density on the substrate of at most +10mA/cm2, most
preferably within a tolerance range of at most +1uA/cm?2.

5. Method according to any of the preceding claims, wherein during the first time interval (t5) the absolute value of the

voltage is above the nucleation potential of the reacting substance, preferably at least 1.0 V or in the range of 0.1
- 3.0V, most preferably in the range of 0.4 -1.0V.
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Method according to any of the preceding claims, wherein the first time interval (t,) is in the range of 1 us-60s,
preferably in the range of 1 ms-1s, most preferably in the range of 1-200 ms.

Method according to any of the preceding claims, wherein the second time interval (tz) is in the range of 1 us-60 s,
preferably in the range of 1 ms-30s, most preferably in the range of 1-5s.

Method according to any of the preceding claims, wherein the duty cycle of the first time interval (t,) to the second
time interval (tg) is below 80%, or below 50%, preferably below 25%, most preferably below 10%.

Method according to any of the preceding claims, wherein the stoichiometry of the deposited alloy and/or a chemical
compound is controlled by means of at least one correspondingly adapted parameter selected from the following
group: value of voltage and/or length (t, , tg) of the first and/or second time interval; duty cycle, current density, ionic
concentration ratio of the starting materials of the alloy/compound dissolved as ions in the electrolyte (1).

Use of a method according to any of the preceding claims for depositing a semiconducting material, a thermoelectric
material, or a magnetic material, preferably on the basis of at least one of the materials selected from the following
group: Bi,,, Tes.,, CulnSe, BiSbTe, BiSeTe, SbTe, GeTe, AgSe, PbTe, TeAgGeSb, AgSbh, SnTe, CuSe, ZnHgSe,
PbCd or CdTe, CiNiFe or CoFe onto a substrate.

Use according to claim 10 for depositing Bi,,,Tes_,, wherein the voltage during the first time interval (t,) is selected
in the range (-10.0) - (-0.1)V, preferably (-1.0) - (-0.3)V, and wherein during the second time interval there is a
controlled current of 1=0.

Use according to claim 11, for depositing p-type Bi,,,Tes_,, wherein the ratio of [HTeO2*] to [Bi3*] in the electrolyte
(1) is chosen such that the atomic ratio Te : Be in the deposit is below 1.6,0r below 1.5,or below 1.25.

Use according to any of the claims 11 or 12, wherein the electrolyte solution comprises at least 1.5M HNO; at least
30mM [HTeO?2*] and/or at least 30mM [Bi3*].

Device for use in a method according to any other claims 1-9 or for a use according to one of the claims 10-13
comprising

At least one power supply and mixed method control unit (4) to connect to at least one working electrode (WE) and
atleast one counter electrode (CE), which unit (4) comprises at least one voltage source (9) for providing a controlled
voltage to the electrodes and at least one controllable triggered switch (5) which allows to connect and disconnect
the at least one voltage source (9) from the electrodes (WE, CE) for the first time interval and the second time
interval, respectively.

Device according to claim 14, wherein the unit (4) further comprises at least one current source (8) for providing a
controlled current to the electrodes and optionally at least one short-circuit pathway (6) and/or at least one open
circuit pathway (7), all of these elements connectable and disconnectable by the at least one controllable triggered
switch (5) alternatively to the voltage source (9).
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