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Introduction

Separation of tellurium from various tellurides
relevant for photovoltaics and from pre-product
thin film solar cells for recycling by chemical
vapor transport

@ Moritz Maxeiner, (2/® Ruben Maile,”

*ab

@ Julian Burkhart,
2 and Klaus Muller-Buschbaum

Lucas H. Bemfert,
Victoria S. Drescher

Thin-film solar cells based on CdTe are a viable technology for renewable energy generation due to
their low production cost and relatively easy manufacturing. However, the scarcity and toxicity of Te
necessitates the recovery of this element from end-of-life solar cells. In addition to CdTe, these solar
cells contain several other tellurides, including Cu,Te, ZnTe and SnTe. In this study, chemical vapor
transport (CVT), using sulfur as a transport agent (TA), was utilised as an energy-efficient and waste-
minimal method to separate Te from all the aforementioned tellurides in both open and closed systems.
While transport rates of Te were demonstrated to be low in a closed system for CdTe and ZnTe, CVT in
an open system can accelerate the procedure strongly, reaching recovery rates of 56% h™ and 47% h~!
for CdTe and ZnTe resprectively. The Te recovery rate for SnTe was 32% h™%, which was eighty times
higher for the open system than in a closed system at moderate T = 425 °C. For Cu,Te, the open
system even enabled Te transport that was not possible in the closed system. The feasibility of the CVT
for recycling was further demonstrated by the use of pre-product thin film solar cells. In situ
experiments utilizing a transport balance comparing CVT of Te starting from elemental Te and from
CdTe or ZnTe revealed that the redox reaction does not seriously slow down the process.

mined.””® Te is primarily produced as a by-product during the
mining of copper, zinc and lead ores, which has a price

Photovoltaic technology plays an important role in addressing
the energy transition from fossil energies to renewables." Thin
film solar cells based on CdTe have several advantages over the
classical silicon-based ones such as their production being
lower in cost, energy and material demand, global warming
potential and ozone depletion potential.>* Efficiencies of single
CdTe-solar cells reach up to 21.1% and strategies for improving
performance are being researched intensively, such as increas-
ing the photocurrent, expanding the lifetime of charge carriers
or better contacting of the back contact.” The annual installa-
tion of photovoltaic systems is steadily increasing, resulting in
an expected waste volume of about 4.5 Mt of Te and 7.5 Mt of
Cd in 2058.° The element Te is of particular interest because
of its scarcity and the small number of countries where it is
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reducing effect, but also results in a significant dependence
on these primary metals for the price and availability of Te.’
To guarantee a steady supply of Te while minimizing waste,
there is a strong demand for cost effective methods to recover
Te from various sources. State of the art recycling techniques
for CdTe solar cell recycling require large amounts of chemicals
like HNO;, H,SO, and H,0, for leaching and consequently
produce a lot of waste."®"" Vacuum distillation is a fast and
easy process but requires high temperatures.'>'? For the pro-
duction of very pure Te (>99.99999%), methods like zone
refining are needed.'*"?

An innovative method for recovery of Te from CdTe utilizing
chemical vapor transport (CVT) was recently patented and
published."®"” The process has already been implemented for
the recovery of Te from Sb,Te; and Bi,Te;, where remarkably
high transport rates of up to 151 mg h™ " of Te were reached.®

The principle of a CVT is shown in Fig. 1. A CVT reaction
occurs when a solid compound (E) interacts with a gaseous
counterpart, the transport agent (TA), at a designated location,
known as the source. While the other elements (X) remain at
the source, E and TA form a new gaseous molecule, the
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Fig. 1 The CVT concept: The transport agent (TA) reacts with an element
or compound (E) at the source, forming the transport-active species (TA +
E). This species then diffuses to the sink, where the backreaction occurs
and E and TA are reformed, resulting in the purification of E.

so-called transport active species (TA + E). The solid is then
reformed at a separate location, the sink, through changes in
chemical equilibrium, typically achieved by altering tempera-
ture conditions. The higher temperature is designated as T5,
while the lower one is labeled as T;. The temperature range
between these points typically spans from 50 °C to 100 °C. The
CVT can occur in either direction, from T, to T, or vice versa
depending on the formation of the transport species being
either endothermic or exothermic.’

A CVT for a chemical element requires a specific reactant as
transport agent and a narrow temperature range in order to
alter the chemical equilibrium. These defined conditions often
result in the separation and purification of the element. This
effect has been used commercially for a long time, for example
in the Van Arkel-de Boer process.*’

A method for recovering Sn by forming SnO for CVT has
recently been published.?* CVT using AICI; and Cl, as TA was
used for a recovery of rare earth elements (REE) as well as cobalt
and nickel in an open flow tube, which was divided into
13 fractions with a temperature gradient from 1050 °C in the
first fraction to 350 °C in the last fraction.>* The first report on
the CVT of Te with S as transport agent was published in 1976
by Binnewies.”® A CVT of Te using I, as the transport agent was
also demonstrated, requiring temperatures of 450 °C at the
source and 350 °C at the sink, which are slightly higher than the
temperatures used for the CVT with S.>* The formation of H,Te
has also been observed and utilised for purification of Te, and
for the preparation of Te single crystals.”>*® Besides CdTe,
other tellurides play an important role in modern CdTe thin-
film solar cells. Doping CdTe with Cu results in good ohmic
contact and higher hole concentration.”” A high mobility of Te
in Cu without the formation of CuxTe has been demonstrated
by X-ray photoelectron spectroscopy (XPS) and photolumines-
cence (PL).”® ZnTe is used as a buffer layer between CdTe and
the contact material, which improves the module stability and
reduces the thickness of the absorber layer.>**° The addition of
SnTe improved open circuit voltage (Voc) and acted as a barrier
for minority carriers to enter the back contact.*" SnTe is also
used as a detector material in photodiodes.**

A variety of tellurides can be transported via the gas phase in
processes in which the metal forms a transport active species,
and the Te simultaneously sublimes. Solid solutions of CdTe
with CdS as well as CdTe with CdSe and pure CdTe were
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transported with I, from 900 °C to 800 °C.**** NH,CI was also
used for a CVT of CdTe.** A CVT of ZnTe was performed with I,
from 725 °C at the source to 623 °C at the sink.>® ZnTe can also
be transported with HCI as a TA, with 725 °C at the source and
650 °C at the sink.>® I, was used to transport solid solutions of
ZnTe and ZnS from 1000 °C at the source to 900 °C at the sink.?”
Also single crystals of SnTe were prepared by CVT from 800 °C
to 750 °C with I, as the TA, as well as Sb-doped crystals by
increasing both temperatures by 100 °C.*® A CVT with I, was
also possible for both SnTe and PbTe from 800 °C at the source
and 700 °C at the sink.* The ternary compound CulnTe, was
transported with I, in a temperature gradient from 650 °C to
600 °C.*° However, a method of separating only Te from these
tellurides using CVT is yet missing. As all these materials are
relevant to the fabrication of CdTe thin film solar cells, they
have now been investigated using S as the TA. Not only are the
temperatures required lower compared to the CVT with I,, but
also exclusion of O, and H,O is not as critical. In addition,
the reaction of the chemicals contained in the pre-product thin-
film solar cells and their effect on the separation of Te were
tested.

Results and discussion

In a previously published process, the separation of Te from
CdTe was demonstrated to be possible in both a closed and an
open system by a CVT with S as TA."” In the closed system, a
recovery of nearly 100% of Te in 72 h was possible with a T, =
400 °C. In the open-flow system, a temperature of T, = 425 °C
enabled 20% of the Te to be recovered within 4 h. This is
notably lower than the evaporation temperature of Te,
which is 990 °C, and thereby ensuring energy savings and
cost-effectiveness."”

The objective of this work was to apply this method to other
relevant tellurides present in a CdTe thin-film solar cell, namely
ZnTe, SnTe and Cu,Te including real production material of
solar cells. The primary questions addressed were: whether Te
can be transported from these material components; if separa-
tion can be achieved, and if these additional components of a
thin-film CdTe solar cell degrade the purity of the transported
Te and the overall performance of the CVT. For a potential
industrial application, genuinely pre-product thin film solar
cells were included in the study, focusing on their separation
and competition for CVT with S as a transport agent.

A particular emphasis was given to the yield of Te and the
amount of Te that is transported per time, also known as the
transport rate. Additionally, the purity of the transported Te
was examined, along with the chemical composition of the
material that did not undergo transportation. The CVT is
described by the eqn (1) and (2) where either one or two Te
atoms are incorporated into a sulfur ring, forming a gaseous
mixed chalcogenide ring molecule. After diffusion to the sink,
the change in temperature induces the back reaction to ele-
mental Te and S. The latter remains in the gas phase
and initiates the process anew after diffusion to the source.>?

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Te) + Smg) = TeSm( m=1,..,7 (1)

2 Te(s) + Sm,(g) = TeZSm,(g) m=1,..,6 2)

Scheme 1 The reaction of Te with S forms mixed chalcogenide rings that
function as transport-active species in the CVT.

XTQ(S) + 0.125 58,(1) g XS(S) + Te(s)(X = Cd, Zn, Sn) (3)

Cu,Tewy + 0.125 Sg gy — CuySes) + Tegs) “
25nTees) +0.375 S5,y — SnyS3.(5) + 2 Tey ®)
3SnTew) + 0.5 Sg 1) — SnaSas) + 3 Te 6)
SnTec) + 0.25Sgy — SnSy5) + Te(s ©)

Scheme 2 Redox reactions for the formation of the elemental Te from
the different tellurides (CdTe, ZnTe, SnTe and Cu,Te) by reactions with S.

Prior to the initiation of the CVT, S oxidises the telluride,
resulting in the formation of elemental Te and the corres-
ponding metal sulfides according to eqn (3) and (4), see
also Fig. S69 and S70. For the reaction of SnTe with S, an
oxidation of the Sn(u) has also been observed, leading to the
formation of Sn,S;, SnsS, and SnS,, according to eqn (5)—(7).
In the case of Cu,Te, the Cu(i)- ion was also oxidised, resul-
ting in non-stoichiometric copper sulfides, see also Fig. S72
(Schemes 1 and 2).

The purity of the transported Te was checked with powder
X-ray diffractometry (PXRD), scanning electron microscopy
(SEM) with energy-dispersive X-ray spectroscopy (EDX) and
microwave plasma atomic emission spectroscopy (MP-AES).
From the remaining products at the source, Cd can be recov-
ered by first oxidising the sulfides at 900 °C in air to CdO and
then reducing CdO with methane at 750 °C and sublimation of
elemental Cd in an open system."” In this study, a mixture of
different metal oxides was tested to assess their impact on Cd
recovery and the potential for Cd to become contaminated with
other metals during sublimation.

Reaction conditions for the formation of Te

The formation reactions of Te-containing sulfur rings, which
are the transport active species, are endothermic reactions,
that determine the direction of the transport from higher
to lower temperatures. To ensure an efficient CVT of Te with
S, a temperature between 375-400 °C at the source is suffi-
cient."”'®?* To keep the recovery of Te a one step process and
to minimise energy consumption, it is important that the redox
reactions of all present tellurides are inside or below this
temperature range. To this end, DSC as well as in situ PXRD
measurements were carried out to determine the temperatures
at which reactions between S and ZnTe, SnTe, Cu,Te or CdTe,
respectively, may occur, and to identify potential side reactions.

Specific thermal properties of the system ZnTe/S

The DSC of ZnTe + S (Fig. 2 and Table 1) shows the anticipated
signals of sulfur, including a phase transition from rhombic to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 DSC of a mixture of ZnTe and S with a molar ratio of 1:2. The
temperatures depicted are the onset values marking the start of the
processes.

monoclinic (98 °C, H1, endothermic) and the melting point
(116 °C, H2, endothermic). A large signal (342 °C, H3, exother-
mic) corresponds to the formation of ZnS and Te, as validated
through PXRD analysis of the sample post-measurement
(SIL, Fig. S14). The other signals are indicative of the melting
of Te and S (430 °C, H4, endothermic) and the solidification of
Te and S (397 °C/391 °C, C1, exothermic) during the cooling
process. The redox reaction of ZnTe and S took place at an even
lower temperature, 342 °C, than that of CdTe and S, at 350 °C,
as observed in our previous study.'” This is well below the
temperature required for CVT, which is 375 °C.

In situ temperature dependent PXRD analysis of a mixture of
ZnTe and S detected the formation of ZnS at 370 °C (see SI,
Fig. S70), which is slightly higher than the temperature deter-
mined by DSC, indicating time required for crystallisation.

Specific thermal properties of the system SnTe/S

The products of the reaction of SnTe with S depend on the ratio
of telluride to sulfur. For the DSC investigation, this ratio was
chosen to be 1:2 (Fig. 3a) and 1:4 (Fig. 3b). The signals are
listed in Table 2. The elevated excess of S leads to complete
oxidation not only of telluride but also of Sn(u) to Sn(wv), which
is confirmed by PXRD (SI, Fig. S16). In contrast, a lower excess
of S resulted in formation of SnS and Sn,S; during the reaction
(PXRD, SI, Fig. S15). A signal for melting of S (110 °C, 114 °C,
117 °C, H1, endothermic) is present in both (a) and (b). The
polymerization of S is only visible in (b) (158 °C/159 °C, H2,
endothermic). Furthermore, a series of signals (H3, 290 °C, H4,
350 °C, H5, 399 °C, all exothermic) emerge with onset tempera-
tures between 290 °C and 400 °C. This is indicative to a
sequential oxidation of Sn(u) and the oxidation of Te(-u) to
elemental Te.

These signals did not appear in the second heating run of
either investigation, indicating a complete reaction with no
connection to phase transitions of tin or tin sulfides, which is
consistent with the phase diagram.*' A DSC investigation of
pure SnTe (SI, Fig. S3) also showed no signals in the respective
temperature range, suggesting that the three signals are related

Energy Adv., 2026, 5, 645-658 | 647
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Table 1 Signals of the DSC measurement of ZnTe with S
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Signal Onset T run 1/°C Onset T run 2/°C Event T/°C literature
H1 98 — Phase transition of S from rhombic to monoclinic 95.3%?
H2 116 — Melting of monoclinic S 119.6"2
H3 342 — Formation of ZnS and Te —
H4 430 430 Melting of Te in S —
C1 397 391 Solidification of Te + S —
1.50 T T T T T T T T T T T T T T T T T T
a) s ic1 b) 0.250 icz 74°C 1 347°C L
-25 399°C ¢ ° r v i
4 exo 5 419°C fexo :
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0754 § a7°c |
— " -
" 0-50 a r ‘0 0.000 r
3 025 290 °C ,: E
R I — :
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T/°C T/°C
Fig. 3 (a) DSC of SnTe + S in a molar ratio of 1:2. (b) DSC of SnTe + S in a molar ratio of 1:4. The temperatures given are the onset values.

Table 2 Signals of the DSC measurements of SnTe with S

Onset Onset Onset Onset
Signal Trun 1 (a)/°C T run 2 (a)/°C Trun 1 (b)/°C T run 2 (b)/°C Event
H1 110 — 114 117 Melting of S
H2 — — 158 159 Polymerisation of S
H3 290 — 300 —
H4 350 — 360 —
H5 399 — — —
H6 — — 404 — Eutectic melting of 85% SnTe
and 15% Te*
H7 435 432 435 334 Melting of Te in S
C1 419 417 347 342 Solidification of Te and S
C2 — — 74 73 Solidification of S

to the redox reaction. In situ PXRD measurements of a SnTe + S
mixture revealed reflections of SnTe as the only detectable Sn
compound up to a temperature of 310 °C (SI, Fig. S71).
At 350 °C, SnS, was the only detectable Sn species; no other
tin sulfides could be observed. This suggests a one-step process
at around 350 °C, which contrasts the DSC analysis findings
showing three signals between 300 and 400 °C. This difference
may be attributed the different experimental setups: a thin,
densely packed glass capillary for the in situ PXRD analysis, and
a quartz ampoule with some empty volume into which sulfur
can evaporate and condense. The mixture in the glass capillary
has a higher sulfur content to enable X-ray transmission,
and the melting of sulfur may alter the local stoichiometry.
Additionally, two mixtures of 123 mg (0.5 mmol) SnTe and 64
mg (2 mmol) S were sealed in quartz ampoules and heated for 14 h

648 | Energy Adv., 2026, 5, 645-658

to 300 °C and 350 °C respectively. PXRD investigations of both
products revealed a high degree of similarity, showing only reflec-
tions for SnS, and Te (SI, Fig. S18). These findings indicate that
both processes, oxidation of Te(-u) to Te(0) and of Sn(u) to Sn(w),
occur between 300 °C and 350 °C. A small signal in Fig. 3(b)
(404 °C, H6, endothermic) may indicate melting of the eutectic
mixture of 85% SnTe and 15% Te which is in accordance with the
corresponding phase diagram.***> Melting of Te and S (a) 425 °C/
432 °C; (b) (435 °C/334 °C, H7, endothermic) occurs at higher
temperatures, around 430 °C, and once at lower temperatures,
334 °C in the second run (b). Melting at the lower temperature
occurs because the S content is higher, leading to a further lowering
of the melting point of Te. The elevated melting point observed in
the initial run can be attributed to most of the sulfur had been
vaporised prior to the formation of Te during the redox reaction.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DSC analysis of mixtures of Cu,Te and S was not informa-
tive, showing only melting points or no signals at all (SI, Fig.
S4), because the mixture always already reacted immediately
upon sealing the small DSC ampoule. However, in situ PXRD
analysis of the mixture exhibited reflections for CuS at around
410 °C. After heating the mixture up to 450 °C and cooling down
to room temperature, reflections were also found for Cu,S, S
and Te, see Fig. S72.

In situ PXRD analysis of a CdTe + S mixture (SI, Fig. S69)
revealed CdTe reflections up to a temperature of 330 °C. At
350 °C, the main reflections were of CdS, with small reflections
for CdTe also still visible. At higher temperatures, only reflec-
tions for CdS were observed, indicating that the redox reaction
for the formation of CdS and Te occured at around 350 °C. This
is consistent with the DSC results from our previous study."”

In summary, the exothermic signals observed in the DSC
investigations, with onset temperatures ranging from 300 to
350 °C, combined with in situ PXRD results, suggest that the
temperatures required for the redox reactions involving ZnTe
and SnTe to produce elemental Te are similar to, or even lower
than those previously observed for CdTe.'” In situ PXRD
revealed that the reaction of Cu,Te with S required tempera-
tures of around 410 °C. The oxidation of Sn(i) to Sn(m) or Sn(w)
resulting in the formation of Sn,S; and SnS, requires a slightly
higher input of S; however no undesirable side reactions were
detected by DSC. The absence of other side reactions and the
formation temperatures of Te remaining below 375 °C indicate
that Te can be recovered from SnTe and ZnTe under conditions
similar to those for the recovery of Te from CdTe.'” This is
favorable, as it allows for a recovery of tellurium from these
phases in one step.

Transport reactions for the recovery of Te

The yield of an element for a CVT is calculated by dividing the
mass m of the element that was transported to the sink by the
total mass of the element in the system, which also equals the
maximum amount that can be transported.

Mgink (Te)

Yield=——— "
e m(Te maximum)

(8)

Dividing the yield by the duration the CVT was conducted
leads to the recovery rate, which describes the effectiveness of
the transport.

Recoveryrate 7 =

yield
; ©)

Another parameter for characterising a CVT is the so-called
transport rate, 17, which quantifies the mass of a substance that
is transported per unit of time. This signifies the efficiency with
which the CVT operates, independent of the initial amount.
This parameter can be calculated in two distinct ways: either
after the CVT, according to eqn (10), or during the CVT,
according to eqn (11). The first method involved dividing the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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mass of the product at the sink () by the time for CVT (¢).

Mgink (X)

Transportrate m = ;

(10)

When calculating the transport rate in this manner
(eqn (10)), there are several factors that influence the reliability
of the result. First, if the CVT is completed prior to the heating
time of the oven, mg;,, will no longer increase, thus ¢ will be
inadvertently extended, resulting in 7z being underestimated.
This phenomenon is particularly pronounced when none of the
transported elements remain at the source after CVT. Conver-
sely, the presence of impurities, such as the transport agent
which may deposit at the sink, can lead to an excessive Mgk,
resulting in an overestimated 7.

An alternative approach to ascertain the transport rate
involves the utilization of data obtained from a transport
balance, which quantifies the mass of the transported product
over time during the CVT in predetermined time intervals,
typically of three minutes. Once the oven reaches the target
temperature and the ampoule is in thermal equilibrium, the
transport will be in a stationary state, resulting in a linear
increase in mgnk, provided that no other side processes are
occurring. The CVT continues until the product has been
completely transported from source to sink. This results in a
linear increase in mg;n,, which can be described by eqn (11),
enabling a calculation of /1 through linear regression. m, is the
mass at the sink at the start of the CVT and is therefore
assumed to be zero.

msink(t) =mt+ mgy (11)

A CVT can be configured as either a closed or open setup.
The next section explains the distinct advantages and charac-
teristics of each of the setups.

CVT of Te in a closed system with a transport balance

A CVT in a quartz ampoule describes a closed system, meaning
no mass exchange with the outside and no substances can
enter or leave the system. Therefore, the TA is continuously
recycled during the back reaction, which reduces the required
amount and keeps it constant throughout the CVT, different
from an open system. This results in a steady state. However,
the final pressure in the system should remain at approxi-
mately 1 bar, which limits the amount of TA that can be used.
At this pressure, diffusion is the main mechanism for move-
ment in the gas phase from source to sink and vice versa.
Diffusion occurs considerably more slowly than the actual CVT
reactions, thus acting as a limiting factor.”® Two different
setups were used to conduct the CVT in a closed system: the
first involved using a transport balance to study the kinetics of
the CVT. These experiments had several prerequisites. For
example, the transported Te could be contaminated by the
transport agent after the cooling. Therefore, a second set of
CVT experiments was conducted in a closed system without
using the transport balance to enable a higher sample through-
put and higher Te purity. For experiments investigating the

Energy Adv., 2026, 5, 645-658 | 649
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Fig. 4 Transported mass of tellurium from different tellurides over time by CVT with S from 400 °C to 325 °C (a) and 425 °C to 325 °C (b) starting from

elemental Te, CdTe and ZnTe.

CVT of Te using the transport balance, two different tempera-
ture combinations were tested for three mixtures of educts: Te +
S, CdTe + S, and ZnTe + S. The first temperature combination
was T, =400 °C and T, = 325 °C; the second was T, = 425 °C and
T, = 325 °C. The results for the transported mass as a function
of time are shown in Fig. 4 and a detailed list of all results can
be found in Table S2 in the SI. For all tested tellurides, the
measured mass on the scale increased linearly, indicating a
steady state where the amount of transported Te is limited by
the amount of TA. At around 300 mg the mass remained
constant, which is the amount of Te in every sample and
therefore the theoretical maximum increase for the mass.
It should be noted that minor fluctuations in mass may be
attributable to minor temperature variations within the labora-
tory environment. The linear increase in mass indicates that
the CVT is taking place, while the constant mass and the
300 mg mass reached indicate the end of the transport reac-
tion. This trend is consistent for all reactants at both tempera-
tures, suggesting that the redox reaction for CdTe and ZnTe,
leading to sulfide and Te formation, occurs rapidly and does
not impede efficient transport. The transport rate of Te
was determined for each experiment through two distinct
methodologies. The initial approach involved a linear fit of
the transport balance data for the time at which the CVT
occurred (see eqn (11)). The secondary approach involved
calculating the ratio of the product’s mass at the sink to the
CVT time (see eqn (10)). The resulting transport rates were
found to be highly similar for both methods, thereby validating
each other. However, an exception was observed for the ZnTe
results with T, = 425 °C, where a slightly lower transport
rate was observed. The transport rates were generally higher
for elevated source temperatures. For instance, the rates at
T, = 425 °C are 5.7 mg h™'/5.9 mg h™" for Te, 7.5 mg h™" for
CdTe and 6.8 mg h /5.8 mg h™' for ZnTe. The rates are
all higher compared to the respective ones for 7, = 400 °C
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(3.1 mg h™'/3.2 mg h™" for Te, 3.6 mg h™" for CdTe and
3.7 mg h™' for ZnTe). These results align with the expected
behavior, as elevated temperatures result in increased diffu-
sion, thereby promoting the transport.'”'® As a result, the time
for CVT was reduced from 72-90 h at 400 °C to only 46-56 h at
425 °C. The purity of the transported Te and the composition of
the material at the source after CVT were examined using PXRD
(SI, Fig. S22 and $23). Unlike the CVT experiments conducted
without a transport balance, it was not possible to remove the
ampoules from the oven during the cooling process, resulting
in traces of S in Te at the sink. The presence of the sulfides CdS
and ZnS was identified at the source as the products of CdTe
and ZnTe, respectively (SI, Fig. S22 and $23). In the case of Te
serving as the reactant, all of it was transported after the CVT,
resulting in the absence of material at the source. This outcome
is consistent with the findings of the DSC measurements,
which have previously demonstrated that the redox reactions
occur rapidly and at temperatures below those of the CVT.
This observation also explains the similarity between the CVT
experiments of CdTe and ZnTe in the closed system. For indus-
trial applications, these findings indicate that the presence of
various tellurides in the material does not significantly hinder
the Te recovery. The similarity between the transport rates
calculated by the two different methods supports the reliability
of the results of the other CVT reactions in the following
sections for both the closed and open system, for which more
tellurides were tested. This is particularly important for the
open system, where applying a transport balance is not possi-
ble. The transport rates are also within the same range, albeit
slightly lower than those observed by Binnewies in 1976.
Binnewies found rates of 7.5 mg h™" for 20 mg S as TA and
6.1 mg h™' for 10 mg S as TA at T, = 375 °C.*®> The CVT of
Te with I, demonstrated a slightly higher transport rate of
19 mg h™', but required a higher T of 445 °C and a more
complicated preparation.?*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Photographs of the transported product at the sink after CVT in ampoules from T, = 400 °C to T, = 325 °C for the different educts (a) CdTe.

(b) ZnTe. (c) SnTe. (d) Cu,Te.

CVT of Te in a closed system without a transport balance

Although the experiments using a transport balance were ideal
for studying the kinetics of the CVT, they had several prerequi-
sites. For instance, the transported Te could become contami-
nated by the transport agent during cooling. Therefore, a
second set of CVT experiments was conducted in a closed
system, enabling a higher sample throughput and higher Te
purity, without using the transport balance. During the CVT,
the transported product was deposited at the sink as inter-
grown crystals, as illustrated in Fig. 5, for CdTe (a) and ZnTe (b)
as starting materials and as tiny flakes in the case of SnTe (c)
and Cu,Te (d). The products formed during a CVT of a duration
of 72 h were analyzed using PXRD. For all reactions in the
ampoules, the product formed at the sink was found to be Te,
while the corresponding sulfides were formed at the source
(SI, Fig. S6-S13). For the reactions involving Cu,Te, SnTe and
ZnTe at T, = 375 °C, the presence of elemental Te at the source
was observed, indicating incomplete transport. The reactions
with T, = 400 °C, starting with CdTe and ZnTe, showed no
elemental Te at the source. For the reactions starting with SnTe,
the formation of sulfides at the source was found to be
dependent on the reaction temperature. At 375 °C, SnS, was
formed, while SnS and S,S; were detected after the reaction at
400 °C (SI, Fig. S10). The formation of copper sulfide through
the reaction of Cu,Te and S was incomplete, as evidenced by
the continued presence of Cu,Te at the source after the reaction
(SI, Fig. S12). Additionally, elemental Te and various copper
sulfides were detected at the source. MP-AES measurements
were used to determine traces of the respective metals in the
transported Te. Examination of all samples of the CVT with T, =
375 °C revealed that none of the respective metals were present
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Fig. 6 transport rates of Te in the closed system for the different
tellurides.
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above the limit of quantification (LOQ) of this method, which
was 0.05 wt%, ensuring the transported Te to be of high purity
(SI, Fig. S54 and S56). The transported amount of Te, the
recovery rate, the yield, as well as the transport rate are listed
in the SI (Table S1) for every telluride. The latter two are also
presented in Fig. 6.

For all four tellurides, the transport rates for Te increased
with increasing 7,. CdTe and ZnTe have the highest and similar
values at every temperature, 1.7 mg h™" at 375 °C, 3.7 mg h™'/
3.8 mg h™" at 400 °C and 4.1 mg h™" at 425 °C. At 425 °C, the
yield approached 100%, indicating that the CVT was essentially
complete before the conclusion of the experiment. This sug-
gests that these transport rates are underestimating, which is
supported by the results of the transport balance experiments,
which gave Te transport rates of 7.5 mg h™' for CdTe and
around 6.2 mg h™" for ZnTe as educt at 425 °C. A yield close to
100% also shows that almost all of the Te can be recovered
using this CVT method. For SnTe, the Te transport rates are
significantly lower with 0.2 mg h™" at T, = 375 °C, 0.4 mg h™" at
T, = 400 °C and 0.8 mg h™" at T, = 425 °C. This is due to the
formation of SnS, and Sn;S,, which indicates the oxidation not
only of the telluride, but also of Sn(u) to Sn(m) and Sn(wv). This
consumes most of the sulfur, leaving very little for the CVT.
A similar depletion of the TA occurs for Cu,Te as starting
material. This investigation showed almost no transported Te
for T, = 375 °C, and diminutive transport rates of 0.01 mg h™*
for T, =400 °C and 0.1 mg h™* for T, = 425 °C, because Cu(1) was
oxidised by S (SI Fig. S12). Following CVT, a yellow substance
condensed at the walls of the quartz ampoules containing CdTe
and ZnTe as the starting materials (SI Fig. S64 and S65). There
was insufficient material of this substance for PXRD analysis,
but SEM-EDX identified it as sulfur (SI, Fig. S73). Similar yellow
deposits were found at the sink in CVT experiments in the open
system, and could be additionally identified as sulfur by PXRD
(SIL, Fig. S68). The absence of sulfur in closed ampoule experi-
ments containing SnTe and Cu,Te confirms a depletion of S
during the redox reaction (SI, Fig. S66 and S67), as does PXRD
analysis of the source after the CVT. When SnTe is used as the
starting material, Sn is only present in the sulfide compounds
SnS, Sn,S; and SnS, (SI, Fig. $10). As a result, the amount of
sulfur in the source is accounting for more than 50% of the
total amount. The same applies to Cu,Te as starting material
with twice as many Cu atoms as Te atoms, and CuS being found
at the source after CVT (Si, Fig. S12). Thereby, more S is reduced
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to form a sulfide than elemental Te is formed. In a closed
system, the transport rates are generally quite low due to the
limited amount of TA and the steady state of the CVT. Taking
this into account, the Te transport rates are decent for CdTe
and ZnTe and are comparable to other reports on CVT of
Te.'7'82324 However, for industrial applications, these rates
are not particularly economical, and the rates for SnTe and
Cu,Te are negligible. Additionally, quartz ampoules are
intended for single use only, resulting in high costs and waste
production in a discontinuous process. Therefore, a CVT in a
closed system is not a suitable setup for an intended applica-
tion. Rather, it serves as a means of investigating the process
under thermodynamic control. For industrial applications,
a continuous process is significantly more favorable and can
be achieved for a CVT in an open system with a flow tube, as
outlined below.

CVT of Te from different tellurides in an open system

In the open system setup, the source and sink, with the
temperatures 7, and T, respectively, were connected by an
open tube with an internal diameter of 14.5 mm and an inner
cross-sectional area of 1.65 mm?>. A carrier gas (Ar) was passed
through the tube at a constant flow rate of about 0.25 L h™™.
Consequently, there was a constant flow of volatile materials,
resulting in a loss of the TA at the end of the tube. To mitigate
this effect, the amount of TA was increased to 1.5 g of S at the
source in these experiments. The telluride was mixed with S
and placed in the first heating zone, acting as the source. The
second heating zone acted as the sink with T; always at 325 °C.
The last heating zone had a temperature of 200 °C and was used
for condensation of the TA. For the second set of experiments,
an additional amount of 1.5 g S was added into the system by
evaporating it at 500 °C with a heating jacket and the quantity
of telluride was doubled as well to keep the original ratio.

In the first set of experiments, the product that had been
transported at the sink was distributed over a considerable
length of approximately 20 cm, occurring in two shapes: crystal
needles with lengths of a few millimetres, and small droplets or
hemispheres. Both shapes were discernible to the naked eye
(see Fig. 7a) and with the use of SEM (see Fig. 7b). For the
following analysis, the products in the two shapes were mixed,
ground in a mortar and analysed as one sample. The products
formed at the sink were identified by PXRD as one phase:
tellurium (SI, Fig. S7, S9, S11 and S13). Due to the time
constraints of the CVT, oxidised but non-transported Te was

>
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Fig. 7 (a) Photograph of the transported product at the sink. (b) SEM
image of the transported product at the sink.
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also present at each individual source (SI, Fig. S6, S8, S10 and
S12). This indicates that the transport of Te in the open system
was not complete for the amount of S under the selected
conditions. For CdTe and ZnTe, the redox reaction was found
to be complete at both 400 °C and 425 °C, because no telluride
was present at the source, and only sulfides were visible in
the PXRD (SI, Fig. S6 and S8). SnTe reacted to SnS, at both
temperatures, although some SnTe was still present after CVT
at 400 °C (SI, Fig. S10). The redox reaction was also incomplete
for Cu,Te at both temperatures. In addition to Cu,Te, elemen-
tal Te and Cu, as well as some copper sulfides were identified
(SI, Fig. S12). The purity of the transported Te was verified
through EDX measurements for the CVT with T, = 425 °C. For
all the tellurides, the transported Te exhibited a purity of over
99.5 wt% Te, with trace amounts of sulfur (less than 0.3 wt%)
present (SI, Fig. S57-S60). The samples were also analyzed by
MP-AES, revealing that three out of four contained less than
0.05 wt% of the respective metal of the starting tellurides used
for the reactions. For CdTe, a small amount of 0.1 wt% of Cd
was identified in the transported Te (SI, Fig. S57).

The Te transport rates for the first setup in an open system
were rather low, with a maximum of or about 10 mg h™" being
still comparable to the rates of the closed system (see SI, Fig. S1
and Table S3). It is possible that the S had left the system too
quickly, resulting in a period of dead time during which no CVT
occurred. In order to optimise the transport parameters and
realise the potential of CVT in an open system, the CVT
duration was reduced from four hours to one hour in the
second set of experiments. Additionally, a further S 47 mmol
(1.5 g) of S was introduced into the system via the gas phase,
and the amount of telluride was increased accordingly to
maintain the Te:S ratio. Fig. 8 presents the calculated Te
transport rates and yields for the second open system setup.

The resulting transport rates for Te in the second setup were
dramatically increasing to 142 mg h™" for CdTe, 120 mg h™" for
ZnTe, 83 mg h™' for SnTe and 29 mg h™* for Cu,Te. These
transport rates are as high as those previously reported for
Bi,Te; (151 mg h™") and Sb,Te; (121 mg h™") for which also an
open setup was used.'® Ultimately, CVT is no longer limited
by a steady state when switching to an open system, which
generally increases transport rates. Thus, the recovery rates
increased to 56% h™! for CdTe, 47% h™" for ZnTe, 32% h™* for

160 . . . . 63
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educt
Fig. 8 Transport rates and yield of Te in the open system for the setup
with a duration of 1 h and 1.5 g of additional S added after 30 minutes using
a heating jacket.
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SnTe and even 11% h™* for Cu,Te. For SnTe these values are
even 80 times higher than for the closed system. For Cu,Te, the
rates in the open system setup were not just significantly higher
than in the closed system experiments, but transport became
feasible altogether, whereas almost no transport was observed
in the closed system. In latter, only a small amount of TA is
present, which must diffuse back to the sink in order to
participate in the CVT again, being a time-consuming process.
In contrast, in an open system, the amount of TA can be much
higher, because it is not susceptible to overpressure resulting
from evaporating the TA, as is the case in the closed system.
Therefore, the amount of TA can be further adjusted by adding
the TA in gaseous form. This was demonstrated in the second
setup of experiments in the open system with S in an additional
heating jacket before the transport tube. The enhancement in
transport rates was particularly significant for SnTe and Cu,Te,
as the substantial excess of S compared to the closed system
allows for a more thorough redox reaction to the respective
sulfides and elemental Te.

PXRD investigations revealed the presence of Te at the
source after the CVT for all the tellurides tested, as well as
the presence of the respective metal sulfides (SI, Fig. S6, S8, S10
and S12). For SnTe as the starting material, only the compound
SnS, was detected in addition to Te, indicating a complete
oxidation of Sn(un) to Sn(wv). For Cu,Te as starting material,
Cu,Te was also found at the source, showing again an incom-
plete reaction of Cu,Te with S. No impurities of the transported
Te at the sink could be detected using PXRD (SI, Fig. S7, S9, S11
and S13).

These experiments demonstrated that the CVT of Te from all
the tested tellurides was possible in an open system, including
SnTe and even Cu,Te, ensuring a recovery of the Te from all
relevant solar cell materials. It also demonstrates that CVT is
much more feasible for recycling when used in an open system,
particularly when additional S is added via the gas phase. Here, the
transport time can be reduced in a way that up to 56% h™ " for
CdTe, 47% h™* for ZnTe, 32% h ™! for SnTe and even 11% h™* for
Cu,Te could be transported. This means, in these experiments
already more than of half of all Te from CdTe, the main telluride in
thin-film solar cells, could be recovered within only 1 h.

Recovery of Cd

Once Te has been recovered by CVT, various metal sulfides
remain at the source. These can be oxidised to their respective
oxides at 900 °C open to air. After the reaction of the different
metal oxides with CH,4, 111.8 mg of transported product were
recovered and deposited as metallic mirrors on the walls of the
tube. PXRD showed only the reflections of Cd (SI, Fig. S19) and
EDX identified only the elements Cd and O (SI, Fig. S44 and
S45). MP-AES revealed a high purity of the sublimed Cd,
because the concentrations of Zn, Sn and Cu were below the
limit of quantification, which was 0.05 wt% (SI, Fig. S61 and
S62). Due to its low boiling point of 907 °C, Zn contamination
was expectable, but did not occur.*® At the source, 485.4 mg of
material was recovered for which the phases ZnO, Sn, SnO, and
CuZn could be identified by PXRD (SI, Fig. S20).

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
Mechanical Milling Sonication
L & ﬂﬁ‘aﬂ
—_—
Thin-film @ 71T
solar cell [ sediment NI P4 @

Fig. 9 Treatment of the solar cell samples for recovery of Te from
mechanical crushing to the CVT reaction.

Recovery of Te from pre-product thin film solar cells

Having examined the potential for Te recovery through the
reaction of tellurides with S and CVT with S, starting with a
model system with pure chemicals, the next step was to con-
duct a final proof-of-principle experiment starting from real
solar cell material. The pre-products of thin film solar cells and
the sample treatment are outlined in Fig. 9. The used pre-
product thin-film solar cells contained a glass plate with ITO, as
well as the respective layers of CdTe, CdSe and ZnTe, and a
metallic back contact. These plates were cut into smaller pieces,
of which approximately 66 g were milled using a planetary ball
mill. After the milling, only a small proportion of the shards
were abraded but the major part of them was intact. Loose
powder was found both at the bottom of the milling vial and
stuck to the shards. The shards were cleaned by submerging
them in isopropanol and ultrasonication for 30 minutes. After
this, the shards had become transparent, indicating that the
majority of the active layer had been removed. The shards were
separated from the dispersion, after which the powder was
collected by centrifugation and drying. This resulted in the
recovery of 167 mg of powdered material, which primarily
contained CdTe, as evidenced by PXRD (Fig. 10(a)). This mate-
rial was mixed with 75.6 mg of S and subjected to CVT in an
ampoule for 72 h with the heating conducted at T, = 400 °C and
T, =325 °C. A total of 8.5 mg of the product was recovered at the
sink and a PXRD analysis (Fig. 10(b)) of the powder identified
Te as the main phase. EDX (SI, Fig. S50) revealed a high Te
content of >98 wt% and trace amounts of Se (0.7 wt%) as well
as S (0.4 wt%), O and C. The C and O content can be explained
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Fig. 10 PXRD of solar cell material after (a) sonication of glass shards, (b)
sink of CVT of powder obtained after sonication.
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by the carbon pad used for preparing the sample for SEM-EDX
analysis.

The separation of Te from real solar cell material effectively
illustrates the practical viability of the method on the first
attempt. Therefore, these results serve as proof of concept for
Te recovery by CVT with S as the TA. Another benefit is that the
solar cells do not need to be completely crushed, because the
powder adhering to the shards can be recovered through
cleaning, as demonstrated in this study using sonication in
isopropanol.

The purity of Te after a single transport process is also
noteworthy, exceeding 98 wt%. The presence of Se in the
transported Te is not unusual, because Se is volatile under
the conditions used for this CVT.*”*® Whether Te and Se can be
separated via CVT remains to be researched. In addition, there
are already established methods of separating Te and Se,
including vacuum distillation and chemical treatments.**~>!

Conclusion

This study successfully demonstrates the recovery of Te by
reaction and subsequent CVT with S as transport agent (TA)
being possible from all tellurides that were tested, namely
CdTe, ZnTe, SnTe, and Cu,Te, as well as from pre-product thin
film solar cells. In the closed system, the Te transport rates for
all tellurides were low, and nearly no CVT of Te occurred for
Cu,Te, due to the redox behavior involving the further oxida-
tion of the Sn(u) and Cu(i), respectively, which depletes the TA.
However, for CdTe and ZnTe, a yield of Te close to 100% was
achieved at 425 °C demonstrating that it is possible to recover
almost all of Te by CVT in a closed system.

In addition, Te transport rates could be dramatically increased
for every telluride by conducting the CVT in an open system with S
also added via the gas phase. An acceleration rate of the transport
up to 80 times was achieved for SnTe and moreover, separation of
Te from all tellurides was enabled, including Cu,Te. Altogether,
more than 50% of Te could be recovered with this CVT process in
just one hour from the tellurides with the highest mass fraction in
thin-film solar cells (CdTe and ZnTe).

In situ weighing utilizing a transport balance during the CVT
indicated a linear increase in mass at the sink for Te, CdTe, and
ZnTe as starting materials during CVT of Te. No significant
differences were identified between CVT from tellurides com-
pared to elemental Te. This suggests a rapid redox reaction
between the tellurides and S, with minimal influence of the
reaction time on the CVT of Te. For the telluride compounds
investigated in this study, the oxidation of Te(-u) to elemental
Te was achieved for CdTe and ZnTe. For SnTe and Cu,Te, the
oxidation was facilitated by increasing the amount of sulfur.
Therefore, the oxidation of the telluride does not hinder Te
recycling by CVT.

Furthermore, the simultaneous reduction and distillation of
Cd from the metal oxides was successfully demonstrated, with
no traces of other metals detected in the Cd deposited from the
gas phase. This process enables the separation of the toxic
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element Cd from photovoltaic waste, preventing the release of
toxic heavy metals and reducing the hazardousness of the
residual electronic waste also in the presence of the other
telluride phases present in a PV module.

Overall, oxidation of the tellurides CdTe, ZnTe, SnTe and
Cu,Te to elemental Te by S, followed by immediate CVT of Te
with S, proved to be a suitable method for separating Te from
all the tested tellurides and real solar cell materials. The purity
of the transported Te was already quite high at 98% after a
single transport. Especially, the processing of pre-product
materials proofed the potential to recover a mixture of Te and
Se from real thin film solar cell components, highlighting the
feasibility of this process for recycling.

Altogether, the recycling method presented accomplishes
several sustainability goals: It has a low energy demand due
to the low temperatures required, it is considerably fast and
uses low amounts of chemicals that can be recovered and
re-used, further minimizing waste production. This could
further encourage the use of CdTe thin-film technologies in
addition to silicon-based photovoltaics despite critical and
toxic elements and compounds involved in this technique.

Experimental
Transport reactions

Closed system. For the experiments in the closed system, the
respective amounts of reagents and transport agent were placed
in quartz ampoules (200 mm length, 14.5 mm diameter),
followed by evacuation to ~0.001 mbar before fusing. The
ampoules were then placed in an openable HMF tube oven
from Horst GmbH with two independent heating zones con-
trolled by HT MC 11 temperature controllers. A total of 93 mg
(2.9 mmol) of S was weighed in along with 2.3 mmol of the
respective telluride (561 mg CdTe, 451 mg ZnTe, 576 mg SnTe,
596 mg Cu,Te). Following a complete redox reaction, 20 mg of S
(0.6 mmol) are expected to remain as the transport agent
for CVT.

Open system. Two different sets of experiments were tested
for the open system. For both sets, a Carbolite TZF 12/65/550
oven featuring three independently controllable heating zones
was used. Within this configuration, a quartz tube with an
inner diameter of 14.5 mm was positioned. The reagents were
placed in the first heating zone directly within the quartz tube
(source), while the middle zone served as a sink for CVT. The
last zone was designated for sulfur condensation. To ensure an
inert atmosphere, an argon gas flow of 2 L h™' was applied
for 30 min before being reduced to 0.25 L h™' at the start of
heating. For the first set of experiments, a total of 47 mmol
of S (1500 mg) were used for the transport agent, along with
1 mmol of the respective telluride (240 mg CdTe, 193 mg ZnTe,
246 mg SnTe, 254 mg Cu,Te). For the second set of experi-
ments, the quantity of telluride was increased to 2 mmol
(480 mg CdTe, 386 mg ZnTe, 492 mg SnTe, 508 mg Cu,Te).
Additionally, a heating jacket (Horst HMT-900 °C) was placed
around the quartz tube before the three-zone-oven. A further
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47 mmol (1500 mg) of S was placed inside the tube at this spot.
Therefore, the Te: S ratio remains the same for all investigated
open system setups. The heating jacket was heated to 500 °C,
30 minutes after the three-zone-oven had reached the reaction
temperature, to introduce more S as transport agent into the
system. After 30 minutes, both ovens were switched off, result-
ing in a total duration of 1 h for the CVT.

Transport balance setup. A transport balance is a device
used to track the progress of a CVT by determining the
transported mass in situ using a lever mechanism. This concept
was first described by Plies, Gruehn et al.>® Over the years, the
concept has been improved by several working groups and
has enabled the determination of reaction enthalpies as well
as entropies.**** For instance, to determine the formation
enthalpy of RhI;, a configuration was constructed that incor-
porated a secondary oven, which was used to heat a reference
ampoule at the opposing lever arm.>® The device used in this
study was built based on the models outlined in the reference
publications. The configuration of the apparatus is illustrated
in Scheme 3. In general, it consists of a seesaw with two
corundum rods, oriented along the direction of the oven,
where the ampoule is placed so that one end is in the centre
of the first heating zone and the other end is in the centre of
the second heating zone. The opposing end of one corundum
rod extends beyond the oven and is supported by a program-
mable laboratory balance. This configuration enables the
automated collection of measurement data in predetermined
time intervals. The support for the force transition is
composed of a tube with a metal spring inside and a plastic
tip on top for vibration dampening. To mitigate vibrations
originating from the building, the fulcrum and balance are
placed on a granite plate that is covered by a box made of
transparent polycarbonate and a frame of aluminium to shield
the device from airflow. A movable metal block is clamped
at the end of the corundum rod, enabling adjustment of the
counterweight.

For the CVT experiments involving the transport balance,
300 mg (2.3 mmol) Te + 50 mg S (1.6 mmol), 561 mg (2.3 mmol)
CdTe + 125 mg (3.9 mmol) S, and 450 mg (2.3 mmol) ZnTe + 125 mg
(3.9 mmol) S were mixed, respectively, resulting in 50 mg (1.6 mmol)
of S left as transport agent.

1 Transport Oven a)
2 Quartz Ampoule for CVT
3 Fulcrum
4 Balance

5 Corundum rod () (8) 8
6 Adjustable counterweight 6/
7 Reagents before CVT (source) ®

8 Product after CVT (sink)

b) ',
- e | ! - L ’ ]
@ = — = ¢ (5 @ i
9 ST = 0 \OEY S
Scheme 3 (a) Depiction CVT setup with a transport balance. (b) Ampoule

before CVT. (c) Ampoule after CVT with crystals at sink. (d) Photograph of
the setup.
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Separation of Cd from solar cell waste materials

The same setup that was used for the CVT in open systems was
also utilised for the recovery of Cd from the reaction product of
the tellurides, as well as from indium oxide (In,03) subsequent
to the first CVT. Prior to this, the remnants of the initial CVT at
the source were oxidised at 900 °C for 14 h using air in a process
demonstrated previously."” The experiments commenced with
the oxides, resulting in a mixture of 257 mg (2 mmol) CdO,
162 mg (2 mmol) ZnO, 80 mg (1 mmol) CuO, 225 mg (1.5 mmol)
SnO, and In,0;. This mixture was mortared and positioned in the
first heating zone of the three-zone-oven within a quartz tube. The
tube was then flushed with a flow rate of 4 L h* for 2 h. After this,
the oven was heated up to 750 °C in the first zone, 650 °C at the
second and 550 °C in the third heating zone. Once these tempera-
tures had been reached, the Ar flow was terminated and replaced
by 1.5 L h™' of natural gas (92 mol% methane). After 2 h the
sample cooled down by deactivating the furnace.

Preparation of powders from thin film solar cells for CVT

Samples of pre-product thin film solar cells were supplied by
CTF Solar GmbH in the form of glass plates with a coating of
the active layer (CdTe/CdSe), a buffer layer (ZnTe) and a
metallic backcontact. The coated glass plates were broken down
into small pieces measuring about 0.5 to 1 cm in diameter.
Approximately 20 g of fragments were placed in a 25 mL stainless
steel milling vial, and ground for 10 min at 350 rpm using a Retsch
PM 200 planetary ball mill without adding any milling balls. The
remaining glass fragments were washed by immersion in isopro-
panol and sonication for 30 min. The fragments were separated
from the suspension, which was then centrifuged at 6000 rpm for
15 minutes using a Herolab UniCen MR. The resulting powder was
used for CVT with S. 167 mg of powder was recovered by combin-
ing the products from three milling and sonication runs, with a
total of 66.28 g of solar cell material being used as the starting
material. The powder was mixed with 75 mg (2.3 mmol) S and
heated to T, = 400 °C and T3 = 325 °C for 72 h. The products were
then analyzed by PXRD and SEM-EDX.

Powder X-ray diffractometry (PXRD)

X-ray powder diffraction patterns were obtained using an XPert
Pro (PANalytical) instrument equipped with an Empyrean Cu
LFF X-ray tube operating at 40 kV and 40 mA, along with an
XCelerator detector. The incident beam path was equipped with
a 0.04 rad Soller slit, a 10 mm beam mask, an anti-scatter slit of
1°, and a divergence slit of 1. Within the diffracted beam path,
an anti-scatter slit of 0.5° a 0.04 rad Soller slit, and a Nickel
Beta-filter (0.02 mm) were positioned. The samples were placed
on a sample holder with a silicon wafer and were flattened with
a spatula. The diffraction pattern was recorded over the range
of 10°-80° in 20 with a step size of 0.0167° by using mono-
chromatic Cu-Ko radiation (4 = 150.46 pm).

In situ powder X-ray-diffractometry

In situ temperature dependent PXRD analyses were carried out
using a Stoe Stadi P diffractometer (Darmstadt, Germany).
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Equipped with a focusing Ge(111) monochromator and a
Dectris Mythen 1K strip detector, in Debye-Scherrer geometry.
The samples were prepared by grinding a 8:1 mass ratio
mixture of sulfur and the respective tellurides (CdTe, ZnTe,
SnTe and Cu,Te) in a mortar. The powdered samples were filled
in 0.3 mm glass capillaries (Hilgenberg Spezialglas Nr. 10),
which were then sealed and placed in 0.5 mm diameter quartz
capillaries (Hilgenberg quartz glass). All samples were mea-
sured in transmission geometry with Cu-K, radiation (4 =
154.056 pm). The samples were heated up using the Stoe HT1
capillary furnace. Data collection was performed using the Stoe
Powder Diffraction Software Package WinXPOW.

Thermal analysis

Differential scanning calorimetry. Differential scanning
calorimetry (DSC) analysis was conducted on ZnTe, SnTe and
the mixtures with S using a NETZSCH DSC-404-C instrument.
The measurements were performed under an argon flow of
150 mL min~ ' with a heating rate of 5 K min~" in the temperature
range of 20 °C to 500 °C, and two heating and cooling cycles were
recorded for each sample. Quartz ampoules with specific
dimensions (outer diameter: 6 mm; wall thickness: 1 mmy;
height: 10-15 mm) and a polished bottom were used for the
measurements. The samples were carefully placed inside the
ampoules, which were then securely attached to a quick-fit
assembly. The assembly was evacuated to 0.001 mbar. During the
sealing process of the ampoules, the sample-containing section was
periodically cooled with liquid nitrogen, and cooled metal tweezers
were used to handle it safely. A sample carrier equipped with a type
E thermocouple was utilised for temperature measurement and
sensitivity calibration. Standard materials, including indium (In),
bismuth (Bi), lead (Pb), zinc (Zn), and aluminum (Al), had been used
for calibration. The sample quantities used for the measurements
were as follows: 15.7 mg of ZnTe (0.081 mmol) for pure ZnTe,
11.7 mg of SnTe (0.048 mmol) for pure SnTe and for the combined
measurements 13.1 mg of a molar 1:2 ZnTe-S mixture, 13.4 mg for
a 1:2 SnTe-S mixture and 14.5 mg for a 1:4 SnTe-S mixture.

SEM-EDX

Scanning electron microscopy (SEM) micrographs were obtained
using a Gemini SEM 560 (Zeiss) system, operated at an accel-
eration voltage of 3 kV and a current of 100 pA with a working
distance set to 5 mm. Energy dispersive X-ray spectral mappings
were recorded utilizing an Ultim®MAX detector from Oxford
Instruments. For these mappings, a working distance of 8.5 mm
was applied, along with a current of 1 nA and an acceleration
voltage of 8 kV. Prior to the imaging procedure, samples were
carefully dripped onto sticky carbon pads affixed to the specimen
holders. Any excess sample material was gently removed by
applying pressurised air blown directly above the specimen
holders. A 5 nm layer of platinum was sputtered onto the sulfur
sample prior to measurement.

MP-AES

Microwave-assisted atomic emission spectroscopy (MP-AES)
was used to determine the concentrations of impurities in the
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transported products with an MP-AES 4210 instrument from
Agilent Technologies. Solutions of the samples with concentra-
tions of 100 mg L™ were prepared in HNO; (¢ ~ 1%). The
respective elements to be analyzed were added in different
concentrations, ranging from 0.05 mg L' to 10 mg L' for
a standard addition, to avoid an influence of the matrix on
the measurement. Standard solutions (concentration of
1000 mg L%, Supelco®™) of Cd(NO;),, Zn(NO;),, Cu(NO;), and
SnCl, were purchased from Sigma Aldrich. The wavelengths
considered were 228.802 and 326.106 for Cd, 213.857 nm and
481.053 nm for Zn, 303.412 nm and 317.505 nm for Sn and
324.754 nm and 327.395 nm for Cu.
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