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Time, temperature and concentration resolved Yb>" luminescence study in
co-sputtered Cuy.xGayS> (0.1 < x < 1.6) thin films with a Cu-Ga
composition gradient

Max Derksen , Sem Bergkamp, Olivia Kohnstamm , Erik van der Kolk

Delft University of Technology, Netherlands

ARTICLE INFO ABSTRACT

The broad class of Cu(AlL,Ga,In) (S,Se,Te), solar absorber materials when doped with Yb3* are interesting for thin
film based luminescent solar concentrator (LSC’s) application. In this work the strong and broad absorption
properties of co-sputtered CuGaS; (CGS) thin films combined with the luminescent properties of Yb are reported.
Energy-dispersive x-ray spectroscopy (EDS), x-ray diffraction, transmission, excitation, and temperature
dependent emission as well as radiative lifetime measurements are performed on thin films with varying Cu:Ga
ratios and Yb®" concentrations. It is found that Yb>* emission can be broadly sensitized by the host in the range
of 200-600 nm. A lower Cu:Ga ratio, crystallinity and post annealing in air provides a positive impact on the
sensitization of Yb>* emission. The temperature dependent time integrated decay curves show a clear thermal
energy barrier of about 0.2 eV. Because the exponential tail, with a lifetime of 110 ps, is constant with tem-
perature, we conclude that the barrier is connected to the thermal release of electrons trapped at the Yb?* ground
state. The low energy transfer efficiency from the host to the Yb dopant is attributed to efficient non-radiative
electron-hole pair recombination. The prospects and design criteria of Cu(Al,Ga,In) (S,Se,Te), solar absorber
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materials for LSC applications is the further subject of the discussion.

1. Introduction
1.1. CIGS and LSCs

Copper Gallium/Indium Selenide/Sulfide (CIGS) type thin film solar
cells gained significant interest since their debut in 1976 [1]. The
versatility, strong absorption coefficient and lower manufacturing cost
compared to traditional Si solar cells was the driving force behind their
continued development. From the inception of the CIGS to now, the
energy conversion efficiencies improved from a meager 4.5 % to an
impressive 22.3 % [1,2]. Despite this significant improvement, the thin
film based solar cells (including CIGS, CdTe and amorphous Si-based)
market share has been steadily decreasing from 17 % in 2009 to 7-8%
in 2014. Several factors contribute to this decline including the reduced
cost in conventional crystalline Si solar cells, the reluctance to work with
known toxic elements such as Cd and relatively scarce metals such as In
[3].

Luminescent solar concentrators (LSCs) share a similar story to that

* Corresponding author.

of the CIGS solar cells. First conceptualized in the same year as the CIGS
thin film solar cell and vastly improved power conversion efficiencies
over the years [4,5]. The basic operating principle of an LSC is to absorb
incoming sunlight using a sheet of glass or polymer doped with lumi-
nescent centers. The absorbed sunlight is re-emitted at longer wave-
lengths by the luminescent centers and is wave-guided to the edges by
the glass/polymer. Solar cells installed at the edge of the wave-guide can
harvest and convert the emitted energy to useable electricity, thereby
creating an electricity generating window. Similarly to the CIGS thin
films solar cells, LSC’s can also be made as a thin film and share similar
benefits to CIGS. Rapid implementation, up-scalable and lower
manufacturing costs.

A key challenge for thin film based LSC’s is the limited thickness
available for absorption. What’s more is that in order to achieve
appreciable power conversion efficiencies of more than 1 % requires
absorption of both UV and the visible part of the spectrum [6]. This leads
to other challenges such as unwanted colorization of the window. To
mitigate the unwanted colorization of a window requires that the thin
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film absorbs across the entire visible spectrum. Luminescent centers
such as the trivalent rare-earths Nd** and Yb®* have narrow and weak
absorption properties due to their forbidden 4f-4f transitions and are
therefore unsuitable for LSC applications without a sensitizer. The
selenide based CIGS however, with its broad and narrow-bandgap
transition (absorption <800 nm) and high absorption coefficient (>1 *
10° cm™Y), is able to absorb nearly all of the UV and visible part of the
solar spectrum in just 1 pm [7]. The absorption properties of the CIGS
type thin film material, combined with the luminescent properties of
trivalent rare-earths would make an ideal candidate for a thin film LSC.
The requirement is that the CIGS host can efficiently sensitize the
trivalent rare-earth. Numerous work has been done on semiconductor
quantum dots doped with trivalent lanthanides (Ln3%) [8-10]. To our
knowledge, no work has been done on doping Ln>" in CIGS type hosts in
thin films for LSC applications. In this work we hypothesize an energy
transfer mechanism between the CIGS host and Ln®" doping and discuss
its validity through experimental photoluminescence results on sput-
tered CuGaS»:Yb>+ thin films.

1.2. Energy transfer mechanism

Two well-known energy transfer mechanisms are presented by
Forster (dipole-dipole interaction) and Dexter (exchange interaction)
[11,12]. Both of these interactions are strongly dependent on spectral
overlap between a sensitizer and activator. Mukherjee et al. provide an
elaborate discussion on why these two mechanisms are likely to be
negligible for the sensitization of Tb®* and Eu®* in ZnS nanoparticles
[13]. Instead, they describe a mechanism that involves the Ln3*t acting
as either an electron or hole trap followed by a recombination event at
the lanthanide site leaving the Ln>* in an excited state.

The charge trapping mediated Ln>* emission sensitization mechanism, as
they call it [14,15], can be modelled using the vacuum referred binding
energy (VRBE) diagrams developed by P. Dorenbos [16-21]. These di-
agrams relate position of the valence and conduction band of the host to
the ground and excited states of all divalent and trivalent lanthanides
and thereby possibilities for electron and hole trapping. In Fig. 1 such a

Energy

(1)

T

Fig. 1. A vacuum referred binding energy (VRBE) scheme along with config-
urational coordinate parabolas showing the proposed energy transfer mecha-
nism. (1) generation of electron hole pair after photon absorption. (2b, 3b)
electron or hole trapped by impurity-trapped state or charge transfer state
respectively. (2c, 3c) electron or hole recombines with hole or electron
respectively and leaves Ln>* in the excited state.
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diagram is presented to visualize the charge trapping mediated Ln>*
emission sensitization mechanism. The steps of the sensitization mech-
anism are described by the arrows and their corresponding equations
listed below. Fig. 1 serves as a conceptual diagram and therefore does
not provide absolute energy values. More examples of such a diagram of
ZnX and CdX (X = S, Se, Te), but with absolute energy values, can be
found in the work by Mukherjee et al. [13] First an electron-hole pair is
generated after the absorption of a photon with enough energy to cross
the band-gap as shown by arrow 1, Fig. 1. If the Ln®* dopant ground
state lies above the hosts valence band, then the dopant can act as a trap
for a hole.

In*" +h'— [Ln*" + k'] > Ln*", (2a)

where the notation [Ln3+ +h*] indicates a charge transfer (CT) state.
The possibility of hole trapping is however limited to the ions Ce>*, Pr3*
and Tb®". The other lanthanides have their ground state below the
valence band maximum. The coulomb interaction will localize an elec-
tron near the trapped hole and subsequent recombination can lead to
Ln®* in the excited state.

Ln* +e > Ln®*" (2b)

The alternative host-to-Ln>" ion energy transfer route is electron
trapping.

Ln*" +e > [Ln*" + e |-Ln** (3a)

Followed by hole trapping at the dopant site and again creation of
the excited Ln>"

Ln*" + h"— Ln*"" (3b)

For electron trapping to happen it requires that the Ln?* ground state
lies below the conduction band of the host which is most likely the case
for ions like Eu?*, Sm?", Yb?* and Tm?". It is a misconception that
excited 4f levels of Ln®* ions (given by a Dieke diagram) lying below the
conduction band can be electron traps. These excited states are electron
donor states, not acceptor states. Only by first trapping the hole, creating
Ln*t, will the Ln®* ground and excited states act as electron acceptor
states or electron traps.

It is generally more intuitive, due to common convention, to follow
the path of electrons than holes. In case of an electron trapping process
shown in on the left in Fig. 1 (2b and 2c¢), it is straightforward to visu-
alize an electron moving through the conduction band to the first
available energy level of Tb3" below the conduction band (Tb®* is
shown as an example). Note that the electron can only be trapped by
Tb*" which is formed after the hole has been trapped by the Tb>" ion.
When the electron recombines with the Tb** ion it leaves a Tb®" ion in
one of its excited states below the CB as indicated in Fig. 1 and equation
(2c). It is possible that the electron is first trapped in a 5d state of the
Ln* ion or in a so-called Ln-trapped exciton state or impurity-trapped
state [Ln*" +e”] that can be visualized by the shifted parabola
labelled ITS (shown by 2b, Fig. 1).

However, when an electron is trapped first by a Ln>* ion, thereby
creating Ln2", it is difficult to visualize how one ends up with Ln>" in the
excited state after the hole recombines with Ln®". P. Dorenbos provided
a useful insight in 2018 through what he calls the ‘hole picture’ [22].
The hole picture provides a convenient way to follow the path of the hole
and is sometimes used in semiconductor physics [23]. In a typical energy
diagram, like Fig. 1, the electron moves up as it gains energy and moves
down as it relaxes. Contrarily, holes move up as they relax and down as
they are excited. The excited Ln®*' states can be visualized by flipping
the Dieke diagram upside down and placed with the Ln®" ground state at
the Ln?* ground state. Traditional configurational coordinate diagrams
can again be used to represent the well-known charge transfer (CT)
states (like that for Eu>* or Yb®") in which a hole is trapped at the anion
states coordinating the Ln?* ion. Taken together we have a clearer
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picture of the sensitization of a Yb>* ions mediated by a charge trapping
mechanism. After Yb?' is formed there is a CT state available for the
hole to relax to, situated above the valence band (shown by 3b). From
this CT state it can relax further to the excited Yb®" state (3c). Yb, the
subject of this paper, is used as an example of this mechanism. A similar
process would be true for Eu.

The efficiency of the sensitization of the Ln" through this mecha-
nism will be dependent on various parameters. First of all the electron
and hole must have ample time to be trapped by the dopant. Therefore,
the lifetime and mobility of the exciton must be sufficient to sensitize the
Ln®* dopant. What’s more, considering the Yb®* case, the Yb®* ground
state must not be situated too close to the conduction band as ionization
can then be thermally activated where the electron escapes through the
conduction band. Another quenching route can happen when the hole in
the CTS can relax directly to the ground state, rather than to the excited
state. Taken together, the position of the valence and conduction band
relative to the Ln* dopant, the position of the CTS, and the intrinsic
exciton properties of the host material are key parameters for the effi-
ciency of the energy transfer in this mechanism.

It has been shown that these parameters can be tuned in CuGaS; by
varying the Cu:Ga content [24]. Combinatorial sputtering allows to
create thin films with a compositional gradient. With this method a
CuGaS, thin film doped with Yb®" can be created that has a varying Cu:
Ga ratio as a function of position on the film. Therefore, in the first part
of this work a photoluminescence study on a composition gradient
CuGaS,:Yb®" thin film with varying a Cu:Ga content and Yb concen-
tration is presented. The second part is a more detailed study, including
x-ray diffraction, excitation spectra and temperature and time depen-
dent luminescence is presented comparing three homogenous thin films
with a Cu:Ga ratio of 0.95:1, 0.79:1 and 0.68:1. Finally a copy of the
most efficient sample is post annealed in air and reinvestigated. More
details on the synthesis of these films can be found in the experimental
details section.

2. Experimental details
2.1. Fabrication of thin films

A total of 4 samples were deposited on a 50x50 x 1 mm® fused silica
substrate using an AJA ATC Orion 5 magnetron sputtering system.
Sputtering was done in an argon atmosphere from three targets: CuGaS,
(99.99 %), Cu (99.9 %), Yb (99.99 %) (Demaco). It was found that
sputtering from a single CuGaS; target resulted in a significant deviation
from a 1:1 Cw:Ga ratio. Therefore, a Cu target was co-sputtered to
compensate. It should be noted that others have done a study on the
sputtering of Cu(InGa)Se; from a single target [25], however that is not
the subject of this paper. The Cu target is connected to a pulsed direct
current (DC) power supply, whilst the CuGaS; and Yb targets are con-
nected to radio-frequency (RF) power supplies. Prior to deposition the
sputter chamber is evacuated to a base pressure in the order of 0.1 mPa.
The working pressure during sputtering is 0.4 Pa with an argon gas flow
of 15 sccm. Sputtering parameters used per sample can be seen in
Table 1. The final three samples, S2, S3 and S4 were sputtered using a
fresh CuGaS, target. For this reason, there is a significant power dif-
ference on the CuGaS; targets between S1 and the others as the depo-
sition rate was different for the two targets. The working distance
between target and substrate is 10 cm. The three targets are at right

Table 1
Sputter deposition conditions of the samples.

D Gradient CuGaS,/Cu/Yb Power (W) Deposition Time (s)
S1 Yes 110/30/15 10000

S2 No 180/40/15 7500

S3 No 180/20/15 8500

S4 No 180/0/10 11500
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angles from one another, where each target is aligned so that the highest
deposition rate is the located at edge of the substrate, in a sputter up
configuration. In order to achieve doping concentrations (1 %) of Yb a
mask with holes is installed above the target to reduce deposition rates
by roughly 90 %. Similarly for Cu a mask was installed to reduce the
deposition rate by roughly 60 %. The substrate is heated at 250 °C
during deposition. For S1 the substrate is not rotated to obtain a
compositional gradient. The orientation of the film and the composi-
tional gradient can be seen in Fig. 2b. The other films, S2, S3 and S4, are
homogenous obtained by rotating the target with different Cu:Ga ratios
obtained by having the Cu target at different powers. A schematic of the
sputter coater can be seen in Fig. 2a. After deposition, each sample was
post annealed in vacuum at 350 °C, according to an optimization study
done by another group [26]. In an attempt to optimize the Yb%' in-
tensity, one of the four pieces of the most emitting sample, S4, was post
annealed in air for half an hour at 400°.

2.2. Characterization of thin films

Energy-dispersive X-ray spectroscopy (EDS/EDX) measurements
were done for 60 s using the JEOL JSM-IT100 EDX/SEM electron mi-
croscope at x 1000 magnification with an acceleration voltage of 12 kV,
probe current of 60 % and in a low vacuum pressure of 35 Pa. For the
homogenous films a total of 5 measurements were done on various po-
sitions on the film.

X-ray diffraction (XRD) measurements were performed with a fixed
slit width of 2 cm for half an hour using the PANalytical X’pert Pro MPD
diffractometer. The equipment consists of a Cu Ka (1.54056 A) anode
which is operating at 45 kV and 40 mA.

Photoluminescence emission, excitation and lifetime measurements
were done with an optical parametric oscillator OPO EKSPLA/NT230
laser as excitation source with a pulse duration of 3-6 ns FWHM. Exci-
tation wavelength is tunable between 193 and 2600 nm. A beam splitter
is used to re-direct part of the laser to the sample, whilst the transmitted
part is read out by Thorlabs thermal power meter to correct for the
power of the laser in excitation measurement mode. Appropriate cut-off
filters were used to remove the laser observed in second order from
emission measurements. Luminescence is collected by an optical fiber
connected to an Ocean Optics QE Pro (350-1100 nm) spectrometer for
emission/excitation measurements. For lifetime measurements the op-
tical fiber is connected to a Hamamatsu H10330A-75 (950-1700
sensitivity) photomultiplier tube both operating at 800V which is sub-
sequently read out by a CAEN DT5724 digitizer after a trigger pulse from
the EKSPLA laser. Transmission measurements were performed using an
Avantes DH-S lamp which is a combination of a deuterium and a halogen
lamp. The light is transported by an optical fiber and collimated to a spot
(2 mm diameter) and subsequently collected by a focusing mirror and
then transported through another optical fiber connected to and read
out by the Ocean Optics QE65 Pro (230-900 nm).

All measurements on the gradient film were performed by placing

b &
CuGas;

Fig. 2. a: Schematic of the sputter coater with the orientation of each source. b:
schematic of the gradient film (film side on top) where the colours represent a
concentration gradient of the corresponding target.
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the sample on two translation stages at right angles with precise position
read-out in order to analyze the sample on a 17x17 grid. EDS mea-
surements for the gradient film are made along a vertical line with
varying Cu:Ga ratios or a horizontal line for constant Cu:Ga ratios, but
varying Yb concentration. This allows to correlate the compositions of
the film directly to the film material properties. Further details on this
method can be found in previous work [27].

Lastly, quantum efficiency measurements presented in this work is
found using an integrating sphere with two optical fiber connectors, an
LED at 375 nm with a full width at half maxima of 25 nm and the Ocean
Optics QE Pro (350-1100 nm) spectrometer. A couple of optical fibres
are used to couple the LED light into the integrating sphere whilst
another is connected to the spectrometer. First a measurement is done
with a substrate inside the integrating sphere. Then a measurement is
taken with a substrate that has a thin film deposited. The difference in
the LED intensity between the two measurements is taken as the ab-
sorption, whilst the difference in Yb3* emission (around 970 nm) is used
as the emission intensity. Emission counts divided by absorption counts
is used to estimate the quantum efficiency of the sample.

3. Results & discussion
3.1. Gradient thin films

An image of the S1 film is shown in Fig. 3. The orientation of the film
is the same as depicted in Fig. 2b. The color of the film changes from a
dark brown to a light yellow from the bottom (Cu rich) to the top (Cu
poor). EDS measurements along the center vertical, indicated by circular
white markers in Fig. 3, show that the Cu/Ga ratio ranges from 1.91 to
0.40 from bottom to top. The S/(Cu + Ga) ratio changes along this
vertical between 0.84 and 1.10. The EDS and other results are summa-
rized in Table 2. In Fig. 4b, XRD measurements done on Y = 5, 25 and 45
mm are presented and show that only the CuGaS; phase is present
(JCPDS#25-0279). The Yb content ranged between 0.33 and 0.75 %

Fig. 3. Photograph of S1 with white circular markers to indicate where EDS
measurements were done which are presented in Table 2. Transmission, XRD
and (time-resolved) emission measurements (presented in Fig. 4a-b, 6 and 7)
were recorded at the colored markers. The three white dashed lines indicate the
position on the film where the Cu:Ga ratio represents that of the three ho-
mogenous films presented later.
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with an average of 0.53 %. There was no clear gradient of the Yb content
along the vertical like for the Cu/Ga and S/(Cu + Ga) ratios, which is to
be expected as the Yb source is at a right angle of the vertical. The Yb
content is expressed as the percentage of all cations (Yb, Cu and Ga).

In Fig. 4 the position dependent transmission and XRD measure-
ments taken at the colored markers in Fig. 3 are presented. As the photo
in Fig. 3 suggests, the absorption edge is blue shifted towards the top of
the sample (Cu poor and S rich). A thin film interference pattern is
observed at longer wavelengths (>600 nm). Fitting the interference
fringes with the Swanepoel method allows to estimate the film thickness
and refractive index (defined at 589 nm) [28]. However, towards the
bottom of the film (Y = 5 mm) the thin film interference is not observed,
which does not allow for proper fitting of the fringes. The thickness
increased from 630 nm to 950 nm and the refractive index decreased
from 2.52 to 2.30 going from Y = 17 mm to Y = 45 mm. All fits had an
R-square value higher than 0.99. The increase in thickness towards the
top is expected due to the higher deposition rate of the CuGaS, target at
the top. The absorption edge shift can be attributed to the widening of
the CuGaS; bandgap due to a deficiency in Cu, which is thought to be
caused by a lowering of the valence band according to a previous study
[24]. The XRD measurements shown in Fig. 4b are taken at positions Y
= 5, 25 and 45 mm and are plotted on a logarithmic scale. All mea-
surements have a broad peak at 22° originating from the amorphous
fused silica substrate. A single common peak is observed at 28° related to
the CuGaS; crystal structure. The peak decreases in intensity towards
the top of the film, where the film becomes more deficient in Cu.
Typically XRD of CuGaS; has 7 peaks between 20 and 60°, with the main
peaks at 28, 48 and 57° (JCPDS#25-0279). However, thin films can be
textured, which is a result of a preferred crystallite growth orientation
during deposition. The bottom of the film (Y = 5 mm, in yellow) has a
second observed peak at 48° also related to the CuGaS; structure. Other
phases such as Cu, CuS, CuS2, CuO, Cuy0 or GayS3 where not observed.
The gradient film can best be interpreted as an amorphous defect rich
CuxGayS, film with a varying fraction of CuGasS; crystallites.

The transmission measurements presented in Fig. 4, along with the
retrieved thickness using the Swanepoel method, can be used to estimate
a band-gap value of our thin film using the Tauc method [29]. To apply
the Tauc method a direct band-gap is assumed throughout the thin film.
In Fig. 5 the absorption coefficient, a (cm™1), is plotted against photon
energy (eV) at the same positions as shown by the corresponding colored
markers in Fig. 3. As per the Tauc method, the first linear region is
extrapolated to intersect with the x-axis (shown by the dotted line). The
value of the intersect is an estimation of the local band-gap of the ma-
terial. The position-dependent band-gap values are summarized in
Table 2. Similar difficulties as with the Swanepoel method prevent a
band-gap estimation on the bottom side of the film.

The Yb®* emission intensity (Aexe = 375 nm) has also been measured
at the same points as the transmission measurements, shown in Fig. 6.
The well-known 2F5/2 -> 2F7/2 4f-4f transition maximum of Yb%" is
observed at 980 nm. The inset of Fig. 6 shows heat map of the Yb%*
intensity across the entire film. The Yb®! intensity heat map has a
similar shape as that of the photo in Fig. 3. Comparing Figs. 5 and 6 it is
clear that an increase in the band gap results in an increase of the Yb*
intensity. Close to no emission is observed at the bottom of the film,
which is likely due to the low transmission at 980 nm of the film (0.2) as
shown in Fig. 4a.

Lastly, the time-resolved intensity of Yb3* (Mexec = 375, hexm = 980
nm) was measured at the same positions as the transmission and emis-
sion measurements and are presented in Fig. 7. The decay of the °Fsy
state of Yb®" is not mono-exponential. The lifetime is, therefore,
calculated as a mean lifetime 7, which is defined as:



M. Derksen et al. Optical Materials 157 (2024) 116220

Table 2
Position dependent composition, refractive index (n), thickness (d), band-gap (Epg), intensity (I) and mean lifetime Tpeqn of S1. Measurements are done at white
circular markers shown in Fig. 3. Homogenous samples S2, S3 and S4 presented later have a similar Cu/Ga value at Y = 17, 21 and 25 mm respectively.

y (mm) Cu/Ga S/(Cu + Ga) Yb (%) n d (nm) Epg (eV) 1 (arb. units) Tmean (1)
45 (top) 0.40 1.10 0.6 2.32 940 2.42 0.95 44
41 0.41 1.09 0.4 2.35 890 2.37 1 38
37 0.47 1.08 0.5 2.36 840 2.32 0.85 34
33 0.50 1.08 0.5 2.38 790 2.28 0.68 31
29 0.58 1.07 0.7 2.40 750 2.20 0.57 26
25 (S4) 0.68 1.01 0.7 2.45 690 2.14 0.41 24
21 (S3) 0.81 0.98 0.8 2.53 650 2.09 0.3 20
17 (S2) 0.95 0.93 0.7 2.52 630 2.05 0.08 12
13 1.18 0.90 0.5 - - - 0.03 6
9 1.47 0.87 0.6 - - - 0.02 3
5 (bottom) 1.91 0.84 0.6 - - - 0.004 1

a ! b 1.2 i
0.8 §
S _ 1 .
‘B = A
$ 0.6 = = 0.5
E & =
17 het S 0.8 1
S04 £ .
i !
- S 0.6
0.2 -— U, 1
~ 50
e’
0 Sr ]
400 600 800 1000 20 40 60 ] 0.4
Wavelength (nm) 2Theta (deg) o
Fig. 4. Transmission spectra (a) and XRD diffractograms (b) of S1 taken at 5 (a) O 2 1
or 3 (b) positions on the film indicated by the colored markers shown in Fig. 3.
e

9 950 1000 1050 1100
x10
4 Wavelength (nm)

Fig. 6. Emission spectra (Aexc = 375 nm) of S1 taken at the same position as the
transmission measurements (Fig. 4) indicated by the corresponding colored
markers shown in Fig. 3. The inset shows a heat map of the integrated intensity
of the 980 nm Yb>* emission taken at 17x17 positions and interpolated across

the film.
N / t*I,(t)dt
Ty = 4

7It(t)dt

where t is time after excitation (at t = 0) and I;(t) is the time-resolved

luminescence intensity. The mean lifetime follows a trend similar to

the intensity, where the mean lifetime increases from 2 to 37 ps from the

bottom to the top of the film. The multi-exponential behavior of the

3 Yb%* decay suggests that a large fraction of the Yb®" ions reside in the

amorphous part of our samples causing a wide range of Yb>* ions close

E (eV) to or part of a defect, each with its own non-radiative rate. As will be

discussed later in more detail (Fig. 12), it appears that the intrinsic and

Fig. 5. Tauc plots of S1 at 4 positions on the film indicated by the colored defect free decay time of Yb3* in CuGa$; is 110 ps as shown by an
markers shown in Fig. 3. exponential tail of the decay common to multiple samples.

The position dependent EDS, transmission, emission and lifetime
measurements of S1 demonstrate a trend that Yb* finds a more suitable
site in Cu-poor CuGaS; films. This is similar to the observed improved
CulnGaSe; solar cell performance in Cu-poor films. The chief reason for
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Fig. 7. Time resolved intensity measurements, normalized at t = 0, monitoring
980 nm of S1 taken at 4 positions on the film indicated by the corresponding
colored markers in Fig. 3.

improved solar cell efficiency in Cu-poor CulnGaSe; lies in the sup-
pression of recombination events of the electron-hole pair for two rea-
sons. First, Cu vacancies provide improved hole (the majority charge
carrier in CIGS) conductance and second, the valence band maximum is
shifted to lower energies [30,31]. These reasons can also play a role for
the improved Yb®* intensity as they increase the lifetime and mobility of
holes is beneficial for the energy transfer to Yb>* while a lower valence
band makes excited Yb>* ions less prone to thermal quenching through
the CTS. The role of the VB will be discussed in more detail in relation
with the temperature dependent decay measurements. This quenching
route becomes less efficient when the valence band is shifted downwards
[32]. The data presented above including the composition, refractive
index, thickness and estimated band-gap of the film and the intensity
and mean decay time of Yb>* along the center vertical are summarized
in Table 2.

The position dependent intensity measurements presented in Fig. 6
show that the intensity does not vary significantly across (from left to
right) the film. Along the x-direction of the film the Cu, Ga and S content
are constant whereas the Yb content varies continuously due to the
geometry of the sputter coater as can be seen by the black square
markers in Fig. 8. At Y = 17 mm the average Cu:Ga and S:(Cu + Ga)
ratios were 0.94:1 and 0.92:1 with a standard deviation of 0.02 and 0.01
respectively. The Yb content decreases linearly from 1.3 to 0.4 % going
from the left side to the right side of the sample.

The Yb®* time-resolved intensity was measured (Aexc = 375, Aexm =
980 nm) along the same line as the EDS measurements. The mean life-
time of Yb®>" was found to vary between 5.6 and 9.0 pis, with an average
of 7.6 ps and a standard deviation of 1.1 ps. The mean lifetime versus X
position is shown along the Yb content vs X in Fig. 8. Unlike the Yb
content, no trend was observed in the mean lifetime as a function of X
position along the Y = 17 mm horizontal. The lack of correlation be-
tween the Yb content and mean lifetime indicate that concentration
quenching effects play an insignificant role at this range of Yb concen-
tration (0.4-1.3 %, Fig. 8).

In this section we have presented and discussed the nature of Y
luminescence in a gradient CuGaS; film. It is clear that a wider band-
gap, Cu-deficient CuGaS, film is beneficial for the Yb>' efficiency.
However, the exact reason for this is still unclear. Temperature

b3+
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dependent photoluminescence measurements can provide useful data to
deepen the understanding of the energy transfer mechanism. To conduct
such measurements, it is not feasible to do so on gradient thin films due
to experimental limitations. In the next section a comparison is made
between four homogenous CuGaS,:Yb films with different Cu:Ga ratios,
but a similar thickness and S and Yb content. Temperature dependent
lifetime and emission intensity measurements and a low temperature
excitation measurement are presented to investigate any thermally
activated quenching routes present. Finally, a quantum efficiency
measurement at room temperature gives an indication on the energy
transfer efficiency of the mechanism presented.

3.2. Homogenous thin films

Four homogenous films, S2, S3, S4 and S4-PA are presented in Fig. 9.
The S4-PA sample is a part of the S4 sample which was post annealed
(PA) in air for 30 min at 400 °C. EDS measurements are presented in
Table 3. The Cu:Ga ratio is 0.95:1, 0.83:1, 0.74:1 and 0.75:1 for S2, S3,
S4 and S4-PA respectively. The Yb cation content is approximately 0.3 %
for all four samples. The O content in S2, S3 and S4 is around 3.5 %.
However, it cannot be excluded that some oxygen EDX signal originated
from the substrate. Upon annealing we see that S4-PA has an O content
of 14.2 %, while de S content has decreased by roughly the same value,
indicating that roughly 20 % of our S is replaced by O after annealing.

Transmission measurements, shown in Fig. 10a, were once again
fitted using the Swanepoel method to retrieve the thickness and
refractive index. The thickness is found to be 830, 890, 1060 and 1060
nm and the refractive index 2.51, 2.45, 2.40 and 2.38 for S2, S3, S4 and
S4-PA respectively. The values for the refractive index follow the same
trend as the gradient film, namely a lower Cu:Ga ratio leads to a smaller

S4-PA

Fig. 9. Photo of the four homogenous samples.
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Table 3
Composition of samples S2, S3, S4 and S4-PA given in atomic percentages.
Cu (%) Ga (%) S (%) O (%) Yb (%)
S2 23.6 24.4 48.8 3.0 0.2
S3 22.3 26.9 46.7 4.0 0.1
S4 21.0 28.5 46.7 3.7 0.1
S4-PA 20.6 27.5 37.6 14.2 0.1
a L b
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Fig. 10. Transmission (a) and XRD (b) measurements of S2, S3, S4 and S4 — PA.

refractive index. The annealing of S4 in oxygen resulted in a slightly
lower refractive index as some sulphur is replaced by oxygen. For
samples S2 and S3 we note that the maxima of the interference fringes
decreases at longer wavelengths, whereas for S4 and S4-PA this is not the
case. The key interest for this work is the slight shifting of the absorption
edge between the four samples and how this affects the Yb>" lumines-
cence. It can be concluded that the properties of the homogeneous films
are largely identical to the indicated locations at the gradient film as
intended.

XRD measurements showed characteristic CuGaS, peaks. Results are
shown in Fig. 10b. Once again a single peak is observed at 28°, like in the
gradient film. We note that the Cu-rich film, S2, has a second peak at 48°
which is not present in the other measurements, despite S4 and S4-PA
having a higher peak intensity at 28°. This can be due to S2 being less
textured and having more random orientations, rather than one single
orientation. Similar to the gradient films, other phases such as Cu, CuS,
CuSs, CuO, Cuy0 or GayS3 were not observed. The post annealing of S4
did not significantly improve the crystallinity in terms of observed in-
tensity. There is a slight shift in the peak of 0.1° to the right, likely due to
the incorporation of the smaller O ion in the lattice. Previous work has
shown a CuO phase developing after post annealing CuGaS, thin films
for 2h at 400 °C [33]. We do not find such a phase present in our sample.

Emission (Aexe = 375 nm) of the four samples is shown in Fig. 11. We
can see that luminescence intensity is increased substantially from S2 to
S4 — PA. Between S2 and S4 the intensity is improved by roughly 25
times. We do not observe this significant increase in intensity within the
gradient film (between Y = 17 and 25 mm). After post annealing S4, the
intensity is further increased by factor a of 15. These results show that
Yb3* luminescence is strongly affected by the Cu:Ga ratio and the
incorporation of O. A shift of the peak intensity of Yb>" between S3 and
S4 of about 1.5 nm is observed, indicating that the site at which Yb>" is
located is affected by the Cu:Ga ratio.

Temperature dependent lifetime measurements at (Aexe = 375, Aexm
= 980 nm) are shown in Fig. 12a—d. The same intensity- and time scale
are chosen on the axis to be able to compare the shape of the decay
curves between the samples. The same number of laser pulses were used
at each temperature and the decay curves are plotted as measured and
not normalized to unity. The intensity differences at t = O between
samples is cause mainly by alignment differences between laser, sample
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Fig. 11. Emission intensity of Yb3* (Aexe = 375) of S2, S3, S4 and S4 — PA at
room temperature.

and detector. That is why S2 show a relatively poor intensity. For
comparing intensities between samples Fig. 11 should be used. The tail
of the emission for S3, S4 and S4-PA can reasonably well be approxi-
mated with a single exponential with a decay time of 110 ps, as shown by
the dashed black lines, that does not change with temperature. Yb*
lifetime in sulfides ranges between 1.2 ns up to 400 ps in MoS,:Yb3* and
PbIn,S4:Yb>+ respectively [34,35]. While in CdSe:Yb3+ quantum dots
exhibit a Yb>* lifetime up to 160 ps [10]. The observed lifetime of 110 ps
in our CuGaS,:Yb®" thin film fits within this range, though relatively
short. No literature data is found on Yb>" lifetime in materials with a
chalcopyrite structure. The variation in Yb>* lifetime in chalcogenides is
influenced by composition, crystallinity and structure and therefore a
comparison of Yb3* lifetime is difficult to do between compounds. The
lowering of the integrated intensity towards higher temperature is due
to an increasingly larger contribution of a fast non-exponential
component. Although our samples show a complex non-exponential
behavior, it is possible to derive a number of conclusions from a quali-
tative analysis. For this we discriminate between two different situa-
tions: the first is a classical situation in which the decay curves become
steeper toward higher temperature due to a temperature dependent
quenching of excited Yb>* ions. In such a situation decay curves have a
constant intensity at t = 0. In a second situation, excited Yb>* ions have
no temperature-dependent quenching but rather a temperature depen-
dent host-to-Yb®" energy transfer. In that case decay curves have a
constant slope but the intensity at t = 0 decreases towards higher tem-
perature. In both cases an energy barrier AE controls the temperature
dependence. The constant slope of the decay tails of all our samples
suggest the second situation is predominantly active. As indicated by the
two parallel dashed lines in each graph for S3, S4 and S4-PA, the slope of
the tail of the decay curves does not change significantly with temper-
ature and remains about 110 ps for the three samples. This decay time is
therefore interpreted as the intrinsic decay time of Yb>" in this sulfide
host without any defects.

No exciton emission from the host is observed at 77 K, unlike other
reports in CuGaS; crystals [36]. The lack of exciton emission suggests
that there is an efficient and fast non-radiative recombination of the hole
and electron after excitation. A low lifetime of electron-hole pairs would
be detrimental to the energy transfer mechanism.

We also note the presence of slower decaying Yb" ions present in the
S4-PA sample. Temperatures below room temperature show a clear slow
decaying component with a lifetime of approximately 1.4 ms, indicated
again by a dashed black line shown in Fig. 13. This decay time is similar



M. Derksen et al.

a ' | b
—_ S2 | —~
£ 102} 2 102
c [
= =
¥ g
& ‘ &
2 100t > 100
g 10 Q 10
o 2
£ £
2
10
0 100 200 300
Time (us)
c ' ' d
= c
jann =
= 8
(3] [
2 10° 2 10°
2 2
o e
£ £
102 102"
0 100 200 300
Time (us)

Optical Materials 157 (2024) 116220

— 77K
— 100K
— 125K
— 150K
— 175K
— 200K
— 225K
—— 250k
275K
300K
325K
350K
375K
400K
425K
— 450K
——— 475K
— 500K
— 525K
— 550K

0 100 200
Time (us)

0 100
Time (us)

200 300

Fig. 12. Temperature dependent (77-550 K) time resolved Yb3" emission (hexe = 375, Aexm = 980 nm) of S2, S3, S4 and S4-PA shown in (a), (b), (c) and (d)
respectively. The arrow in (a) is shown to indicate increasing temperature and has been omitted in (b), (c), and (d) for clarity. The tail of the emission is fitted with a
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Fig. 13. Temperature dependent time resolved intensity of Yb® (Aeye = 375,
Aexm = 980 nm) in S4-PA. The tail of the emission at 125 K is fitted with a single
exponential indicated by the black dashed line.

to Yb>* ions found in oxide materials [37]. The significantly longer
lasting decay component does not explain the higher emission intensity
of S4-PA as the intensity has already dropped by two orders of magni-
tude by the time the slow component becomes visible, thereby not
contributing significantly towards the overall emission intensity. Rather
the annealing is likely to improve the energy transfer efficiency by
reducing defects in the host material and with that increase the emission

intensity.

The temperature dependent intensity of Yb®* for S2, $3, S4 and S4-
PA is found by integrating the time-resolved emission intensity in
Fig. 12. To find an activation energy related to the observed thermal
quenching, an Arrhenius plot is made. The Arrhenius equation is defined
as follows:

Ip

=T AE
1+ A*e kT

Iy 5)

Where A is a pre-exponential factor, AE is the activation energy, k the
Boltzmann constant, T the temperature and I the intensity at T = 77 K.
Based on this equation one can plot In(Iy/It - 1) vs 1/kT and obtain a
linear relationship where the slope is equal to the activation energy. Two
such plots, with linear fits, for S2 and S4-PA are shown in Fig. 14, the
others are omitted for clarity. The activation energies for S2, S3, S4 and
S4-PA are found to be 0.15, 0.22, 0.20 and 0.28 eV respectively. As
mentioned before, the temperature quenching appears to be due to a
reduction in the number of Yb®* ions that get excited after transfer from
the host lattice. In the proposed energy transfer mechanism, reviewed in
the introduction, the first step to excite Yb>* is by trapping the electron
in the Yb?" ground state. The de-trapping of the electron is thermally
activated and would result in less excited Yb>* ions and thereby a lower
intensity. The activation energy found using the Arrhenius plot therefore
represents the energy difference between the Yb?" ground state and the
bottom of the conduction band better known as the electron trap depth.
A more detailed analysis of especially the fast component is beyond the
scope of this work because the intensity at t = 0 is prone to experimental
error due to the limited temporal resolution (bin size) of 1 ns of our
measurements which determines the intensity at t = 0.

The Yb?* ground state generally resides at —3.5 eV on the vacuum
referred binding energy scale which suggests that the conduction band
lies around —3.3 eV which is very similar to previously measured values
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Fig. 14. Arrhenius plot showing the emission intensity plotted against 1/kT for
S2, S3, S4 and S4-PA. The black dashed line is a fit using the Arrhenius equa-
tion (5).

based on electrochemical techniques studies [38,39]. For LSC applica-
tion considerations, a larger trap depth would avoid significant thermal
quenching at room temperature. This could be the case for CuAlS; that is
known to have a higher energy CB. In our most efficient sample, S4-PA,
we find that at room temperature the intensity is lower by a factor of
0.56 compared to at 77K.

Lastly, we present the transmission, excitation and emission spectra
of our most optimal sample, S4 — PA, in a single plot (Fig. 15). It is ex-
pected that the excitation spectra consists of two main features. First is
the excitation through the proposed mechanism which involves the
creation of an electron-hole pair in the host (band-gap excitation) and
the other would be a direct excitation of Yb®* through a charge transfer
transition. The excitation spectrum we present has numerous features
which makes it difficult to interpret. We note a peak (split in two)
around 483 nm, or 2.57 eV. This peak corresponds to the start of the
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Fig. 15. Excitation and emission spectra (Aexe = 375, hexm = 980 nm) of S4 — PA
at 77K. Transmission measurement taken at room temperature.
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absorption edge shown by the transmission spectra indicating that this is
the band-gap. 2.57 eV is a slightly higher energy than the reported band-
gap of 2.43 eV for CuGaS; [40]. However a larger band-gap is expected
for S4-PA as it is deficient in Cu and post annealed in air. Using the 0.28
eV electron trap depth found earlier, we can estimate that the charge
transfer energy (i.e. the distance between the valence band and Yb%*
ground state) is 2.57-0.28 = 2.29 eV, or 541 nm. Again, due to the
numerous broad peaks present in the measurement it is unclear if we
truly observe the charge transfer transition. The quantum efficiency
(QE) of S4 — PA was found to be of the order of 0.01 % when excited by a
375 nm LED with a full width at half maxima of 25 nm. It was not
feasible to measure the QE of the other samples as they were simply too
dim.

Taking the activation energy, AE, found from the Arrhenius plot
along with the suggested band-gap, Egap, found from the excitation and
transmission measurements we can construct a VRBE scheme as shown
in Fig. 16. The route of the hole is depicted once again to show the
energy transfer mechanism as discussed in the introduction.

4. Conclusion

It has been shown, using a gradient sputtering method, that the
widening of the band-gap of CuGaS; towards a larger Cu-deficiency,
increases the Yb®' emission intensity by 25 fold. This was explained
by an more efficient hole transport (to Yb2+), a well-known effect in
CulnGaSe; solar cells [30]. Post-annealing in air did not increase the
crystallinity but resulted in a 15 times higher intensity most likely
related to incorporation of 15 % O ions.

The role played by oxygen needs to be investigated further. Tem-
perature dependent decay curves of Yb3* emission indicate a single
energy barrier varying between 0.15 and 0.28 eV depending on
composition, that is interpreted as the energy of the Yb?t ground state
below the conduction band. The thermal release of trapped electrons
causes the intensity at room temperature to be 0.56 times lower than
without thermal quenching at 77K. The unexpectedly low IQE of 0.01 %
must however be explained by a more severe quenching process
involving many non-radiative decay pathways of the generated electron-
hole pairs due to the non-stoichiometric defective amorphous nature of
the films. Just 1 in 10.000 electrons are trapped by Yb3*. It is concluded
that the energy transfer is due to electron trapping, followed by hole-
trapping. After hole trapping, excited Yb®' ions show no further
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quenching evidenced by a temperature independent decay tail of 110 ps.
Although the strong and UV-VIS absorber characteristics of CuGaS, are
favourable for LSC application, the poor energy transfer to Yb>' is
obviously not. The temperature dependent quenching at room temper-
ature can be mitigated by for example replacing Ga with Al, lifting the
CB [41]. It remains to be seen whether increasing the quality of the films
can lower the electron-hole non-radiative recombination sufficiently.
Overall, it can be concluded that the tune-ability of Cu(AlLGa,In) (S,Se,
Te), along with the gradient thin film approach allows for fascinating
research into the nature of the energy transfer mechanisms from the host
to lanthanide or transition metal ions.
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