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BP 70239, F-54506 Vandoeuvre-lès-Nancy, France
Damien Aureau
Institut Lavoisier de Versailles (ILV),
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Abstract
We report on the eﬃciency improvement of Cu(InGa)Se2 (CIGS) based solar cells obtained upon
coating the cell with a Yb-doped SnOx layer. This layer is deposited by reactive sputtering and
serves as a photon down-shifting converter. The direct excitation of the SnOx host matrix with
UV photons leads to a strong emission of near infrared photons from the Yb3+ ions suggesting
an eﬃcient energy transfer from SnOx to the Yb3+ ions. The deposition the Yb:SnOx ﬁlms at
higher temperatures results in an enhancement of the PL emission as well as in an improvement of
the transport properties. The optimized ﬁlms exhibit a transmittance around 80 % in the visible
region, a resistivity of 6×10−3 Ωcm and a mobility as high as 50.1 cm2 /Vs. Such SnOx layers
doped with 1.3 at. % of Yb were deposited at 100◦ C on conventional CIGS based solar cells to
replace the standard ZnO n-type conductive layer. The solar cells performances are noticeably
improved. This is witnessed by a net gain of 10% of the external quantum eﬃciency (EQE) at
360 nm. The short-circuit current (JSC ) increased by about 0.56 mA/cm2 while the ﬁll factor
reaches 64.4 %. As an overall result, the best solar cell exhibited a remarkable enhancement in
eﬃciency of about 0.6 %. This improvement of the photovoltaic eﬃciency by a simple substitution
of i-ZnO by Yb:SnOx for CIGS cells oﬀers possible application to other solar cells. These results
are encouraging towards enhancing the eﬃciency of solar cells at low cost which will contribute to
the large deployment of clean energy.
Keywords: CIGS solar cells, Yb-doped SnOx , down-shifting, energy transfer, sputtering, XPS
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I.

INTRODUCTION

One of the major issues governing the performances of solar cells is the mismatch between
the incident solar radiation spectrum and the absorption of the cell [1, 2]. Because of the
weak absorption coeﬃcient of most of the semiconductor absorbers in the UV region, the
energy supplied upon absorption of high-energy UV photons cannot be fully converted to
electricity and most of energy is lost as heat. This process gives raise to the so-called
thermalization losses. At the opposite side of the solar spectrum, infrared photons have
energies generally smaller than the band gap of conventional semiconductors (1.1 eV for
Si). The solar cell is almost transparent to these photons and additional energy is lost in
this way. In order to overcome these issues, two solutions are most frequently investigated.
The ﬁrst solution to limit the losses uses tandem (or multijunction) solar cells in which
up to four p-n junctions with diﬀerent bandgaps are stacked together in order to cover
eﬃciently the solar spectrum. Moreover, when used under concentrated light, such systems
may exceed a conversion eﬃciency of 45 % [3]. A second approach, much less expensive,
suggests the use of a photon conversion layer to improve light harvesting and therefore the cell
eﬃciency. Thermalization and transparency losses can be thus considerably reduced [4–7] as
the incident solar spectrum matches the absorption of the cell. Rare earths embedded into
selected hosts (most often oxides) are used for the diﬀerent photon management processes: i)
down-shifting (DS) or down-conversion (DC) when one high-energy UV photon is converted
into one or two low-energy near-infrared photons, and ii) up-conversion (UC) when two lowenergy IR photons are converted into one visible photon which can be further absorbed by
the solar cell [8–12]. Both conversion processes rely on the luminescence process. For this
reason, lanthanides showing intense emission lines due to the intra-4f transitions are ideal
dopants for photon management in the conversion layers.
To date, eﬃcient lanthanides-based sensitization has been supplied via host matrices [13–
19]. Among the host matrices, oxides are very promising not only for hosting lanthanides but
also for their easy integration into the solar cell devices. Due to their low phonon energy they
provide a very low rate of non-radiative recombination, promoting the photoluminescence
process. While numerous pioneering works have been published on spectral conversion using
rare earth doped ZnO and ITO oxide thin ﬁlms [20–32], SnO2 has been much less considered
as a potential alternative host material. Nevertheless, SnO2 has a gap of about 3.6 eV (bulk
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material), which oﬀers a good absorption in the UV region while being transparent to visible
and NIR photons. This is an asset for its integration in solar cells as conversion layers and
should not aﬀect the absorption of the cell. More interestingly, SnO2 has the advantage
of combining the above-mentioned optical properties with promising electrical ones. Owing
to native oxygen vacancies that can be easily obtained in this system, tin oxide layers can
exhibit a large n-type conductivity and carrier concentration [33]. From the conversion
point of view, some earlier reports have shed light on the ability of SnO2 to allow rare-earth
doping, notably Nd, Yb, Er, Eu and Sm [34–41]. For all these dopants it was shown that
the discrete intermediate levels induced within the gap of the host matrix were involved in
intense emission lines.
Among the rare-earth dopants, Yb presents the simplest energy level structure and has
been already used in spectral conversion as its NIR emission line matches perfectly with
the band gap of the solar cell absorber [41–44]. However, these systems suﬀer from many
issues mainly related to the insertion of lanthanides into the host structure, as the ionic
radii of lanthanides and cation from the host oxide are very diﬀerent. As a consequence, the
solubility of rare earth in the host matrix is rather small and oxygen vacancies are generally
necessary to make the optical transitions in lanthanides allowed.
Very few reports exist on Yb-doped SnO2 [45–47]. In this work, we report on the photon
conversion of incident UV light to NIR photons in Yb-doped SnOx sputtered ﬁlms by taking
advantage of the eﬃcient energy transfer from the SnOx host matrix to the Yb3+ ions. The
evolution of the structural, electrical and the conversion properties as a function of the
deposition temperature is discussed. Finally, by replacing the n-type ZnO conduction layer
in a standard Cu(InGa)Se2 (CIGS) solar cell with a Yb-doped SnOx layer an increase of
the cell quantum eﬃciency is demonstrated. Such an improvement can be understood on
the basis of electrical properties improvement and on the down-conversion properties of the
Yb-doped SnOx layer.
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II.

EXPERIMENTAL DETAILS
A.

Yb:SnOx thin ﬁlms deposition

Yb-doped SnOx thin ﬁlms were deposited using an Orion 3 Radio Frequency (RF) reactive
magnetron sputtering from AJA International Co. The deposition was performed on p-type
Si(100), quartz substrates and ﬁnally on the CIGS/CdS junction of a solar cells. The doping
of the SnOx ﬁlms with Yb was carried out by placing Yb metal discs (99.99 % from Alfa Aesar
Co.) on top of a metallic Sn target (99.99 % from Neyco Co.). During deposition, Ar and O2
gas ﬂows were ﬁxed to 8 and 5 sccm, respectively. The working pressure and RF power were
set at 3.4 mTorr and 50 W, respectively. The substrates are located in top conﬁguration
at 12 cm above the target. To insure a good ﬁlm homogeneity, the substrate holder was
in continuous rotation during the deposition process. In order to improve the crystalline
quality and thus modulate the electrical and optical properties of the layer, the substrate
temperature during the ﬁlm growth was varied from 100◦ C to 500◦ C. The resulting layers
have a thickness of about 100 nm. The layers were thoroughly analyzed before integration
in solar cells.

B.

CIGS-based solar cells fabrication

Molybdenum back contact (∼ 800 nm) was deposited onto glass substrates (2.5×2.5 cm2 )
by DC magnetron sputtering. The CIGS absorber layer was grown above by molecular beam
epitaxy (MBE) following a three-step procedure. In the ﬁrst step, an (InGa)2 Se3 ﬁlm was
grown by co-evaporation of In, Ga, and Se at 400◦ C during 30 min at evaporation rates of
0.19, 0.02, 0.5 nm/s, respectively. In a second step, Cu and Se co-evaporation (rates of 0.09
and 0.5 nm/s) was performed at 550◦ C for 70 min. CIGS and Cux Se are obtained with an
excess of Cu and Se. For the ﬁnal step, extra In, Ga and Se are supplied for 30 min to react
with Cux Se which resulted in the formation of a single phase CIGS layer with a thickness
of about 2.5 µm.
A CdS buﬀer layer was further deposited on CIGS by chemical bath deposition using a
bath of ammonia water, cadmium sulfate and thiourea solution. The solution temperature
was increased to 65◦ C under continuous stirring. The CIGS samples were immersed in the
solution during 10 min which led to a CdS ﬁlm of about 70 nm thick. The samples were then
5

thoroughly rinsed by de-ionized water, dried under nitrogen gas and annealed at 100◦ C for
15 min under vacuum. The Yb-doped SnO2 layer was then deposited by sputtering at 100◦ C
with Ar:O2 ﬂow ratio of 8:5. The temperature was chosen in order to avoid damaging the
cell absorber observed for larger deposition temperatures. The SnOx layer has a thickness of
20 nm, a resistivity of 9×10−4 Ωcm and a carrier concentration of 6.5×1020 cm−3 to ensure
good transport properties. A ZnO:Al layer of about 100 nm was ﬁnally deposited atop by
DC sputtering at 150◦ C. In the reference cell, the SnOx :Yb layer from the front contact was
replaced by a i-ZnO layer with a thickness of 80 nm and deposited at room temperature. The
Al concentration in ZnO:Al was ﬁxed at 2 at. %. Finally, both set of cells were completed
by depositing Ni/Ag as grid using electron beam evaporation at room temperature.

C.

Characterization techniques

The crystalline structure of the samples was analyzed by X-ray diﬀraction using a Rigaku
SmartLab diﬀractometer equipped with a monochromatic source delivering a CuKα1 incident beam (45 kV, 200 mA, 0.154056 nm). X-ray θ-2θ and reﬂectivity analyzes were performed in order to check the crystalline quality of the sample, the eventual presence of
spurious phases, and determine the ﬁlm thickness.
Insight into the chemical atomic environment of the diﬀerent elements (Sn, O, and
Yb) and the stoichiometry of the ﬁlms was obtained by X-ray photoelectron spectroscopy
(XPS). The measurements were carried out using a Thermo Electron K-Alpha spectrometer
equipped with a monochromatic Al-Kα X-ray source (1486.6 eV). The size of the analyzed
spot was about 400 µm. The homogeneity of the sample was checked by measuring on
several points on the surface.
The transparency of the ﬁlms was investigated in the 200-850 nm range using a PerkinElmer Lambda 950 spectrophotometer. The photon conversion was checked by photoluminescence (PL) and photoluminescence excitation (PLE) measurements performed in the
360-1050 nm range. For the PL and PLE measurements, the excitation was provided by
means of a Nd:YAG laser (355 nm) and a Xenon lamp, respectively. The PL signal was
recorded using a cooled CCD camera.
The current-voltage characteristics of the cells were measured under a class AAA K201
McScience solar simulator (AM1.5 irradiation) to extract the photovoltaic parameters such
6

as the open circuit voltage, the short circuit current and cell eﬃciency. External quantum
eﬃciency (EQE) measurements were performed using a tungsten halogen lamp as light source
and automated ﬁlter wheels (41 ﬁlters).

III.
A.

RESULTS AND DISCUSSION
Yb:SnOx thin ﬁlms: eﬀect of the deposition temperature

The structural properties of Yb-doped SnO2 single ﬁlms deposited on Si(100) substrates
have been investigated by X-ray diﬀraction. All diﬀractogramms are typical of SnO2 polycrystalline samples as already reported for other rare earth doped SnO2 thin ﬁlms [48]. No
spurious phases such as SnO or Yb2 O3 could be detected in the resolution limit of the XRD
technique. Fig. 1 shows the diﬀraction patterns recorded for a series of samples grown at
diﬀerent temperatures between 100 and 500◦ C, while all the other deposition parameters
remained unchanged. For visibility reasons and in order to have a better insight on the
structural evolution induced by the growth temperature the patterns are presented only in
the 25-40◦ 2θ range where the (110) and (200) peaks of SnO2 are clearly visible. For our
samples these peaks are shifted towards smaller angles with respect to their position in undoped SnO2 (dashed lines in ﬁg. 1) indicating an increase of the lattice parameter due to
doping. This can be easily understood if we keep in mind the larger ionic size of Yb3+ ion
(0.868 Å) with respect to that of Sn4+ (0.69 Å) [49]. Another consequence of the peak shift
is that, at least partly, Yb ions substitute the Sn ones in the host matrix, most probably
involving oxygen vacancies as well. The existence of other types of defects (interstitial ions
and oxygen vacancies) is also suggested by the evolution of the diﬀraction peaks position
with the deposition temperature. Indeed, as the temperature increases from 100 to 500◦ C,
the peaks shifts towards higher angles (horizontal arrows (→) in ﬁg. 1) suggesting a more
compact and therefore less defected structure. As a consequence the lattice parameter a
calculated from the position of the (200) peak decreases progressively from 4.795 to 4.760
± 0.005 Å, while the crystallite size (average value calculated using both (110) and (200)
peaks) slowly increases from 18.5 to 20.5 ± 0.3 nm.
To further investigate the structural changes induced by the increase of the substrate
temperature during deposition, XPS analyzes have been carried out. Changes of the atomic
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FIG. 1: X-ray diﬀraction patterns of Yb-doped SnO2 thin ﬁlms deposited on Si(100) at diﬀerent
temperatures. The vertical dashed lines indicate the position of the (110) and (200) peaks of
undoped SnO2 . The horizontal arrows (→) indicate the sense of the peak shift while increasing
the temperature.
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FIG. 2: X-ray photoemission valence bands spectra of the Yb:SnO2 thin ﬁlms as a function of the
deposition temperature.

environment of the diﬀerent elements, mainly, Sn, O and Yb can be thus emphasized. The
valence bands spectra (ﬁg. 2) were found to perfectly ﬁt the SnO2 structure, regardless the
deposition T, which is in good agreement with the XRD results. At ﬁrst glance, no peak is
observed around 2 eV and, according to diﬀerent authors, this could indicate the absence of
the SnO phase [50].
More details on the tin and oxygen environment can be obtained from the Sn 3d5/2 and O
1s core levels, respectively. The corresponding spectra are displayed in ﬁg. 3. Surprisingly,
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FIG. 3: X-ray photoemission spectra of the 3d5/2 and 1s core levels of Sn and O, respectively,
recorded on Yb-doped SnO2 ﬁlms grown at diﬀerent deposition temperatures.

the deconvolution of both Sn and O core levels reveals the presence of two oxide phases,
mainly SnO and SnO2 with more or less comparable amounts [50–52]. This apparent inconsistency is related to the fact that the kinetic energies of photoelectrons coming from O
1s and Sn 3d5/2 are lower than the ones of photoelectrons coming for the valence band. It
seems therefore possible that the two environments are mainly located at the extreme ﬁlm
surface and that the SnO:SnO2 ratio calculated from the XPS data is more representative of
the ﬁrst nanometers of the ﬁlms. This situation is also favored by the reversible dual valence
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of Sn and to the presence of the Yb dopant into the structure that substitutes partly Sn4+ in
SnO2 . All ﬁlms show almost same SnO:SnO2 ratio, which is about 50:50 (table I). Although
this ratio slightly varies with the deposition temperature, the changes are too small to be
signiﬁcant. It is therefore fair to conclude that the increase of the substrate temperature
during the ﬁlm growth seems to not deeply aﬀect the atomic environment of the elements,
and therefore their oxidation state. Table I also reports the oxygen / tin ratio (stoichiometry of the ﬁlms) which is about 1.6 and decreases slightly when increasing the temperature.
This is in agreement with the general behavior of oxides that tend to reduce upon heating.
Although this decrease is small, this result will help us understand the photoluminescence
properties of the ﬁlms that will be discussed later in this work.
A similar analysis has been also carried out on the XPS spectra corresponding to the
Yb 4d5/2 core level (ﬁg. 4). At ﬁrst sight, Yb atoms bounded to oxygen are present in
all ﬁlms whatever the deposition temperature is. This is witnessed by the position of Yb
4d5/2 peak which is located at about 184.4 eV [53, 54]. Moreover, the Yb 4d5/2 peak area is
quite comparable for all samples, indicating the same density of optically active Yb3+ ions.
Clearly, the increase of the deposition temperature does not seem to aﬀect the Yb oxidation
state. A slight shift towards high binding energies is noticed indicating a slight change in
the atomic surroundings of Yb atoms. No Yb2+ could be observed in the detection limit of
the XPS technique.
The optical properties have been investigated by UV-visible transmission spectroscopy
(data not shown here). All the ﬁlms are found to be transparent over the UV to NIR
range with transparencies varying between 80 and 90%. The absorption edges are located

TABLE I: Variation of the SnO and SnO2 content in Yb-doped SnOx ﬁlms deposited at diﬀerent
temperatures (100, 300 and 500◦ C), extracted from the deconvolution of Sn 3d and O 1s core levels
spectra.
Deposition

Sn 3d5/2 line

O 1s line

Stoichiometry SnOx

temperature

SnO2

SnO

SnO2

SnO

x = [O]/[Sn]

100◦ C

49.83

50.17

48.41

51.59

1.62 ± 0.01

300◦ C

51.32

48.68

53.13

46.87

1.58 ± 0.01

500◦ C

49.99

50.01

52.25

47.75

1.56 ± 0.01
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FIG. 4: X-ray photoemission spectra showing the evolution of the Yb 4d5/2 peak recorded on
Yb-doped SnO2 ﬁlms grown at diﬀerent deposition temperatures. The spectra recorded on the
samples deposited at 300 and 500◦ C were shifted along the vertical axis for visibility reasons.

at photon wavelengths lower than 300 nm and are found to shift towards lower wavelengths
(high energies) when increasing the deposition temperature, indicating an increase of the
band gap. It is interesting to note that except from the 100◦ C grown ﬁlm, the other samples
exhibit almost same transmission curve, which supports the XPS results in the fact that
temperature does not aﬀect signiﬁcantly the structure of the Yb-doped SnOx ﬁlms. The
band gap values increase with temperature from 3.56 to 3.82 ± 0.02 eV.
In order to check the optical activity of the dopant, the PL spectra as a function of the
deposition temperature were recorded on the Yb-doped SnOx ﬁlms and reported in ﬁg. 5.
The sample was illuminated with a 355 nm radiation provided by a Nd:YAG laser. Upon
excitation, all samples exhibit PL over the UV-Vis-NIR range with diﬀerent intensities.
The ﬁlm grown at 100◦ C shows a large UV-visible emission band as well as one intense
NIR peak. Diﬀerent studies on SnO2 have already shown similar emission bands [55, 56].
The emission band ranging between 380 and 650 nm was attributed to radiative transitions
originating from defect states localized within the band gap of the host matrix. As for the
NIR peak located at 973 nm it was assigned to radiative transition of 4f-electrons from the
2

F5/2 excited state to the 2 F7/2 ground state in Yb3+ . A similar intense and narrow peak

was also reported in Yb-doped ZnO ﬁlms [24]. Increasing the substrate temperature during
deposition to 300◦ C did not aﬀect much the emission coming from the host matrix but found
to promote that originating from the Yb3+ ions. Such behavior indicates a same density
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FIG. 5: Photoluminescence spectra of the Yb-doped SnOx ﬁlms as a function of the deposition
temperature. The inset shows the evolution of PL intensity of Yb recorded at 973 nm.

of radiative defects in the SnOx structure. The increase of the Yb3+ PL (inset of ﬁg. 5)
can be understood in terms of atomic environment which becomes, due to temperature, less
defected and therefore more favorable to radiative transitions in Yb. At 400 and 500◦ C,
the intensity of the defects emission strongly decreases while that of Yb increases about ﬁve
times with respect to the one of the sample deposited at 100◦ C. This is somehow awkward
since the XPS data suggested a similar density of Yb3+ ions that are optically active in all
samples. This result can be however explained by either: i) a decrease of the defects density
into the structure related to better crystalline quality, in this case the atomic environment
of Yb being much more favorable for its emission), or ii) a transfer of the photon energy
arising from transitions within the defects levels to Yb which will increase consequently its
emission. It is also interesting to note that for deposition temperatures higher than 100◦ C,
the Yb emission is characterized by the appearance of a second peak at 1030 nm. This
is rather surprising but can be explained by the degeneration of the energy levels of Yb3+
induced by the crystal ﬁeld eﬀect of the host matrix. Such wide and intense NIR emission
is of interest to solar cells.
In order to investigate the origin of the Yb emission in the NIR region and to understand
the energy transfer process, further analyzes by PLE spectroscopy have been performed.
The PLE spectra of the Yb-doped SnOx ﬁlms as a function of the deposition temperature
are presented in ﬁg. 6. The PL intensity of Yb3+ ions at 973 nm was monitored while
varying the excitation wavelength from 250 to 500 nm. The inset in ﬁg. 6 shows a zoom of
the PLE spectra for the samples exhibiting a weak PL intensity. As expected from the PL
12
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FIG. 6: Photoluminescence excitation spectra of the Yb-doped SnOx ﬁlms as a function of the
deposition temperature. The inset shows a magniﬁcation of the low-intensity spectra region.

results, the PLE spectra show that upon excitation of the host matrix in the UV region, Yb
ions simultaneously emit NIR photons. This indicates the presence of an energy transfer
occurring from the host SnOx to the Yb3+ rare earth. At 100◦ C, the energy transfer is found
to occur when exciting the matrix between 250 and 350 nm with a maximum intensity at
250 nm. Increasing the deposition temperature to 300◦ C results in the increase of the Yb
emission under excitation in the UV and visible spectral range. This can be seen in the inset
in ﬁg. 6, in which the excitation of Yb is extended to 500 nm. As for the sample grown at
500◦ C, it shows an intense excitation band ranging from 250 to 350 nm with a maximum at
275 nm. Given the diﬀerent excitation spectra, one could expect diﬀerent energy transfer
mechanisms. Upon excitation of one electron from the valence band to the conduction band
of the host, the desexcitation can occur in diﬀerent ways, either directly to the valence
band or to intermediate defect levels within the band gap. This energy of transition is
simultaneously transferred to the rare earth in which the 4f-electron will be excited to high
energy levels. The desexcitation is then downshifted into NIR emission. Another type of
energy transfer is the electronic transfer, in which the electron jumps from one energy level
in the host to one excited level of the rare earth [48].
The eﬀect of the growth temperature on the electrical properties of the ﬁlms was investigated by Hall eﬀect measurements. Overall, the ﬁlms are of n-type, possess excellent
transport properties with resistivities as low 0.006 Ω·cm and carrier concentration as high
as 2.28×1020 cm−3 . The transport properties are generally improved while increasing the
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substrate temperature as shown in table II.

B.

Integration of Yb:SnOx layers in CIGS solar cells

Yb-doped SnOx thin ﬁlms were deposited onto CIGS solar cells to replace the intrinsic
ZnO. A compromise between a good conductivity and a high PL is strongly suited to take
advantage of the conversion layer. Thus, the best condition to ensure good transport properties and oﬀer down-shifting functionality without damaging the CdS or CIGS layers is
given by the deposition temperature of 100◦ C. The performances of a reference cell (standard CIGS solar cell) and a cell in which Yb-doped SnOx replaces the conventional ZnO
layer are further compared.
First, external quantum eﬃciency (EQE) measurements were performed to assess the
down-shifting eﬀect provided by the Yb:SnOx layer. The EQE spectra of both reference and
functionalized CIGS cells are shown in ﬁg. 7. As expected, a net gain in the UV region is
noted, namely between 300 and 400 nm, due to the conversion of UV photons to NIR ones
through down shifting. At 360 nm, the EQE response of the cell is increased to 17.5% against
9.2% for the reference cell. Interestingly, the EQE spectra also show an enhancement over
the visible and NIR range. This behavior can be attributed to the improvement of electrical
and optical properties of the cell when replacing the ZnO layer with Yb:SnOx . Although
there is no direct proof in this sense, this eﬀect involves more eﬃcient passivation eﬀect, a
higher charge carrier collection (better conductivity) and/or a more appropriate reﬂectance.
To further investigate the performance improvement of the CIGS solar cell induced by the
Yb:SnOx layer, current - voltage dependencies were recorded under standard illumination
TABLE II: Resistivity, carrier concentration and mobility evolution in Yb-doped SnOx ﬁlms deposited at diﬀerent temperatures.
Temperature

Concentration

Resistivity

Mobility

(◦ C)

(cm−3 )

(Ω·cm)

(cm2 /Vs)

100

4.17×1018

0.0530

28.2

300

1.94×1019

0.0064

50.1

500

2.28×1020

0.0018

14.6

14
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ZnO/CIGS reference cell

20

0
400

600

800

1000

1200

Wavelength (nm)

FIG. 7: EQE spectra of a of ZnO/CIGS (reference) and Yb:SnOx /CIGS solar cells.
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FIG. 8: Voltage dependence of the current density recorded under AM1.5G illumination on
ZnO/CIGS (reference) and Yb:SnOx /CIGS solar cells.

(AM1.5G). The J-V plots are shown in ﬁg. 8 while the extracted photovoltaic parameters
are displayed in table III. While the open-circuit voltage (Voc ) remains the same for both
cells (about 0.55 V), the short circuit current density (Jsc ) is increased by 0.57 mA/cm2 as a

TABLE III: Electrical parameters (Voc , Isc , Jsc , ﬁll factor and eﬃciency) of ZnO/CIGS (reference)
and Yb:SnOx /CIGS solar cells.
Cell

Voc (V)

Isc (mA)

Jsc (mA/cm2 )

FF (%)

η (%)

ZnO/CIGS (reference)

0.55

14.64

28.72

62.03

9.86

Yb:SnOx /CIGS

0.55

14.93

29.28

64.43

10.45
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consequence of the photon conversion provided by the Yb:SnOx layer. As for the ﬁll factor
(FF), its value increases by 2.4 % due to the good electrical properties of the conversion
layers. More precisely, our SnOx and Yb:SnOx possess good transport properties compared
to i-ZnO used for the reference cell. Indeed, the measured series resistance decreases from
3.68 Ωcm2 for the reference cell to 3.30 Ωcm2 for the Yb:SnOx based cell. As a consequence,
the solar cell eﬃciency is enhanced by about 0.6 %, which is quite remarkable. Such result is
an obvious proof of the potential of Yb:SnOx layers for solar cells performance enhancement
and can constitute a viable low-cost solution for a wide range of solar cells where downshifting layers could be integrated. Finally note that the Jsc values measured from the J-V
curves (28.72 and 29.28 mA/cm2 for the ZnO/CIGS and Yb:SnOx /CIGS cells, respectively
- see table III) match very well the values determined from the spectral response (28.30 and
29.68 mA/cm2 for the ZnO/CIGS and Yb:SnOx /CIGS cells, respectively). This supports
the reliability of the measurements and that of the analyzed system. The small diﬀerences
can be explained in terms of charge recombination, heating or passivation diﬀerences during
the J-V and EQE experiments.

IV.

CONCLUSION

Yb-doped SnOx layers were obtained by RF magnetron sputtering at diﬀerent temperatures ranging from 100 to 500◦ C. The ﬁlms are polycrystalline and strongly substoichiometric
(x = 1.6). They showed a reduced resistivity in the 10−3 Ωcm range and a large electron
mobility that can reach 50.1 cm2 /Vs. XPS and PL measurements indicated the presence of
Yb3+ ions that are optically active. An energy transfer occurring between the host SnOx and
the Yb ions is demonstrated through PLE measurements. The Yb-doped SnOx optimized
layers were integrated to CIGS solar cells to replace conventional ZnO. A net increase of the
EQE response is noticed. In the UV region this is explained on the basis of down shifting
process while in the NIR range this is due to electrical factors (passivation, resistivity, and
mobility improvement). The electrical measurements show no change in Voc but an increase
in the Jsc and FF with about 0.56 mA/cm2 and 2.4 %, respectively. Finally, the conversion
eﬃciency of the CIGS-based cell is enhanced by about 0.6 %, which is extremely encouraging
for future implementation of such low cost converting layers in photovoltaic technology.
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