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Abstract

CdTe thinfilm solar cells have complex microstructuresch agrain boundrieswithin the
absorber layeras well asCdS window,and Au back contacinterfaces where the local
structure and chemistryndergosignificant changesThe optical propertiesat thesenano-
scaledefectsare unknown, butheir accurate measurementrexjuiredin order toidentify
potential losses in device efficiendyere momchromated electron energy loss spectroscopy
(EELS) in anaberration corrected scanning transmission electron microscope (S$EsBd

to measurgehe complex dielectric function for the CdL&x inter-diffusion layer at the CdS
CdTe interface, high angle CdTe grain boundaries andCdle interface.CdTe.S« is
shown to havea lower absorption coefficient than CdTmyt its refractive indexis more
closely matched to CdSsrain boundaries hava negligible effect on the light absorption
profile within CdTe, despitsignificantchanges in the local structure artemistry(i.e. Te
depletion) at the grain boundaryDelocalisation in inelastic scattering is tl®minant
systematic error in the above measuremdrtsally a light backscattering mechanism via
surface plasmon polaritons at the-8dTe interface is unceved, which coulgotentially
increase the photocurrent extracted from incident kgtgnergiegust above the CdTe band

gap.

Keywords: dielectric function, grain boundary, irtdiffusion, CdS thirfilm solar cell,
monochromated EELS, aberraticorrected STEM

I ntroduction

Thin-film solar cells, such as CdTe, utilise direct band gap semiconducioksfficient
charge carriegeneration through light absorption. Tleading device materials, particularly
CdTe, Cu(In,Ga)Seand the hybrid perokges, have in recent years exceeded 20%
efficiency at the individual cell levé] and are fast becoming commercially viable as
alternatives to conventional silicon modules. In Gthésed devices r@cent innovation i
increasethe short circuit current densityisf by replacing the conventional CdS window
layer with CdS&*. Duringdeviceprocessing CdSe dissolves by intg#ffusion of Se into the



CdTe absorber layer. The lower band gap of the (3¢ alloy results in stroger
absorption of the long wavelength photomdile the simultaneoushinning of theCdSe
window layer means that short wavelength photon losses are also minimised.

Sulphur from conventional CdS window layers is also known to-ififerse into the CdT%’
and lower the band gap. The sulphur inter-diffused regibnwsevemarrowerin comparison
to the seleniumequivalent since theformer is less soluble in CdT& External quantum
efficiency (EQE) measurements indicate that there are photocurrees losthe ~50®00
nm wavelength rangand photocurrent gains near the absorption edge threfshadeévices
where sulphur intemmixing is prevalerft Quantification of photocurrent losses therefore
requires determininthe optical properties of #CdTegS, x inter-diffusion layer in CdSCdTe
solar cells.This is however achallenging task since the sulphdiffusion profile shows a
rapid decrease within only a favanometresf the CdS-CdTeinterface, followed by a broad
low sulphur concentration (i.e. ieat%) tail extending 500 nminto the CdT&”. Here
monochromateaklectron energy loss spectroscopy (EELS) at Isigatial resolution in an
aberration corrected scanning transmission electron microscope (S3'Eb8d to probe the
local optical propertiesf the interdiffused layet. By performing a Kramer&ronig analysis
of the EELS spectruf*! the complexdielectricfunction, and hence optical propertiesn
be extracted provided artefacts such as Cerenkov radidtiand delocalisatiofi are
minimised or taken into account.

The optical properties of other interfaces in a CdTe device, such as grain besiaddrgold
back contactarealso examinedMuch of the interest on grairobndarieshus farhas been
on their role in nonradiative recombination anthe resulting losses iW,c-**® Significant
alteration of the structure and chemisteyg. chlorine segregation, tellurium depletican
take place at a grain boundary and hence a local variation in the opticalipsoisgxissible
which may also have an impact on device performaRoe example, an increase in the
optical absorption at the grain boundary means that a higher fraction ofgeremted
charge carrierarepotentiallylost to nonradiative recombinatiarThis is exacerbated by the
fact that CdTe grains are columnar in structunéth grain boundaries extending through the
film thickness. With high spatial and energy resolution EELlse role of CdTe grain
boundaries ophoto<carrier generatiowithin the absorber layer can be evaludtedhe first
time. Furthermore measurement$or the gold back contact reveallight backscattering
mechanisnmvia surface plasmopolaritons, whichhas thepotential to increase the deg
photocurrent, especially at wavelengths close to the band gap of the absaber lay

Results and Discussion
CdScTeyx inter-diffusion layer

Figure 1a shows a MAADF imag# the CdSCdTe interface with the CdS grain on the left
hand side titled to thf1010] zoneaxis. In this orientation only the {111jttice planes of
zinc blende CdTe are resolved and these are rotated’bwitBdrespect to the (0002) planes
in wurtziteCdS, as determined by timmageFourier transform. Furthermortere is a ~11%
lattice mismatch between the two phases, consistent with the lattice parametees repor



bulk crystald’. The mismatch strain is thought to be the origin of the white contrast at the
interface in Figure 1a.

The EELS single scattering distributidor CdS, strained interfacial region and CdTe are
shown superimposed in Figure 1b. The interfacial spectrum was acquired frooxtregion

in Figure 1a, while the CdS and CdTe spectra were acquired approximately i rthe
respective bulk phas@he low loss EELS spectrurwas Fourierlog deconvolvetf in order

to extract the single scattering distributiorhe CdS spectrum thus obtained had some
residual intensity from Cerenkov radiatiayeto its larger band gap. This was removed by
least squarestting the spectrum to a function of the fomerE-Eg)l/z, whereE is the energy
loss anda, Ey are constants, over an energy windpw. 2.83.6 eV)above the band gap,
extrapolating smoothly t&y and setting all values belofs; to zero.The fitted function is
based on the joint density of states for a direct band gap semicongutbttwand gayE, 18,
TheEgvalue obtained through this procedure was 2.34a@d is similar to the 2.41 eband
gap ?Etained from reflectance and transmittance measurenséntscrometre thick CdS
films™.

The strained interfacial spectrum has characteristicbodh bulk CdTe and CdS. For
example, the fine structure peak ‘A’ is not as pronounced with respect to peaks ‘E’and *
similar toCdS(Figure 1bthese peakare due to interband transitions from the Qdidlence
state§’). Onthe other hand the bandmaf the interfacial spectrum is closer to CdTe, though
slightly red shifted (Figure 1b inset). It may be argued that the@® interface isiot
atomically sharpand thereforethe interfacial spectrum in Figure 1b contains contributions
from both phases. To test this hypothesis the interfacial spectrum was nluigpleleast
squaregMLLS) fitted using three reference spectra, i.e. bulk CdTe and CdS sfrecira
Figure 1lbas well asa deloalised spectrum, Im@/(ecqtetecds)}, Where ‘Im’ represent the
imaginary part of a complex numbeggreis the dielectric function for CdTe, and similarly
for ecqys The delocalised spectrunepresentshe delocalisegignalfor an electron moving
parallel to an interface between twalk material§®. It is assumed that the incident electron
trajectory is primarily parallel to the interface, although with interfacial roeghthe
incident electron can cross from one phase anothemt certain depths within thepecimen
and in these situations the delocalised signal will have a diffevaghematicalform to that

of a parallel trajectoryy. The CdTe, CdS dielectric functions extracted fidramersKronig
analysis ofthe single scattering distributions in Figure 1b were used to calculate the
delocalised spectrunThe result of the MLLS fitting procedure is shown in FigureSame
prominent features of the spectrum, such as the fine structure peak ‘A3 a\4 are ot
accurately reproduced. Furthermore, the MLLS fitting coefficient for thecdksed
spectrum wasn unphysical negative valuarhile MLLS fitting carried out with only the
bulk CdTe and CdS reference spectra producémvar quality fit. This suggestshat the
interfacial spectrum measured at the strained layer igawrnedprimarily by CdSCdTe
interfaceroughness.

The SL- andCd, Te M-edgeswereacquired using core loss EELL& exploreany chemical
origin to the interfacial low loss EELS signal, such ashe sulphur diffusion reported
previously for the Cd€dTe interfac®’. Figure 1d shows the S to Cd (S:Cd) and Te to Cd
(Te:Cd) intensity ratio profileacross the Cd&dTe interfaceextracted from the core loss



EELS data,and supemposed with the simultaneously acquired MAADF sigribhe
intensities have been normalised for direct visual comparison. The S:Cd andirfterGdy
ratios vary over a distance of ~5.2 nm at the CdiSe interfaceThis is too larggo be due

to beam broadening, since with the local specimen thickness measured to be ~45 nm, the
geometric probe spreadirfgr a 31 mrad STEM probes only 1.4 nm. Te fact that the
atomic structure of CdS and CdTe aamntinuous right up to the interfa¢€igure la)also
suggest thabeam broadeningnd interfacial roughnesare not significantly affecting the
shape of théntensity ratioprofiles. The most probable cause therefore appears to be sulphur
diffusion and the formation of £€dT&S;« interfacial layer.Red shifting of the interfacial
spectrum band gap with respect to CdTe (Figure 1b inset) also supports this oofichusi
should be notetloweverthat the ~500 nm broad sulphur concentrationofadl few abmic%

S reported inreference[6] is not observed hereThis is attributedto differences in the
measurementechniquebetween the two studies. In reference [6] the sulphur concentration
was measured using STEM energy dispersiv&ay(EDX) analysis with prolonged (i.e. 1
minute per data point) coung times, while in this study STEM EELS was useith an
acquisitiontime of 0.4s per data point. The lowg@eakto-backgroundand signato-noise

ratio for EELS under thecurrent experimental conditions makes it difficult to achieve
sensitivities of a few atomic% for the Seldge.

Before extracting ptical propertiesfor the CdTgS,.x interfacial layerit is necessary to
discuss potential artefacts itme measurementThe first 5 that EELS involvedinite
collection anglesso thatstrictly speakingthe results do not correspond to the ‘optical limit’,
where the momentum transige 0. Nevertheless there is strong evidence to suggest that the
g = 0 contribution is dominant in the EELS spectra of Figure 1b. For example, momentum
resolved EELS has shown that a 2 mrad scattering angle is sufficient to supprdsshlet
splitting of peak ‘A’ in the CdTe spectrdfh although this feature is still clearly visible in
Figure 1b Furthermore, theCdTe fine structurepeals are known toshow very little
dispersion with respect ty whichis attributed to the strong interband contributions from the
Cd 4d valence electrori8 Similarlow loss EELSfeaturss in Figure 1b suggest thiéie same
arguments may apply to CdS and the G&I ginterfacial layer as wellA second and more
serious measurement artefagplicable to the Cd18,« layerin particular is delocalisation

in inelastic scattering. To evaluate its effecthe EELS low lossspectrum for a 2.8 nm
CdTeS:« layer sandwiched betwednilk CdS and CdTewas simulatedisingthe multilayer
method described ineference[22-23. The dielectric properties extracted from Kramers
Kronig analysis of the EELS spectra in Figure 1b were used in the simulatiodTgS; x
layer thickness of 2.8 nm was used since this corresponds to the Gaussiaidthadif the
composition profiles in Figure 1drurtherdetails of the simulation method can be found in
the Supplementary Informatiomhe simulatedresult is shown superimposed in Figure Ifc
delocalisationwerenegligiblethe simulated spectrustould be similar to the measurement.
Examination of Figure 1c however shows that this is not the oapertantdifferences are
apparent particularly at energy losses corresponding to visablé neawisible light, which

is the operatingonditionsof a solar cell deviceThe optical properties of the CdBe
interfacial layer reported here dheereforeonly approximate.

The low loss EELS spectia Figure 1bfor bulk CdTe and CdT&,.« interfacial layerare
KramersKronig analysed to extract the reah)(and imaginary &) parts of thecomplex



dielectric functiontheseare shown in Figures 2a and 2b respectivEhe dielectric function
for CdTe is qualitatively similar to that measured using spectroscopic ellipsémétry
particular, theEg, Ej, E;+A; and E, direct opticaltransitions are identified in the plot
(Figure 2b?%. The first threeoptical transitions are suppressed the interfacial layer
althoughE; is similar to bulk CdTe. Tib resuls in a lower absorption coefficierfor the
CdTe S, layercompared to CdTe over tBelar spectrumvavelengthshat are importarfor

a solar cell device (Figure 2cYhis is consistent with theesultsin reference[19], where
apart from the CdTgSo4 composition, the absorption coefficient decreased on iafioy
CdTe with sulphur. The photocurregeneratedin an absorber layer depends on the
absorption coefficient as well as the refieity of light at theCdS windowabsorber layer
interface. A higher refledvity means that less light is transmitted into the absorber layer, and
consequently the photocurrent decrsaségure 2d shows the reflegty at normal light
incidence for a Cd®&dTe interfaceas well as Cd&¥dTgS:x, with the CdTeS,« layer
having the sme dielectric properties as thdisplayedin Figures 2a and 2l he dielectric
properties for CdS and CdTe weeatractedfrom the EELS spectra in Figure .1bhe
reflecivity for CdSCdTegS,.x is an improvement over the conventional Sd&Te interface
althoughthe valuedor the latter are alreadstose to ideal

The combined effects of absorption coefficient and reflectivity on the photocurrent can be
determined by calculating the external quantum efficie(ERE) for devices withCdS
window layerand eithetCdTeor CdTegS;x absorber layerDetails of the calculation can be
found in the Supplementary Information, but here it should be noted that the doping
concentration for the two absorber layersissumedo be identicali.e. 13° cm®), sothat
the space charge widih the2.5um thick absorber layeis fixed at ~11 um. The simulation
of CdTe and CdT&;« absorber layers repressmivo extremes, since intgpical device the
sulphurinter-diffused region will not extend through the entatesorber layer thicknesshe
EQE curves for the two devices are shown superimposed in Agurbe spike at 480 nm is
an artefact arising from data processing to remove Cerenkov radiation in thpecti8rms; it
is due to thdeast squareftted joint density of statefunctionand experimental curves not
having exact values at the powit extrapolation There is asmallincrease in EQE in the
plateau region for the Cdj® .« absorber layer deviclencels. increaseslightly from 181

to 183 mA/cn?. The increasés due to the lower reflectivitgf the CdSCd TS, interface,
although its positive effects are partly negated by the lower absorption croffi
Experimentally sulphur intemixing gives rise to a decrease in EQE in the ~600 nm
wavelength rangeas well as an increased EQE at the long wavelerajiborption edge
threshold, although this is not observed in Figure Zhis could be due to delocalisation
errors in the extracted CdJd%.x dielectric function, and/or other factors niatken into
account in the EQE simulation, such asy effect of sulphuralloying on carrier diffusion
lengthand space charge widtthanges in the CdS layer thicknesswell agherole of CdS-
absorber layer misfit strain on carrier recombingfion

CdTegrain boundaries
Figure 3a is a MAADF image of @dTe high angle grain boundary. The grain on the right

has beetilted to the [110] zonaxis; at this orientation the lattice planes for the left gagen
not resolved. Figure 3b shows the Te:Cd doss EELS intensity ratio mapped over the box



region in Figure 3a. The grain boundary isdegicient consistent with previous repdits’.

It has also been reported that the Cd concentration is constant across the grainy/#iginda
However, it was at possible to determine if this walsothe case for the grain boundary in
Figure 3a, since strong differences in diffraction/channeling contrageéetthe two grains
meant that the Cd core loss EELS signal could not be interpreted unambiguously on an
absolute scalé'he Te:Cd intensity ratiprofile across the grain boundary was extracted from

an area close to the box region in Figure 3b and is plotted in Figure 3c. The Te:Cd intensity
ratio decreases by ~9% over a 7.4 nm region across the grain bouAdg chlorine
segregation to the grain boundary from the chlorine activation pré¢éssvas below the
detection limit of core loss EELS

The Fouriedog deconvolved EELS single scattering distribution for bulk CdTe and grain
boundary are shown superimposed in Figure 4a. The bulk CdTe spectrum was averaged from
spectra extracted frowithin the left and right hand grains 20 nm away from ghnain
boundary (the two spectra were however nearly identical). The grain boundarymspeets
extracted from the box region in Figure 3b. Inelastic delocalisation is agaimportant
artefact. This is evident from the simulated spectfifhalso shown in Figure 4fgr a 4 nm
grain boundarylayer sandwiched between two bulk CdTe graifke dielectric constants
extracted fromow lossEELS measurements of bulk CdTe and grain boundase used in

the simulations; a grain boundary layer thickness of 4 nm was chosen since tlsigarutse

to the full width at half maximum of the Te:Cd intensity ratio profile in Figure[&e to
delocalisationtlie simulated and measurgicin boundargpectra do noexactly agredor the
energy loss range (< 4 eV) important for solar cell device operation. However delocalisation

is not significant for the doublet ‘A’ peak at ~13 eV, and this shows a decrietse grain
boundary compared to grain inter{@iigure 4a)

Figures & and £ show the real and imaginary parts of t@mplexdielectric function
extracted from KramerKronig analysis othe bulk CdTe and grain boundary EELS spectra
in Figure 4a.The E;, E;+A; andE; direct optical transitions are slightly maressed at the
grain boundary (Figure 4c). The effect this has on the optical absorption coeffgient i
however negligible, as can be seen from Figureldihlly the absorption coefficient at the
grain boundary should be as small as possible, sothaincident light generatedswer
charge carriershat are potentiallylost to nonradiative recombination. The grain boundary
analysed here has a large misorientation to induce significant structurell &s whenical

(i.e. Tedepletion)changes locally, but to within the measurement accuracy imposed by
delocalisation, thehange imrabsorption coefficient ovesolar spectrum wavelengtissmall.

In fact the largest change in absorption coefficiemnly observed at much higher energies
(~9 eV).Resultsfor a different high angle grain boundary, whathowed no Tedepletion,is
presented in the Supplementary Information. This grain boundarylisigiayeda decrease

in the doublet ‘A’ peak at ~13 eWith respect to bulk CdTe, although the changes to the
absorption coefficient over solar spectrum wavelengths small. The trend istherefore
similar to the grain boundary in Figure 3a, despite the differences in Te compagitihe

two boundaries.

Gold back contact



Figure 5a is a HAADF image of thgold back contact; the Pt layer above theld was
deposited as a protective layrrring FIB TEM sample preparatioff.he Au layer is ~50 nm
thick and has noticeable surface roughrorss to the underlying grain structure of the film
particularly at the interface with CdT&igure 5b shows the low loss EELS spectrum
acquired from theniddle of the Au back contatdayer, where goeak is observed al.7 eV.
The simulatedEELS spectrunior bulk Au is shown in Figure 5¢ amdas calculatedn the
retarded regimesing the optical constants listed in referef&]. The overall shape of the
simulated spectrunms similar to the experimentakesultin Figure 5b, although there are
subtle differences, such as the 2.7 eV peak appearing at 25 @x¢ll as higher intensigt
energy losses betweer2leV for the experimental spectruithese differences apossibly
dueto the fact that the measurenewereperformed on a Alayersandwiched between Pt
and CdTein a thin TEM sampleso thatadditional surface anaor interface lossesnay be
present but are nevertheless not taken into account in the simuldi@n 2.5 eV peak in
Figure 5c iddue to interband transitions in g&id

The low loss EELS spectrum extracted from the@xdI'e interfac€box region in Figure 5a)
is also shown in Figure 5b. The 2.7 eV peak for the Au layer is now broader aad red
shifted, suggesting the presence of an additional interface loss contributioveathergy.
Thenon+etardedsurfaceplasmorenergyat the AuCdTe boundary is determined thezero
crossing of the real part oA, + ecqtd, While the imaginary part must be close to zero t
minimise plasmon damping28]; for simplicity the finite thickness of the Au layer is not
taken into accountin calculating £a, + ecate the dielectric constant ireference[28] for
bulk Au was used foga, and the experimentailuesfor CdTefrom this work was used for
ecate  Figure 5d plots the real and imaginary parts &f, ¢ ecqrd. A zero crossing is
observed at 2 eV for the real paahd the imaginary part is also comparatively small in this
energy rangeThis suggests that the red slaftd broadeningf the 2.7 eV peak at the Au
CdTe interface is due surface plasmons at this boundary.

Radiative decay of surface plasm@olaritons (SPP)in noble metal nanoparticlesas
previouslybeen used tenhancehe photocurrent extracted frorticon solar cell§®*°. For a
perfectly flatAu-CdTe interface the surface plasmon is-nadiative, since its phase velocity

is smaller than th speeaf light in CdT€é". However, when the interface is rough, such as in
a real device (Figure 5ajpomentum can be transferred to the surface plasmon, thereby
making it radiativé®>® This means thah a solar cell device tHeght incident from the CdTe
side can generat8PR that propagate along thé&u-CdTe interfacebefore radiatively
decaying into a photon thathsickscatterethto the CdTe. This is a potentially useful method
for enhancing the photocurrent from photons with energy slightly above the baraf gap
CdTe. In a conventional device absorption dfese low energy photons generate charge
carriers deep within th€dTelayer, so that they are prone to surface recombination from the
Au back contact or else recombine before diffusing to the space charge hetfienncident

light can bebackscatteredia SPB however the charge carriers will be generated closer to
the space charge region, thereby increasing the photocurrent.

The maximum photocurrent gain achievable throughSR&backscattering mechanisis
calculatedand the results are shown in Figure 6. It is assumed that all photons incident at the
Au-CdTe interface are backscattered ae@dbsorbed within th€.5 um thick CdTe layer.



Furthermore, it is assumed that the charge carriers thus generated aretfaliedxoy the
built-in electric field d the deviceThe photocurrent gain is calculated for photons above the
CdTe band gap (1.5 eV or 827 nm) up to tloe-retardedsurface plasmon energy (2 eV or
620 nm). This energy range takes into account the dispersion in surface plasmoft esergy
well as those photons that can be absorbed by Cd¥e.expected the largest gain in
photocurrent is forwavelengthsclose to the absorption threshold of CdTehe total
photocurrent gain that can be achiefadall wavelengthshroughthe SPPmechanism is 2.4
mA/cn?. This is ~13% of the calculateds; value (.e. 18.1 mA/cnf) and highlights the
potential of the method. Nevertheless questions remain on the efficieB&Pekcitationby
light and subsequentadiative decay, the idealirfaceroughness of the Au back contact and
ideal thickness of CdTe absorber lay&rmore indepth analysis is required to investigate
these factors further.

Conclusions

Aberration corrected and monochromated STEELS is used to measure the local optical
properties of interfaces in CdTe tHilm solar cells.Delocalisationin inelastic scattering
was found to be a limiting factor in the accuracy of such high spatial resolution
measurementd he dielectric functiomeasuredor the CdTeS, inter-diffusion layer at the
CdSCdTe interfacendicated asmallerband gap, but a lower optical absorption coefficient
over much of the solar spectrum rangreflection lossef light at the CdSCdTe S«
interface is howevetower than CdSCdTe. The benefits of improved reflectivity on the
photocurrent is therefore offset by the lower absorption coefficient, resitorgy a modest
change inls.. Sulphur intermixing has previously been identified as a contributing factor to
Jsc losses, but this effect is not observed here. This could be due to systematicettiers i
dataarising from delocalisation artefacts, as welttesunknown effect of sulphur alloying

on materials parameters (i.e. carrier diffusion length, doping otratien etc).

Subtle variations in optical transitioase alsmbserved at CdTe grain boundaries, which are
dueto the abrupt change in the structure and/or chemistg Te-depletior) at the grain
boundary. However, thigives riseto only minor chagesin theabsorption coefficienin the
visible or neavisible spectrum rangat the grain boundary compared to the grain interior.
Ideally the grain boundary should have a low absorption coefficient, so thathange
carriers generated by light absorption are not lost teradmtive recombination via band
gap defect statetdowever, he resultsheresuggest that grain boundaries CdTedo not
have a significant impact on the carrier generation profile within the adydagker.

Measurements at the Au back cor@dTe interface revealed a surface plasmon at ~2 eV.
The Au layer is not smooth due to the underlying grain structure, and this surfaceassig

can cause the surface plasmon to couple with an electromagnetic field. Ligehinftaim

the CdTe side can therefore excite surface plasmon polaritons (SPP) at -(héTéu
interface, whictsubsequentlypackscatter the light into the CdTe through radiative ddtay.
optimised his has the potential to increase the photocurrent for light wavelengths close to the
absorption threshold of CdTe.

Experimental Method



Device fabrication

100 nm of CdS was radio frequency (RF) sputter deposited &€ 20@ler 5 mTorr of argon

on NSG Ltd TEC 15M glass. CdTe was subsequently close space sublimatiSh (CS
deposited after a substrate {ameneal at 45 for 20 mins. The source arglibstrate
temperatures during CSS deposition were °6a0d 520C respectively. A twestage
deposition for 20 mins under 20 Torr of nitrogen followed by a 20 second vacuum deposition
step at the same temperatures was used. The thickness of the CdTe #bgarivess ~2.5

um. Samples were then etched in a nipfiwsphoric (NP) acid solution for 30 secotids
prior to a MgC} activation stefy for 30 mins at 41%C in air. This was followed by a further

NP etch for 15 seconds before thermal evaporation of a 50 nm thick gold back contact.

Electron Microscopy

Crosssections of the completed devices were thinned to electron transparencpusifg)
Helios 600 focussed ion beam (FIB) microscope, with the finabeam voltage during
thinning being 2 kV. Theample thickness was in the range of485nm, as determined by
KramersKronig analysis of EELS spectra (see below). Samples were examirtesl an
UltraSTEM 100 MC Hermes microscope at the SuperSTEM facility, Dangshpart from

the high spatial resation due to the aberration corrected optics of the STEM column, this
microscope is also capable of simultaneously achieving ~10 meV EELS easoiytior,
although in this work a dispersion of 20 meV/channel was used to acquire the low l&s EE
specta. Thus some energy resolution was sacrificed, limited by the point spread function of
the detector, in order to increase the energy loss range (up to 37 eVedeoom single
EELS spectrum:; this is required in order to perform an accurate Krd¢nemigy analysis’.
Chemical analysis was performed using core loss EELS with a dispef<io® eV/channel.

The STEM probe seruonvergence angle was 31 mrad and the EELS collectionasegta

was 44 mrad. Images were simultaneously acquired using a medium angle annuiatddark
(MAADF) detector b5, 82mrad inner and outer angles) as well as a high angle annular dark
field (HAADF) detector (82, 180 mrad inner and outer angles). The operating voltage of the
microscope was reduced to 60 kV in order to minim@&enkov radiation artefacts.
Simulation of the electron energy loss function in the retarded andetamed regimés

using the dielectric properties for Cdf¥showed that Cerenkov losses were negligible for the
experimental conditions in this work.r&mersKronig analysis was performed using Gatan
Digital Micrograph software. A combined Gaussian and Lorentzian model wasauBethe

zero loss peak (ZLP) in the EELS spectra.

Supporting Information
Includes (i) Multilayer simulation of EELS spectra, (ii) External Quantum Efficiency (EQE)
calculation of a solar cell device and (iii) Optical properties of a CdTe dpaimdary

showing no Te-depletion.
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Figure 1. (a) MAADF image of the Cd®dTe interface. (b) EELS single scattering
distributions for CdS, CdTe and the G@8Te interface extracted from the box region in
Figure la. The inset shows the energy loss onset for the three spectra. (c)hehQd$ t
CdTe nterface spectrum and the multiple linear least squares (MLLS) fit using@H®
and a delocalised signal as the reference spectra. The delocalised signal has thg-form
2/(ecdatetecd9)}, Where ecqte ecqsare the dielectric functions for CdS and Cdé&spectively
and ‘Im’ represents the imaginary part of a complex number. Also shown in Higusethe
simulated spectrum for a 2.8 nm CdJ}$; layer sandwiched between bulk CdS and CdTe.
Analytical expressions for a multilayer systéii were used in the simulation. The area
under the curves in Figure 1c is normalised for direct comparison. (d) shows thenf:Cd a
Te:Cd core loss EELS intensity ratio profiles across the-Cdite interface, along with the
MAADF intensity. The curves have been normalised for direct comparison.
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Figure 2: (a) real €;) and (b) imaginaryeg) parts of the complex dielectric function for the
CdTe S, interface layer and bulk CdTe, extracted from a Krarkeosig analysis of the
EELS spectra irFigure 1b. The absorption coefficient)(over solar spectrum wavelengths
important for solar cell device operation is plotted in (c). (d) shows thectrefly as a
function of wavelength for a CdSeTe interface and CdSdTe .S, interface. The simulated
external quantum efficiency (EQE) for the CG8Te and Cd¥2dTe.S devices are plotted
in (e).
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Figure 3: (a) MAADF image of a high angle CdTe grain boundary. (b) shows the Te:€d cor
loss EELS intensity ratio mapped over the begion in Figure 3a. The Te:Cd intensity ratio
profile across the grain boundary is shown in (c). The profile was extracted froneaan ar
close to the box region in Figure 3b. The average Te:Cd ratio for the grain interior on the
right hand side has been normalised to unity.

A —CdTe
Cirain boundary
Multilayer simulation

Normalised Intensity

1Iu 1I5 0 25 30 Rlﬁ-
Energy loss (eV)
(@

Ln .

0



m— T

=== (jrain boundary

2 4 6 8 10

Energy (eV)
(b)
14 - - -
E1 m—CdTe
12 ¢

=== (rain boundary |

2 4 6 8 10
Energy (eV)
(©



5
=10

8
A Te
=== (Grain boundary
f} L
_—
5
§a
3
2 g

0 - - -
300 400 500 600 700 800 900

Wavelength (nm)
(d)

Figure 4: (a) EELS single scattering distributions for bulk CdTe and CdTe grain bgundar
are superimposed with the area under the curves normalised for direct comparisgmaimhe
boundary spectrum was extracted from the box region in Figure 3b. Also shown in4agure
is the simulated spectrum for a 4 nm grain boundary ‘layer’ sandwicleddrebulk CdTe.
Analytical expressions for a multilayer systéfi were used in the simulation. The real) (

and imaginary €,) parts of the complex dielectric function for CdTe and CdTe grain
boundary are shown in (b) and (c) respectively. The corresponding absorption coefiicient (
over solar spectrum wavelengths for solar cell device operation is plotted in (d)
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Figure 5. (a) HAADF image of AuCdTe interface. The Pt overlayer was deposited during
FIB TEM specimen preparation. (b) Low loss EELS spectra for the Au lageAaCdTe
interface. The latter was extracted from the begion in Figure 5a. The zero loss peak has
not been subtracted from the individual spectra, although its intensity was nechfalisa
more direct comparison. (c) shows the low loss EELS spectrum for bulk golcsohui the
retarded regime. The reahd imaginary part of ey + ecqrd, Where eay, ecqre are the
dielectric functions for Au and CdTe respectively, is shown in (d).
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Figure 6: Photocurrent gain as a function of wavelength of incident light for the surfac
plasmon polariton (SPP) mechanism in abthick CdTe film with Au back contact. It is



assumed that all the light incident on the Au layer is SPP backscattered-asbrieed
within the CdTe to produce charge carriers with 100% collection efficiency.
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