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Electrical activity at grain boundaries of Cu(In,Ga)Se thin films

D. Fuertes Marrér, S. SadewassérA. Meeder* Th. Glatzel, and M. Ch. Lux-Steiner
Department of Solar Energy, Hahn-Meitner Institut Berlin, Glienicker Strasse 100, D-14109 Berlin, Germany
(Received 1 July 2004; revised manuscript received 8 October 2004; published 6 Janugry 2005

There is a renewed interest in the electrical activity at grain boundaries in relation to the outstanding
performance of thin film solar cells based on(ByGaSe,. We observed electrical activity at grain boundaries
in CuGasSe thin films by locally resolved work function measurements, using Kelvin probe force microscopy
in ultrahigh vacuum orin situ prepared surfaces. By means of their electrical activity under illumination, we
identify different types of grain boundaries, presumably associated with different crystallite orientations. A
comprehensive discussion of the applicability of different models is presented.
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In comparison to grain boundari¢&Bs) in Si,! those in  of an energetic barrier for holes arriving from the inner part
chalcopyrite semiconductors are by far not as well studiedf the grains without the presence of interface charge at
nor understood. Only very recently have someGBs?® A reducedp-d hybridization between group-I-cation
experimenta“and theoretical studié®een conducted, mo- and chalcogen-anion states, due to Cu-vacancy surface re-
tivated by the remarkably high solar energy conversion efficonstruction, was proposed to lead to an overall downward
ciencies of polycrystalline absorbers compared to those obshift of the valence band maximum in the near-GB region, as
tained so far from single-crystalline ones. However, thisschematically shown in Fig. (). This model can indeed
comparison appears slightly biased: crystalline chalcopyritgccount for the experimental observations based on elec-
solar cells have not received nearly as much effort in th§ gnic transport measurements mentioned above. Further-
optimization as high efficiency thin film devicgsee, for o6 the absence of available free holes at GBs prevents

ﬁl)génLPlet’hthe e![aborate bénngaphgangln;gnng exfgrmses lectron recombination, minimizing the detrimental effects
s three stage process Reaching €tliciency TIgures ¢ oo ctronic applications as a result of minority carrier loss.

0 , .
close to 20% from any type of polycrystaliine absortier This “structural” GB model explicitly excludes built-in po-

cluding as well silicon or CdTenecessarily requires a favor- L L
able behavior of the GBs. Experimental studies have demor{gnt'als("e" stored chargea.t GBs. This is gnder;tood as the
result of a self-compensation of electronic point defects by

strated electrical effects gi-type chalcopyrite GBs, both . _ X " o
indirectly by Hall and conductivity measuremehend di-  (heir arrangement into neutral pairs of the typecg¥ing,,
rectly using Kelvin probe force microscogkPFM):47 re- despite the fact .that some gettering activity of GBy dif-
sults were explained according to a GB model developed b{erent types of impurities and in particular for N& ac-
Seto for Si, which assumes a depletion layer in the near-GBnowledged in the model.

region induced by some charge storage at interface states.  In p-type chalcopyritegas used for solar cell absorbgrs
typical band diagram for this “electronic” GB model for a both GB models, the “electronic” and the “structural” one,
chalcopyrite absorber has been reported, e.g., by Scktiler lead to similar predictions for the behavior of majority car-
al. for CuGaSe? It bends downwards some 100 meV, rep- rier transport(i.e., in the electronics involved at energies
resenting an electrostatic barrier for the transport of holeelow the Fermi levg) however, they should be discernible
(typically majority carriers and a sink for electrongninor-  on the basis of minority carrier effects at GBs, for example
ity ones, as sketched in Fig.(4). The depletion region on by measurement of the local electronic properties observed
either side of the GB plane results from positively chargedwith a characterization tool allowing high lateral resolution
interface states. This band bending has been observed di the nanometer range.

rectly by Sadewassest al. by laterally resolved surface po- . Ew. Eu.
tential measurements using KPRIRef. 4 and recently con- A D
firmed by Jianget al” However, both studies used samples r |o r o T

exposed to air, thus possible contamination affecting the GB : E, : £
electronics could not be excluded. The minor detrimental Y i d
role attributed to GBs in polycrystalline fims is accounted | ~: E ____l_ Vg
for within the frame of the “electronic” GB model by a cer- Y =

tain reduction of the band bending at the GBs gained under GainA ! GrainB &  graina Graing Ev
illumination (i.e., under solar cell operating conditionas a (a) GB plane (b)  Cu-depleted

. . . L . near-GB region
fraction of minority carriers are trapped at interface states,

reducing the net stored charge and thus the associated elec-F|G. 1. Schematic band diagram at a grain boundajy'Elec-

tric field and depletion region. tronic” GB model explaining the electrical effects at GBs as a result
In contrast to the “electronic” GB model, a recent theo-of band bending induced by stored chat@ef. 2 and(b) “struc-

retical study using first-principles modeling of GBs for se- tural” GB model, proposing a barrier for holes as a result of the GB

lected grain orientations in Culngproposed the appearance stoichiometry(Ref. 5.
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FIG. 2. KPFM measurement on the UHV-clean rear side of a ) R .

CuGaSe absorber film(a) Topography(height range=92 nim (b) FIG. 3. Line scan along the line in Fig. 2. Upper panel: A drop

k function in dark(4.79-4.94 eV, (c) work function under in thg work function(in darkness and under iIIum.inati))lat the
;II\IIS:nin:\tri]gr:o(rz]l ’ISnS—grO;_ eV, and (d)\ySFEV) ivr\1,1age(lj11—ll40um\l position of the GBs is observed. GBsandB are of different types

Different GB types are distinguished by the presence or absence {3‘15 |r}d|cated b¥hth(je|r dlfferefntthSPdV charzT_cterls{tmNer pane}; the
SPV. The line represents the position of the line scan in Fig. 3. ine is a smoothed curve of the dagray [ine.

In this Brief Report we present laterally resolved work : : ; ; .
fgnction (®) measurements carried out by KPFM in ultra- ggl))i%yagg?csfr:g\?vri)r?gnl(z)r\]/vzp %vg?lr(n ?L?r:g?gnt?lgfegoeﬁg;a?#é
high vacuum(UHV). A UHV-clean rear surface of a chal- ¢yallite surfaces. This effect is clearly seen along a repre-
copyrite compoundCuGaSg—hereafter CGSeis investi-  sentative line-scan shown in Fig. 3. Three adjacent grains
gated, revealing distinct electrical activity at GBs. Thepyig up GBs A and B. The work function lowering associ-
results provide evidence for the presence of different types ofted with the GBs is different in magnitude by a factor of
GBs in the films, as distinguished by illumination effects. A approximately 2. Due to the flat topography of the absorber’s
comprehensive discussion of the applicability of the modelsear surfacgheight range~90 nm), any possible influence
described above is given. of surface roughness on the work function measurement can

Polycrystalline thin-film samples were grown in a two- be largely excluded.
stage process by chemical vapor transport onto Mo-coated |t should be noted that this work function reduction at
soda-lime glass with slightly Ga-rich final composition asGBs is, in principle, not sufficient to exclude the applicabil-
required for solar cell device processifig>7%), and were jty of the “structural” model: the results can still be inter-
peeled-off in UHV following a technique reported in detail preted in the frame of both “electronic” and “structural” GB
elsewheré:1® This sample preparation prevents postgrowthmodels. In the first case the presence of positively charged
air exposure and surface contamination which may affect thinterface states results in a downwards band bending at the
extremely surface-sensitive contact potential GB [see Fig. 1a)]. In the latter case, the electronic structure
measurements. The cleanness of the procedure, i.e., the abof the Cu-poor near-GB region above the Fermi level has to
sence of substrate remnants after lifting the sample off, hase considered, in particular regarding possible deviations
been positively tested by means iof situ XPS measure- from the inner grain electron affinity values. Persson and
ments, revealing no traces of Mo on the CGSe reaZunger calculated the electron wave function for an energy
surface'®1? Nonetheless, traces of oxygen and carbon haveorresponding to the conduction band minimg@BM) of
been found, which are attributed to air contamination of thethe grain interior, which appears nonvanishing and continu-
Mo-surface prior to sample processing. KPFM measureeus through the near-GB regiérThis finding is, however,
ments were performed using a modified Omicron UHV-not sufficient for assuming a flat conduction band at the GB.
AFM/STM (p=10"1 mban capable of simultaneously mea- In fact, a CBM offset has been predicted by Zhaetgpal14
suring topography and contact potential between tip andor the interface betweeh:1:2/1:3:5compoundgtogether
samplet® Ptir-coated Si cantilevers were calibrated on awith the postulated valence band offset found in RegftBe
highly oriented pyrolytic graphite sample before and afterlatter compound being the result of the arrangement of those
each measurement, in order to obtain absolute work functiodefect pairs contemplated in Ref. 5 leading to the Cu-
values and to prove the stability of the tip. poor-GB region®

The topography image of the CGSe rear surf@em). For an explanation of the observed work function reduc-
2(a)] shows a granular texture, corresponding to the base dfon within the “structural” GB model, it is mandatory to call
columnar graing~3 um long) with lateral dimensions be- for the presence of an interface dipole at the transition from
tween 50—400 nm; in contrast, typical grain widths at thethe grain interior to the GB phase, resulting in a step in the
film top surface lie in the micrometer range. GBs can beocal vacuum leve[as schematically indicated in Fig(].
identified in the work function mapped in the dark in Fig. The possible presence of interface dipoles at such interfaces
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is necessarily rather speculative; it is nevertheless interestingcanned surface plane; this shows up as a characteristic peak
to contemplate possible scenarios in which dipoles may plain the SPV line(bottom). At the same time, GBA shows
a role in the present problem. The polar nature of frie&2} almost no change under illumination. This leads us to con-
anion- or cation-terminated facetthose selected in Ref)5 clude the existence of different types of GBs, presumably
makes them in principle highly instable in comparison toassociated with particular crystallite orientations. This con-
nonpolar facets, due to the corresponding high surface emection between crystallite orientation and GB electrical ac-
ergy contribution arising from the surface dipole. It is well tivity can explain the influence of film texturing on the per-
known, however, that112} faceting occurs naturally on formance of high efficiency solar cells, in addition to a
nonpolar-oriented films grown by epitad§This energy in- favorable band alignment between absorber and buffer lay-
stability of polar surfaces is compensated by means of defears, a point which has not yet received sufficient attention
and defect pair rearrangement of the type&g-vlna, lead-  (preliminary studies have been conducted recébtland
ing to a Cu depletion in the near surface region, which efwhich may in our opinion be of fundamental importance for
fectively reduces the dipole contribution at metal-terminatedurther device optimization.
planest”18 One would thus expect that the proposed mecha- The reduction of the potential barrier at GBs associated
nism responsible for GB formation led to a reduced interfacewith illumination cannot be accounted for within the frame
dipole. Nevertheless, the polar character of metal-terminatedf the “structural” GB model under the exclusive premise of
planes can be enhanced by metal relocation, for instance n interface dipole. The decrease of the work function fits,
means of Na in the form of Ng, a possibility which is however, into the “electronic” GB model: a reduction of the
explicitly considered in the “structural” model. Na would potential barrier sketched in Fig(a is due to photogener-
increase the polar character of the layer while maintainingated minority carriergelectrons being trapped at ionized
the valence band offset expected from Cu depletion, due tdonorlike electronic states at the GB. The mechanism of
lack of d levels. We thus cannot exclude the presence ofight-induced GB passivation within the “electronic” GB
dipoles for the discussion of the GBs, and consequently carmodel does not seem to apply equally to all types of GBs.
not exclude the “structural” GB model from the interpreta- For example, the behavior of GBs of ty@e which shows
tion of the observed work function reduction at GBs in mea-almost no change under illumination, might well be ex-
surements conducted in the dark. plained to a large extent by the “structural” GB model. On
In the following we will present additional results provid- the other hand, the illumination-induced change in the GB of
ing more evidence regarding the distinction between the apype B does require the “electronic” GB model. A semiquan-
plicability of the two GB models. We base our study on thetitative analysis of GB properties within the “electronic”
electronics at energies above the Fermi level, i.e., on thenodel can be performed according to the model developed
changes observed in the electrical activity at GBs induced byy Seto for the case of moderate doping concentration of the
excess electrons, acting as minority carriers. If GBs wererystallites*® The net doping concentration of the crystallites
governed by “structuralli.e., band offsetsrather than “elec-  forming GBB is found to beP,=1.8X 10 cm3. The den-
tronic” (built-in potentia) factors as described by the mod- sity of charged states located at bound&ryan be estimated
els, the impact of the excess minority carriers should only beo Pgp=1.9X 10 cm?; this is well below the estimated
minor. llluminating the sample with super-band-gap ligat  threshold leading to Fermi level pinning at the interface,
ser diode \=675 nm) results in an overall increase of the ~10'% cm™ as reported by Raet al,2! in clear agreement
work function[Fig. 2(c)] which saturates at high intensities with the observed SPV effect. It should also be mentioned at
(~60 mW/cnf), an effect attributed to a reduction of the this point that the overall film composition may also play a
surface band bending in the scanrisdmple-vacuumsur-  role in the GB issue. Specifically, Schuler’s samples used for
face plane. In the ideal case high-intensity illuminationHall measurements and explained within the frame of the
should lead to flat band conditions in the scanning pldme  “electronic” model were prepared under Cu-rich conditidns.
a critical discussion see Ref. L1&ven if flat band conditions As Cu depletion is generally related to Cu-poor overall com-
are not achieved, the presence of surface photovoltageositions, it cannot be excluded that the proposed mechanism
(SPV=d! -®da%) implies (a) no pinning of the Fermi level of GB formation in the “structural” model does not apply
(e.g., due to surface contaminants or a high density of surequally well to samples grown under Cu excess. In other
face statestakes place at the scanning plane gby the  words, the applicability of the “structural” and the “elec-
extension of the depletion region toward the inner part of thdéronic” GB models for interpreting results may depend on the
sample can be modulated by illumination. If the SPV at suf-type of samples considergthcluding as well high- and/or
ficiently high light intensities were the only effect recorded, low-band-gap chalcopyritgs
we should expect a general shift of the work function at all In summary, the results presented show the presence of
scanned positions. In Fig(@® a SPV image of the scanned GBs with distinct electrical activity in polycrystalline chal-
area is presented, obtained by subtracting Fi@) 2mea- copyrite thin films. The “electronic” GB model does repre-
sured in darknegsrom Fig. Ac) (under illumination, which ~ sent an important contribution to the GB electronics. It is
shows the presence of at least two distinct GB types, oneoncluded that a single shift of the valence band at GBs
showing a larger SPV than the graifigight areasand oth-  resulting from a reduceg-d hybridization due to Cu deple-
ers which do not show up. A representative line scan irtion, as proposed in the “structural” GB modek not the
Fig. 3 shows a significant reduction of the work function only mechanism involved in the electronics of GBs. This is
drop recorded at GB under illumination, together with the clearly indicated by the illumination-induced electronic ac-
overall increase in work function attributed to SPV on thetivity, which is necessarily linked with deviations from crys-

033306-3



BRIEF REPORTS PHYSICAL REVIEW E1, 033306(2005

tallite bulk electronic properties between the Fermi and locatompounds and the possible presence of dipoles would cer-
vacuum levels. However, we cannot exclude a contributiortainly shed more light on the intriguing issue of the structural
of the “structural” GB model. In this respect, Fig(d® is and electronic properties of GBs.

representative of a scenario in which different types of GBs
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