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Abstract

The improvement of antimony selenide solar célsshort-term air exposure is explained usingmplementary cell and material studies.

We demonstrate that exposure to air yields a relative efficiency improvementypie SbSe; solar cellof ca.10% by oxidation of the back
surface and a reduction in the back contact barrier height (measureiVbl) from 320 meV to 280 meV. XPS measurements of the back
surface reveal that during 5 days in air,Gcontent at the sample surface increased B¢2leaving a more Seh ShSe film along with

a4% increase in elemental Se. Conversely, exposubedays of vacuum resulted in a loss of Se from th&&lHilm, which increased the

back contact barrier height to 370 meV. Inclusion of a thermally evaporated thin film,0§ 8&hd Se at the back of the $® absorber
achieved a peak solar cell efficnof 5.87%. These results demonstrate the importance ofricBd®ack surface for high efficiency devices

and the positive effects of an ultthin antimony oxide layer. This study reveals a possible role of back contact etching in exposing a beneficial
back surface and provides a route to increasing device efficiency.

important for initial efficiency characterisation and a key
Introduction indicator of material properties.
In the superstrate architecturtor a thinfilm solar cell light

Antimony selenide (SBe) is a relatively new photovoltaic enters through the transparent substrate and therefore the
absorber material that has seerrapid efficiency rise in recent back contact (i.eat the dark side) is exposed and susceptible to
years (from 2.1% to 9.2% since 2014). [1, 2] However, wHpging influenced by the aiinless it is encapsulatedhe rear
these increases have been impressive, there is still a gap in §ysface of Sibe determines the quality of théack contact in
fundamental understanding of its material properties. [3] Th&uperstrate devices and is therefore crucial in achieving Ohmic
interest in SbSe stems from it baig a binary, single phasebehaviour and low series resistance contacts. There have been
compound that is abundant, has relatively kexicity, a near numerous etch processes proposed to improve the back
ideal band gapand a high absorption coefficient (>5emt in  Surface, for example €8nd (NH).S chemical treatments, [8]
the visible region). In addition, it forms I&noribbon with the proposed benefit generally derived from the removal
structures that, while presenting challengesedto anisotropic of antimony oxide. Addition of Se to the back contact has also
charge transport, offer significant opportunities if theP€€n suggested as a method of cell improvement. [10, 11]
orientation can be controlledwith the ribbons orientated In this work, we examine the natural aging of superstrate n
perpendicular to the substrataVithin suitably oriented SBe, YPe [3] ShSe-based cells under atmospheric conditions.
selthealing grain boundarieshave a reduced density of During multiple SiSe-based device studies, a consistent
dangling bondsthat result in fewer defect states within the change in efficiency was observed with repeated
band gap [4] These wouldact as recombination centresd are measurements over time for samples stored in air. In contrast
usually a major limitation ipoly-crystalline thinfilm absorbes. {0 many absorbers, an efficiency boasas noted during the
Recently, Raman spectroscopy has been shown to allfiist few days after fabrication. This has been observed in the
determinationof the preferred orientationfor ShSe thin films.  litérature previously, [12] but has not been commented on or
[5] explored. Theimprovementsare contrasted to cells stored

It is common in the study of hybrid orgaalide perovskite under vacuum. The changes in performance and madteria
solar cellswhich can exhibit high power conversion efficiencyproperties at the back surface were studied using current
to analysethe shortterm evolution of efficiency due to their dénsityvoltage measurements under illuminatiq@V) and in
notorious stability issues. [6] Device stability is an importatge dark at different temperatures}v-T), as well as xay
consideration for any emerging technology and most suffé@lotoelectron spectroscopy (XPS). We examine bk
some form of degradation over various timescal@sHowever, changes occurring abhe atomic level and their influence on cell
for relatively sable solar cells, little attention is paid to change§€haviour. Through this combined approach, we show that a
that occur immediately following cell fabrication, which i§mall amount of surface oxidation leavasnoreseleniumrich
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ShSe at the rear surface which reduces the back contadh normal emission geometrysing a Mg K(1253.6 eV) xay
barrier height, increasethe fill-factor, and enhances the cell source operating at 144 W and a hemispherical PSP Vacuum
efficiency Conversely,vacuum exposure increases the bacKechnology electron energy analyser. XPS spectra were fitted
contact barrier height via removal of selenium from theS# using a Gaussian/Lorentzian product function to approximate a
surface Voigt function [17] after Shirley background [X&ling with a
binding energy determination precision of + 0.1 eV. The
secondary electron cenff (SEC) was measured with theay
Methods source operating at 9 Veind an applied bias of 10 V between

Samples were fabricated for both cefiaking and material the sample and analyser. Raman spectroscopy was carried out
analysisaccording to previously published methoasith cells USing a Renishaw inVia misampe in backscattering geometry
using the FTO/TBh,Se/Au architecture. [13, 14] Different with a 633 nm laser. The power was kept below 0.05 mW at the
analysis methods such a&, }V-Tand XPS were performed onSample to prevent laser damage to the surfalcg.
the same sample set to minimise samypbesample variability.
The complete célstructure was used each time apart from for, . .
XPS analysis, for which the gold back contact was omitted. %QSUHS and discussion
organic hole transport material (HT)]Mas been used previouslyln order to investigate the aging process of theS&bcells,JV
to improve cell consistency and efficiency, [13] but was noteasurements were taken at intervals after exposure to
included in this study @ simplify the analysis and avoid ambient air, allowing an assessment of the performance change
confounding factors. induced. Fig. 1 showkV curves taken from the same cell at 0,
FTO coated glass (TEC10 NSG) s ultrasonically 23, 50 and 98 hours after fabrication and storage in air, with the
cleaned using deionisedater, and isopropanol, then treated parameers of the cells summarized in Table 1. The most
in a UVozone reactor for 10 minutes. A compact layer of ;Ti@bvious change to the curves over time is the reduction in the
as an electron transpormaterial (ETM) was deposited in dimitation to the forward current Known as theZ E}A offEq,
nitrogen filled glovebox using a twestep spincoating process 20]) that occurs at high forward bias the light 3V curvesThe
from a 0.15M and then 0.3M titaniuAsopropoxide (Sigma diode due to the back contact, which acts in opposition to the
Aldrich, 94 solution in anhydrous ethanol. [15] Each solutiomain junction diode, limits majoritgarrier injection at bias
was deposited at 3000 rpm for 30 then dried at 120C for 10 greater than ¥.. [21] The reduction in this relbver overwith
minutes on a hoplate. The fully coated sample was thertime suggests a reduction in the d&da contact barrier height
annealed in air at 508C for 30 minutes. The ke absorber induced by the air exposur€&ig. 1 also shows some qualitative
was deposited using a twstep closespacel sublimation (CSS) differences between the development of theé/Jcurve shapes
process that is detailed elsewhere. [13] In brief, a sksgr when comparing the evolution of the light and dark curves
was deposited at a source temperature of 3@under vacuum during air exposure. The light\J curves undemy a rapid
followed by a growth stage at 46C under 13 mbar nitrogen. transition from having very significant to very reduced-miéer
Finally, the SiSe deposition was halted by a rapincrease in (0 t23 hrs), to the longeterm air exposed samples showing J
nitrogen pressure to 460 mbar and the layer was cooled to roo¥hcurves that converge (50 and 98 hrs). However, the dafrk J
temperature. 50 nm of gold was then depositedto a room curves show less pronounced roler and initially chage
temperature substrateby thermal evaporation through a shape more slowly with air exposure (0 and 23 hrs overlap) and
shadowmask to define cells with an area of 0.1<m only begin to diverge with longer exposure (5®8 hrs). It is
Analysis commenced immediately after fabrication (i.e. time 50
=0 hr) and was repeated at intervalteteafter during exposure — Light 0 hr
to various conditions. Cells were aged in air by simply leavinc 40 = = Darkonr
them in the lab ambient (room temperature, dark, 1 atm air). & = Light 23 hr
Vacuum aging was performed by leaving the cells in a vacuun = T Dak23mr
chamber (room temperature, dark;V-T: 104 mbar, XPS: 1® ';::::g ::
mbar). Measurements were taken at specified intervals to —— Light 98 hr
determine the change in device performance over time. — = Dark98 hr
JV measurements were performed using a TS Space
Systems UniSim 100 AA#ted solar simulator. Cells were
measured with a voltage sweep frosh V to +1 V at a rate of
0.25 V/s without any conditioning prior to measuremed/-T
measurements used a Janis cstat to measure the darldVv
curves of cells froml V to +1 V at each temperature between
200K and 35 in 10K increments. The back contact barrier -30_1 e to o o2 00 0z or oe oa 1o
height (necg was extracted using the Batzner method [16] using ' ’ ’ ' ' ' ' ’ ) ' '
a fit to the series resistance of the lteas a function of Voltage (V)
temperature. XPS experiments were performed in an ultrahig
vacuum (UHV) surface science chamber operating at a b
pressure of 1 x 18° mbar. Cordevel spectra were measured
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likely that these differences are due to a pha&sponse in the

380

material, but the curves alone cannot be used to determine
whether they are due to photocondttivity or photeexcitation
of traps for exampleNo change in optical absorption was 360 | .
observed, as shown in Fig. S1.
340 F .
Table1: Efficiency (), Vo, kcand FF of the cell in Fig. 1, measured < ,ﬁs“@
. . L . [ ~
immediately after fabrication, and after exposure to air for 23, 50, £ szol i
and 98 hours. @
s
0hrs 23 hrs 50 hrs 98 hrs 300 | .
3.90 431 4.28 4.16
Voe (V) 0.410 0.415 0.407 0.408 280 L |
Jsc (MA cm?) 23.3 23.2 23.3 229
FF (%) 41.8 44.2 45.9 45.5
260 L -
0 120
The curves shown in Fig. 1 are from a single cell, but it i Time (Hours)

representative of the gneral trend observed from the data set,
as can be seen in FigaBd . The efficiency increase over th
initial 23 hr period is driven byéreases in thédll factor, while

there is little change in thek:. and \4.. In contrast, samples
exposed for 5 dys to vacuum, show the opposite trend (Fig). S
For these, the efficiency has decreaseighly driven by an each sample set showing good quality fits to the data shown in
unchanged M and FF, combined with thec.showing similar Fig. 8. The change is distinct, with the 5 days in air reducing the
reductionafter 5 dayssompared to the samples exposed to airparrier by 40 meV. Conversely, the barrier in the sample

The lack of performareimprovementunder vacuunindicates €xposed to 5 days in vacuum increases by approximately the
that air exposure rather than time itself causes the device Same amount: 50 meV. This suggests that several different

improvements processesre occuring at the backsurface of the cells.
— One obvious candidate for the change observed in dve
o T2 4  parameters of these cellsould be oxidation of the SBefilm
c & 1 to SkOsat the back surface. Formation of an oxide could result
=5 1.10r 7 R i 71 in the observed changenibarrier height. Initially, grazing
% 108 3 /,/ T R T ] incidence xay diffraction (XRD) and Raman spectroscopy were
Tn’ | ,/ B “~~._ | carried out on a film following 5 days air exposure, as shown in
8 408l 7 ,/ " | Fig. Sand $. All peaks observed were indexed toS#[5, 13,
g L ;o 14] demonstrating that elier no oxidewas present at the
- 1.04 - i 7 o ) 4  surfaceor that the presence of an oxide, or any other chemical
% i i -v-FF change at the surface, cannot be deted by either of these
T 1.02r /l// Voo 1 techniques. The latter was deemed more likely, as some oxide
g 100k "/l_/ S s S o & _ would be anticipated, and was thougl indicate that any
pzd | = Tceeo | chemical changes either formed an amorphous layer or were
098 | B highly localised at the surface despite the significant effect on
L L L L . L L device performance. The more surface sensitive technique of
0 20 40 60 80 100 XPS was therefore applied to detect amynorphous o
Time (hours) crystallinesurface layer.

The samples for XPS were taken from the same set as those
used for}V measurements, although they did not include the
gold back contact. Gold is a relatively porous metal and would
not be expected to present a good barrier the various

: . . 8 environmental exposures used in this stud32,[23] Whilst we
To investigate possible causes of the performance variatiqgcognise that samples used for XPS may experience increased

temperature dependengV measurementsV-T) were carried exposure effects without the gold electrode, the change is likely
out to determine changes in the back contact barrier height i3y pe minimal and represents the most directly comgiale

both air and under vacuum. For this, a batch of cells was divid%me which can be measured. All XPS measurements were
into two sets. The first set was measured immediately aftgerformed under UHV, artthe transfer from SkSe deposition
fabrication, then left under vacuum for 5 days agemneasured. 5 measurement was undertaken as quickly as possible to
The second was exposed to the ambient air for 5 days and thgfhimise the time in air. One sample was measured freshly after

measured. The barrier heights extracted using the Batzngprication, then kept under vacuum for 5 days and the
method [16] are shown in Fig. 3, with representative fits for
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As Deposited Air Exposed Vacuum Exposed
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measurements repeated. A second identical sample wgde - Z & ]JveSpupol}l( n 8} 8§z ASE u oC
exposed to air for 5 days before measurement. sampling depth of XPS (on the order of nm).

The peak areas of the fitted XPS spectra were used to The ratio of peak areas originating from different elements
quantify differences inthe samples. The Sb 4d spectra focan give information on their relative concentration in the
example (Fig. 4a, 4c, 4e) show peaks corresponding to Stsample. However, the probability of electron ejection fram
SbSe and Sb in S©s. The oxide peaks are assigned ta@ core level varies from element to element and orbital to orbital
rather than other antimony oxides, such as,S§) based on as well as the collection efficiency of the detector varying for
their peak positioras discussed in dép by Shiel et al. [8The different electron energies. Atomighotoionization cross
percentage of antimony oxide in the spectrum was calculatestctions are known for each orbitgiven the XPS system setup.
by dividing the Si); peak area in the Sb 4d spectrum by thé¢24] In this study, the cross sections are applied to all the peak
total areaunderthe Sb 4dine shapeand multiplying this by area calculations however the analyser transmission function
100. The same approach was used to determine the percenta@del'F) is not knowrT.he ATF for the Sb 4d and Se 3d spectra will
of elementalSein the Se spectra. Spectra from two orbitals obe almost the sameas they are very similar in energy. In
both Sb and Se were fitted and peak areas analysed (Sb 3dc&buating the ratios of these suburface related peaks the ATF
4d, Se 3d and Se 3p). Electrons originatirmmf different will cancel and thus the absolute value of these ratios is
orbitals have different escape depths from within the samplesignificant. For the surface ratio the ATF will not be the same
Those with a low binding energy (high kinetic energy) camd therefore only the percentage change in ratio, which is
escape from greater depths of the sample than electrons withiadependentof ATF, is discussed. The absolute values remain
high binding energy (low kinetic energy). The escape depthsapproximate.The Se to Sb peak area ratio is discussed and the
the electrons emitted from different orbitals of gBe; and total ratio at the surface and subsurface is calculated (including
ShOs; are summarised in Table S1. This demonstrates that Shelemental Se and $0; peak areas) as well as the ratio of the
spectra include electrons from deeper inside aHsample peaks assigrieonly to SbSe. An increase in the latter Se/Sb
(10.2 nm escape depth) than Sb 3d spectra (6.9 nm). Similaritio indicates the loss of Sb bonded to Se, leaving a more Se
the Se 3p spectra are more surface sensitive (9.3 nm) than theh ShSe; film while a decrease in the ratio indicates a loss of
Se 3d spectra (10.2 nm). Table S1 shows the same trend f@eafrom the Si$e leaving a more Sb rich 8® layer.
sample of SED; and using this depth profile, the change Fig. 4 shows th&b 4d and Se 3d core level regions of the
between surface and sufurface can be determined by analysiSkSe surface for the asleposited, 5day air exposed and-&ay
of elemental orhtials at different binding energies. While thevacuum exposed samples. The-deposited samples are
signal in all XPS spectra is dominated by the surface of tmmposed mainly of $S8gwith asmall contribution from Sit;
sample, surface localised changes show more prominently[8] as seen in Fig. 4a and 4b. After-ddy exposure to air the
% SE SZ S E Uu}lE -nE( o yveo] A Xh®ZcoBteE in thesample increased froB% of the Sb 4d
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increase in the back contact barrier heigliscussed earliefor
the samples stored underacuum.

The main change to the sample under atmospheric
conditions is the growth of an Sb oxide, leaving@re Serich
SbSe film and some elemental Se. The oxide is expected to
form a thin layer located on the sample surfadeyther
evidenced by the sharp desaise of total Se to total Sb ratio for
the air exposed sample=2(% at the surface). The surface ratio
of Se to Sb in $8e increased by almost% with air exposure
supporting the idea that SBe bonds are broketo form SbO
bonds, leaving anore Se rith ShSe film and some elemental
Se on the surfaced4¥ increase) as shown in Table S3. It is
important to note that all XPS measurements were acquired at
h,s v §Zpue $Z €& §]} }( ™ v s} ~ _ 8}/
N _u G pv & <S]Ju § (}depasited @aGf aiz o C
exposed samples. All Se to Sb ratios tabulated in Table S3 show
Sepoor ShSe, which may be attributed to the initial sample
composition, the effects of analysis under vacuum or a
combination of both.

The SEC of freshly deposited arid exposed SiSe was
measured using XPS to ascertain the work function (WF) of the
samples. Fig. 6 shows the SEC spectra and corresponding WF
values. The WF of the samples decreases from 4.9 eV to 4.3 eV

spectra to 2% (Table S2). The oxide growth represents tHe &r- The shoulpler on the freshly prepgred sgmpldahoug_ht
be a contribution from a patchy Sb oxide while the main SEC

most significant change as evidenced by the clear growth of tl%?s

peak inFig. 4c and is likely to play a major role in the devicst-%ems from clean $Be. Inhomogeneous sample surfaces are

performance improvement in air. However, some additionahnown to display similar SEC  spectra.5]2Air exposure

minor changes were also noted. Table S2 shows the percentaegnt(e:Ourages further oxide growth leaving the surface coated in

contribution of certain elements in the sample to the total peaf%1 \_/;ry t_h'n I<|51yer ?c: j&_ontthti or;lgrsof L ntm, g)_t:_erwlse th_et ¢
area in the spetra. oxide signal would dominate the spectra. This is consisten

with the corelevel analysis suggesting that air exposure forms

The Sb 4d spectra werased above to calculate the increase

of SbOs in the sample. Due to their lower kinetic energy? thin layer of Sb oxide on the surface which may act as a

photoelectrons from Sb 3d orbitals have a lower inelastic megrr]otectlve layer. SEC spectra feacuum exposed, airacuum

free path (IMFP) and so correspond to a lower probing depth.elh>1m05_egI arfldhvacuumlr exp(;osedds_amplesdfyrt;err;orsrobc_)rate
the Sb 3d region is used insteatiSb 4d, the proportion of the : ef Ohr'glsr:\;)\/; e spectra and are 'SCUSZ? ': '%I egtloz
Sb 3d region composed of the 8 components increases ofthe measurements were combined witalence ban

upon air exposure fronY% to 34% of the total Sb 3d signal ——— 77—
(Table S2) indicating the oxide is predominantly formed at the
sample surface. ®&h lack of elemental Sb in theamples
suggests that the Sb for the oxide growth shown in Fig. 4c sterr
entirely from breaking bonds in theShSe and is discussed
further below. In Fig. 4 the vacuum exposed sample spectre
closely resemble the spectra of freshly deposited samples
indicating that no major chemical changes occur in the sample
with time alone. The oxide formation is suppressadder
vacuum conditionshoweveranalysis of the ratios of Se to Sb
resulted in some interesting findings.

Fig. 5 shows the changes in the ratio of Se to Sb i8esb
(not including oxide peaks or elemental contaminants) for two
different samples.Sample A was measured shortly after
deposition, left under UHV for 5 days and remeasured while I ! !
sample B was measured after aldy exposure to air. Analysis 1249 1248 1247
of the peak area ratios highlights the loss of Se from th&&b Binding Energy (eV)

(-3%, see Table S3) under vacuum conditiddsder vacuum,
the SbSe bow is broken andome Seis removed from the
sample leaving anore Sepoor ShbSe film. This is expected to
be the cause for the decrease in device performance an

[ ®-43eV/

——— As deposited .
—— Air exposed 1
Linear fits B

Intensity (arb. units)

—r -
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positions (SI Section 1l) in drawing a band diagram of thge were tested. XPS analysis had already confirmed that surface
junction between the SiSe absorber layer and the gold changes on the order of nm caugbe increase in device
contact. The band diagram schematic is shown in Fwgitiithe performance therefore layers of this scale were targeted.
SbSe depicted as rtype as previously reported. [3] The band Freshly prepared $8e samples were annealed in a box
offsets are informed by the XPS data discussed above &nchace at 300C for 5 mins. The device results were extremely
further measurements discussed in Section |l of the SI. Durpmpr due to a large device series resistance (Hig), 8kelythe
device operation holes are swept to the back contact andesult of the oxide layer being too thick. In addition, the Se
extraded by the gold. The band diagram shows the fri8glse within the ShSe layer is known to be volatile from the XPS
layer as well as the conduction band position @fShO; measurements in this work and therefore it may have been
interface layer in contact with the gold. The gold WF was foumdmoved during heating, unintentionally causing similar effects
to equal the Fermi level energy relative to the vacuum level & vacuum conditions and contributed to the drop in device
the freshly prepared sample and thus no charge transfer occyrerformance. Even though it waslearly detrimental to
between the two on contacting. The interface alignment impliggerformance, the effect of heating for 5 mins was too subtle to
that recombination may occur in the freshly deposited sampld® analysed with Raman spectroscopy. However, a forced
due to the small (0.22 eV) energy difference between the Feroyidation at 300 °C for 15 mins formed a thicker layer, as shown
level of gold and the conduction band (CB) 8BSe. in Fig. 8. The spectrum shows the known major des of
Improvement of device performance by deposition of aShSe and those of Sl including the less intense modes at
additional layer to suppmess recombination of charge carriershigher wavenumbers. The oxide formed on the surface was
between SbhSe and a gold contact ds been reported (}uv §} -ShOs;(senarmonite) which is the most common
previously. [B] The ultrathin surface layer acts as a barrieiSb oxide formed.26+ } $ ZSkkO; and an allotrope ofSe ~+
through which photogenerated holes tunnel, reducingnonoclinic)display a major Raman peak at ~255cfi28, 29,
recombination at the back contact. Simultaneoughe oxide 30] While some small amounts of elemental Se may also be
surface layer may passivate the interface between theS8b present, no secondary peaks were found and the more volatile
and Au layers and thereby reduce recombination sifEBe Se is expected to have evaporated.
diagram suggests that while a thin layer of oxide on the surface The effects of thermal evaporation of thin layers $0s,
may be beneficiala thicker layer would negatively impactSe or both onto the surface of the 8® were compared to
device performance due to its insulating propertieereasing establish the origin of the device performance incredsSg. 8
the device series resistance shows that the improvement of device performance achieved
To confirm that the changes at the sample surface edlis through air exposure can be achieved through thermal
observed performance increase, different attempts were madevaporation @ thin layers of SiiD; and/or Se. A 2 nm thick layer
to controllably reconstruct the changes sewith air exposure. was deposited onto fresh 28g and the effects on device
/v p JvP 8Z (}Eu 3]}v }e0sldyer By Aeatinty in performance analysedhick evaporated layensere deposited
air, as well as depositing a thin layer obGhand/or a layer of on separate Si$e substrates and Raman spectcanfirmed
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Figure 8:a) Currenvoltage plots of a freshly made reference cell, and cells with 2 nm of thermally evaporat®g Sk, and bot
between the SESe and Au layers, showing the reduction in voller and increase in.hnd V4. b) External quantum efficiency.

the «3}] Z]}u SEC }( A % }E -ShOs(28 @9 anhf interface to the gold back contact. Overall, the combination of
trigonal Se 3Q] (Fig. $1). A similar, although smaller decreasdoth materials is expected to yield the best device performance.
in roll-over is observed with the cells, analogous to air exposure Thicker layers of Se and£b were also investigated. Fig.
(Fig. S2). This demonstrates that the improvement seen witl812 shows that the addition of 3 nm of &b between the

air exposure is almost certainly caused by the oxidation &»Se and Au layers in a device yields similar performance to
SbSe, creating SHD;, a more Serich ShSe layer and some reference devices, and 6 nm of;8bhas a deleterious effect on
elemental Se as shown by XPS (Fig. 4 antihg) EQE spectrathe performancedue to an increasd series resistanceThe
(Fig. 8b), peaking at ~90%, show excellent collection at higddition of 5 nm of Se is also shown whidémonstratedno
energies dueto low parasitic absorption from the wide improvement in device properties. This confirms that while a
bandgap window layer of TiOThe long tail above ~801m is thin layer of SBO; and Se has a positive effedhe lower
indicative of significant losses due to ngdp states. The conductivity of these layers puts a limit on tti@éckness that is
interference fringes are caused by internal reflections withiben€ficial to deviceswithout further processing (diffueg the

the multi-layer structure, wheeas the small discontinuities atSe into the layer, for example)

700 nm and 800 nm are artifacts due to diffractigrating

switching.The increase in current comes from a broad increase .

in the entire EQE (Fig. 8b), indicating increased collectibroNclusions

throughout all wavelengths. Table 2 hights that while thin |n this study, we have shown that exposure to air increases the
layers of both Si0; and Se increase device performance, the Sfficiency of rtype ShSe solar cells via a reduction in the da
layer has a greater effect. This thin layer may react at the bagkntact barrier height. This change occurs over a matter of days
surface to form a Seich SkSe film or remain on the surface. 4t room temperature and pressurewithout any additional
Further XPS analysis of thin deposiféchs might resolve this crrocessing. Examination of the /S back surface using XPS

PUt is beyorl;d t:?le i(_:OpiUOf _this wc;]rk. The tzir\ Iayer_ of Or)](i Bvealed that over afblay period exposed to air, the amount of
improves.c by blockingshunting pathways and improving t eSQO:g present increased by4% while the amount of free

Table22W | v A E P ~}(\VA Land FF ptfreshly made reference cells, and cells with 2 nm of thermally evapo
SkO;s, Se, or both between the g®e and Au layers.

Peak Average
Voc Jsc FF Voc Jsc FF
Reference 5.36 0.401 25.84 51.90 4.78 0.396 25.69 46.91
2nm Se 5.85 0.417 26.91 51.80 541 0.418 26.12 49.58
2 nm ShO3 5.57 0.398 26.71 52.10 4.95 0.393 26.25 47.94
2 nm ShOz +2 nm Se 5.87 0.419 27.02 51.70 4.98 0.393 25.95 48.10




selenium increased b4£4 leading to anore Serich ShSelayer Authors

forming at the back surface. The oxide species was analysedNjigole Fleck- Stephenson Institute for Renewable Energy and
Z uv *% SE}e }%C Vv (SpO; (seharmonmite). Department of PhysicsPeach Street, University of Liverpool,
Exposureo 5 days 6 vacuum resulted in a loss of Se from thejverpool L69 7ZF, UK

SkSe film, suggesting that the XPS measurements mayliver S. Hutter- Department of Mathematics, Physics and
underestimateselenium to antimony ratios in the sampléhe Electrical Engineering, Northumbria University, Newcastle upon Tyne
presence of both antimony oxide and selenium enhance thNE1 8ST, UK

back contact by impramg changeextractionand suppressing Huw Shiel - Stephenson Institute for Renewable Energy and
recombination. Therefore, the presence of a small amount @fepartment of Physics, Peach Street, University of Liverpool,
either of these materials reduces the back contact barrigliverpool L69 7ZF, UK

height, as measured V-T, from 3D meV to 280 meV thereby Theodore D. C. HobsorStephenson Institute for Renewable Energy
reducing the roliover observed in}V measuremets and and Department of Physics, Peach Street, University of Liverpool,
increasing thefill factor. This yields a relative efficiencylLiverpool L69 7ZF, UK

improvement of the cells ofta. 10%. Selenium losander vVin R. Dhanak Sephenson Institute for Renewable Energy and
vacuum increases the barrier height to 370 meV, with Bepartment of Physics, Peach Street, University of Liverpool,
corresponding loss in efficiency. Replicating these results byerpool L69 7ZF, UK

depositingthin layers of Si); and Se by thermal evaporationTim D. Veal- Stephenson Institute for Renewable Energy and
demonstrated that the most significant factor in enhancing thBepartment of Physics, Peach Street, University of Liverpool,
performance arises from excess selenium. Also, while 2 nm|@fepool L69 7ZF, UK

oxide is beneficial, any more than this was detrimental tprank Jackel Stephenson Institute for Renewable Energy and
performance due to aincreased series resistance. In this worbepartment of Physics, Peach Street, University of Liverpool,
a peak efficiency of 5.9% was achieved, without the use aferpool L69 7ZF, UK

organic charge transfer layers which often yield highafen Durose- Stephenson Institute for Renewable Energy and
efficiency valueq13] These organic interlayers were omitted inDepartment of Physics, Peach Streétniversity of Liverpool,
this work to simplify confoundng factors. These results Liverpool L69 7ZF, UK

demonstrate the importance of anore selenium rich back Jonathan D. Major Stephenson Institute for Renewable Energy and
surface for high efficiency devices and the positive effects oiDgpartment of Physics, Peach Street, University of Liverpool,
thin antimony oxide layer, explaining the possible function efiverpool L69 7ZF, UK

back contact etching, and pointiregway forwad for higter-

efficiency devices.
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