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Abstract. Recent studies showed that positron annihilation methods can provide key insights
into the nanostructure and electronic structure of thin film solar cells. In this study, positron
annihilation lifetime spectroscopy (PALS) is applied to investigate CdSe quantum dot (QD)
light absorbing layers, providing evidence of positron trapping at the surfaces of the QDs. This
enables one to monitor their surface composition and electronic structure. Further, 2D-Angular
Correlation of Annihilation Radiation (2D-ACAR) is used to investigate the nanostructure of
divacancies in photovoltaic-high-quality a-Si:H films. The collected momentum distributions
were converted by Fourier transformation to the direct space representation of the electron-
positron autocorrelation function. The evolution of the size of the divacancies as a function of
hydrogen dilution during deposition of a-Si:H thin films was examined. Finally, we present a
first positron Doppler Broadening of Annihilation Radiation (DBAR) study of the emerging
class of highly efficient thin film solar cells based on perovskites.

1. Introduction

Solar cell technology is rapidly developing into one of the main sources of electrical energy. The
efficiencies of photovoltaic (PV) devices have reached high values for many types of solar cells [1, 2];
for example, record values of 25.6% and 21.7% for solar cells based on c-Si wafers and Cu(In,Ga)Se,
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thin films, respectively, were reported recently [2]. Solar cells based on a-Si:H and mc-Si:H thin films,
which have a high market potential for applications requiring flexible solar cell modules, reached
efficiencies of up to 14.0% in triple-junction configurations [3]. Also, new concepts, such as PV
devices based on PbS quantum dot (QD) films have currently reached already respectable efficiencies
of 10.7% [4]. Furthermore, recent years showed a rather spectacular increase in efficiency for the
emerging class of hybrid organic-inorganic perovskite solar cells, with a record of 21.0% reached for a
mixture of methyl ammonium lead bromide (MAPDBr3;) and formamidinium lead iodide (FAPbIs) [5].

In this field, the application of positron annihilation methods for sophisticated thin film analysis is
promising, as new insights can be obtained into the presence and types of open volume defects, the
local nanostructure and the electronic structure of the various functional layers of thin film PV devices
[6-12], and in-situ studies can be envisioned. Moreover, the depth range accessible to low-energy
positron beam systems, typically between ~10 nm and several pms below the surface, matches very
well with the thicknesses of a wide range of technologically relevant functional solar cell layers.

In our previous studies, we found that positrons implanted in thin films of PbSe or CdSe QDs have
a very high probability to trap at the surfaces of the colloidal QDs. The observed positron-electron
momentum distributions can be used to extract information on the composition of their surfaces,
gaining new insights into ligand-surface interactions and surface oxidation processes [8, 13].
Furthermore, they provide information about the electronic structure and electronic coupling of CdSe
and PbSe QDs [7-10, 13]. Positron annihilation was further applied as one of the main techniques to
demonstrate that the nanostructure of hydrogenated amorphous silicon (a-Si:H) is more complex than
the conventional model of a Continuous Random Network (CRN) [11, 12]. Instead, open volume
deficiencies such as divacancies are present in a CRN-like environment and form a key ingredient to
understand the nanostructure and functional properties of a-Si:H solar cell absorber layers. Finally,
new insights into the evolution of vacancies in ZnO:Al transparent conductive oxide (TCO) electrodes
were obtained upon both fast laser annealing [14] and accelerated environmental degradation [15].

The present paper reports on recent results on advanced characterization of thin film solar cells
with positrons. We first provide evidence of trapping of positrons at the surfaces of CdSe QDs using
positron annihilation lifetime spectroscopy (PALS). We then apply the 2D-ACAR method to study the
nanostructure of divacancies in a-Si:H. The collected momentum distributions are converted by
Fourier transformation to a direct space representation given by the electron-positron autocorrelation

function B¥ (r) . The evolution of the nanostructure as a function of hydrogen dilution used in the

deposition of a-Si:H was determined, since hydrogen dilution is an important factor influencing the
stability against light-induced-degradation. Finally, we present a first positron Doppler broadening
study of the emerging class of highly efficient thin film solar cells based on perovskites.

2. Experimental

CdSe QDs with a size of ~4 nm were synthesized according to the methods described in [16, 17]
capped with stearic acid and trioctylphosphine oxide ligands. The number density of ligands on the
surface of the QD can be systemically tuned by control of the QD cleaning process [17]. The CdSe
QDs were drop casted as a thick layer (> 4 um) onto a 10 x10 mm? sapphire substrate for the PALS

study at the PLEPS spectrometer of the NEPOMUC facility. Lifetime spectra consisting of 4-10°
counts were collected at positron implantation energies in the range of 1-18 keV. The lifetime analysis
was performed using both the LT and POSWIN software packages in order to check consistency.

A series of a-Si:H thin films with a thickness of ~450 nm was deposited by Plasma Enhanced
Chemical Vapor Deposition on Corning Eagle XG glass substrates, at various hydrogen dilution flow
ratios R =[H,]/[SiH,]in the range of R=0 to R=10 [18]. The samples were characterized by Doppler
depth-profiling in the range of 0.1-25 keV using the VEP facility. Positron 2D-ACAR distributions
were collected using the POSH-ACAR facility at a positron implantation energy of 3.7 keV.

Two perovskite CsPbBr; thin films were spin-coated on In-doped tin oxide (ITO) coated glass
substrates using the synthesis method described in [19]. Positron Doppler broadening S and W
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parameter depth-profiles [11] were collected on the as-deposited films and on the two samples after 3
and 5 months of storage under ambient conditions in the dark. The depth-profiles collected in the
range of 0.1-25 keV using the VEP facility were analyzed using the VEPFIT software package [11].

3. Trapping of positrons at the surfaces of CdSe QDs: evidence from lifetime spectroscopy
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Previous positron 2D-ACAR studies of CdSe QDs indicated that positrons trap at the local open space
present near the surfaces of the QDs, based on the information contained in electron-positron
momentum distributions [7]. Here, we present evidence based on positron lifetime spectroscopy that a
large fraction of positrons implanted into a thick layer of CdSe QDs indeed annihilate from a trapped
state at the surfaces of CdSe QDs, similar to what was previously revealed for PbSe QDs [8].

Figure 1 shows the positron annihilation lifetime spectrum of the CdSe QD layer collected at a
positron implantation energy of 8 keV. A three-component lifetime analysis leads to a satisfactory fit.
The small bump in the spectrum at ~16 ns is due to back-scattering of positrons, and does not affect
the three-component analysis. In the range of 4-16 keV, the three-lifetime-component analysis

revealed a short lifetime component 7z in the range of ~320-350 pswith a high intensity of

~60% —85%, and a second (short) lifetime z,in the range of ~ 460-550 ps with an intensity of

~30%—-10%. The lifetime of both components likely corresponds to annihilation from positrons
trapped at the surfaces of CdSe QDs, where the second lifetime component could be associated with a
surface state with less overlap of the positron wave function with electron orbitals. Notably, the
average lifetime of the first two components was found to be constant throughout the positron

implantation range of 4 keV to 18 keV, withz,  ~379+5psand an intensity of 92+1%, i.e. quite

close to the values obtained in our previous positron studies on PbSe QD layers [8]. The positron
lifetime is much larger than that of defect-free CdSe (275 ps [9]) and, combined with its high intensity,
provides strong support for trapping and annihilation of positrons at the surfaces of the CdSe QDs,
consistent with previous 2D-ACAR studies [7, 10]. The preliminary outcome of our ab-initio
calculations on CdSe slabs using the Local Density Approximation and a Corrugated-Image-Potential
indicates that the positron density peaks just below the CdSe surface, while preliminary calculations
using the Weighted Density Approximation point to the presence of a true positron surface state.

The third, long lifetime component with 7, ~3.5£0.1nsand |, =8+1% corresponds to pick-off

annihilation of o-Ps formed in the available open space in between the ligands at the surfaces of the
CdSe QDs. The lifetime of this 0-Ps component is larger than the values of ~2.0-2.7 ns for PbSe QDs
capped with oleic acid ligands [8]. This finding infers a somewhat larger open space of ~0.8 nm in
diameter for the case of CdSe QDs with stearic acid and TOPO ligands compared to ~0.65 nm for
PbSe QDs with oleic acid ligands, as deduced from the Tao-Eldrup model [20].
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4. Size evolution of small vacancy clusters in hydrogenated amorphous silicon: 2D-ACAR study
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Figure 2. (a) Electron-positron autocorrelation function B*’(r)for as-deposited a-Si:H as a function

of hydrogen dilution ratio R. (b) First zero-crossing distance as a function of R. The line is a guide-to-
the-eye. The inset is a schematic representation of a Si-divacancy decorated with 6 hydrogen atoms.

In Figure 2(a), we present the electron-positron autocorrelation function B* (r)as a function of

hydrogen dilution ratio R, in order to examine the evolution in the size of open volume deficiencies in
a-Si:H films on hydrogen concentration. For each sample, the autocorrelation function was extracted
from the collected isotropic 2D-ACAR momentum distribution, using a Fourier transformation of the

corresponding 1D-ACAR distribution N(p) [21, 22]. B (r) represents the real space autocorrelation

function of the electron orbitals modulated by the wave function of the positron, and can thus provide
insights into the local spatial environment of the positron annihilation site. In particular, the first zero-
crossing in the autocorrelation function provides an indication of the shortest average distance, in any
direction, to the site which cannot be occupied by a positron [23]. This can be understood since this
distance corresponds to the distance of the center of the positron annihilation site to a nearest

neighbour atomic site where the positron wave function y (') necessarily vanishes.

In Figure 2(b), we present the extracted first zero-crossing distances as a function of hydrogen
dilution ratio R. The observed first zero-crossing distances of ~2.75 A provide additional support to
the picture that the dominant open volume deficiencies in high-quality a-Si:H films are small
vacancies (in particular divacancies), as previously proposed based on Doppler broadening S
parameter measurements and Fourier transform infrared spectroscopy [11, 12]. Namely, the distance
of the center of the positron wave function in an unrelaxed divacancy (in c-Si) to one of the six nearest
neighbour Si positions is 2.96 A, while the corresponding distance of 2.35 A for an unrelaxed
monovacancy is much shorter. The observed first zero-crossing distance of ~2.75 A indicates a local
inward relaxation of the Si atom positions around the divacancy, as could be expected [24].
Furthermore, the presence of up to six hydrogen atoms decorating the nearest neighbour Si atoms will
also reduce the locally available open space. With increased hydrogen dilution ratio, the first zero
crossing is seen to move towards smaller distances of ~2.70 A, correlating with the observed reduction
in S parameter for the same set of films. The decrease in the first zero-crossing distance corresponds to
~5% reduction in open volume, and can be caused by additional hydrogen locally present near the

boundary of the divacancy. Figure 2(a) moreover shows that the first minimum in B* (r) at ~3.25 A

becomes more pronounced with an increase in R, as the smaller open space induces a larger overlap
between the positron wave function and electron orbitals, and thus, a stronger spatial correlation of the
positron and electrons. In short, the 2D-ACAR studies provide additional support for the presence of
small open volume deficiencies (in particular divacancies) in a CRN environment in a-Si:H films.
With increased hydrogen dilution, more hydrogen is present in the close vicinity of the divacancy,
effectively reducing the open space available to the positron.
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5. Doppler broadening depth profiling study of CsPbBg perovskite solar cell films
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Finally, CsPbByg perovskite thin films were studied, since the role of point defects in the degradation
mechanism of the emerging class of perovskite solar cells is a topic of debate [25], and, furthermore,
vacancies may form unwanted recombination centres for charge carriers [2], limiting the open circuit
voltages and solar cell efficiencies reached in practice.

Figure 3 shows the Doppler depth-profiles of one of the CsPiBr films on an ITO coated
substrate in the as-received state and in the final state after 5 months of exposure to ambient conditions
in the dark. The changes in depth-profiles are very small for both samples, as the change in the fit

values forS and W for the perovskite layer is onlAS/ S ~-0.3+ 0.1% and AW /W ~1+ 1%,

respectively. It is instructive to compare these modest changes to typical values for theSshiiftl in
W upon formation of cation monovacancies. For example, saturation trapping in Zn monovacancies in

c-ZnO leads to substantially larger shifts&%/S_, A ~+5.5% and AW /W._, . ~-19% [26, 27].

c-ZnO c-ZnO
Furthermore, the sign of the small change Snfor CsPbBjs is opposite. Doppler broadening
spectroscopy thus indicates that (negatively charged or neutggldn\Wp, cation vacancies are not
visibly generated during prolonged exposure of CsPtiBambient conditions in the dark. CsPhBr
perovskite solar cells are substantially more stable against environmental degradation than the methyl
ammonium lead bromide (MAPbBrased solar cells [19]. Therefore, positron depth profiling studies

of MAPDBI;, including also degradation under AM1.5 solar illumination conditions [19], seem
promising in order to unravel whether or not the formation of cation vacancies is a key element in the
degradation of perovskite-based solar cells [25]. It should be noted that, sinoeiNovacancies

mostly are positively charged, positrons are not expected to trap in the anion vacancies, and are largely
insensitive to the presence of such monovacancies. Therefore, the formatignnebrsdvacancies

cannot be excluded for the CsPhBitms investigated in this study.

6. Conclusions

PALS has revealed that a high fraction of positrons implanted in CdSe QD films trap at the surfaces of
the QDs. Depth-profiling positron methods show high potential as a characterization tool for the
surface composition and electronic structure of colloidal semiconductor QDs embedded as the
functional layer of innovative PV devices. Positron methods can aid the development of such QD-
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based PV devices, since present limitations in their solar cell efficiency involve surface recombination
of generated charge carriers and inefficient transport of charge carriers involving hopping
conductivity, requiring optimization of surface passivation and electronic coupling between
neighbouring QDs as well as a reduction of transport barriers. These factors form key contributions to
the relatively high loss in open circuit voltage in PV devices, and tailoring of the surface properties
and electronic coupling of QDs may lead to further large improvements in solar cell efficiencies.

Further, 2D-ACAR was used to examine the evolution of the size of divacancies in a-Si:H films as
a function of hydrogen dilution during synthesis. Such open volume deficiencies form a key ingredient
to understand and tailor the nanostructure of a-Si:H films, which may aid the development of synthesis
procedures to stabilize a-Si:H absorber layers against light induced degradation.

Finally, positron Doppler depth-profiling was applied to examine the relatively high stability of
CsPhBr; perovskite solar cells. Exposure to ambient conditions in the dark for 5 months did not lead to
visible formation of cation vacancies.
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