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Modeling hydrogen in CulnSe, and CulnS, solar cell materials using implanted muons
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Muon spin rotation experiments on CulpSsnd Culn$ were performed in the context of a study on the
effect and behavior of hydrogen on chalcopyrite solar cell materials. The microscopic information delivered by
implanted positive muons can be applied to the hydrogen case by analogy. It was found that the major fraction
of the muons is in a diamagnetic environment but, at low temperatures, a fraction of 5-10 % has a paramag-
netic surrounding. In CulnSehe site of the diamagnetic muon is tentatively assigned to the antibonding site
close to Se and the onset of muon diffusion on a microsecond time scale is observed between 200 and 250 K.
The pre-exponential factor for the hop rate and the activation energya&.4x 10" s™! and E,=220
meV. Above 250 K trapping occurs. The diffusion behavior in CylisSsimilar, but the onset is shifted by 50
K to higher temperature$S0163-18229)00704-3

I. INTRODUCTION axes, the site of the muon can be determifi@tHowever,
this method is strictly applicable only if additional interac-

Chalcopyrites like CulnSgCulnS,, and derivatives ob- tions such as quadrupole or hyperfine interactions can be
tained by partial replacement of In by Ga are promising soladecoupled in an external field. In the present case no decou-
cell materials. Energy conversion efficiencies of up to 17%pling effect was observed experimentally, thus this point re-
have been obtaineldHowever, large area solar cells of these mains somewhat uncertain, but valuable information could
materials, as would be the case for industrial productionpnevertheless be deduced from the data.
show a much lower efficiency, mainly due to the large pres- The diffusion behavior of the muon can be derived from
ence of defects. the motional narrowing of thetSR line in transverse-field

In solar cells made of amorphous silicon or indium phos-measurements or from the correlation time in zero-field mea-
phide, hydrogen is either an essential part of the system or isurements. With due regard to the large isotopic mass ratio
used to improve the performance of the céfisThe effect of (my,/my~1/9) this also illuminates the question of hydro-
hydrogen in the chalcopyrite materials is only now beginninggen diffusion.
to receive attentiofi-® Experimental information on the local
structure and electronic configuration of isolated hydrogen in
these materials is in general difficult to obtain due to the Il EXPERIMENTAL DETAILS
usually low concentration of hydrogen involved. Muon spin
rotation (wSR) can provide information on these configura- The CulnSe samples consisted of single crystals with
tions as well as on local electronic structure, because thdimensions of approximately 1.5 émarea and=3 mm
muon can be regarded as a proton analogue or “light isothickness, produced by the vertical Bridgman technijue.
tope” of hydrogen’ Two p-type and onen-type crystals were used. The orienta-

Site determinations for the muon are made via the depation of the crystals was determined by x-ray diffraction. The
larization rate of the muon spin due to the magnetic momentsarrier concentration of the-type samples at room tempera-
of the surrounding nuclei. The resulting local-field distribu-ture was of the order of 10 cm 3, and that of the
tion at the muon site has a strong dependence on the dis-type sample was of the order o#<110*® cm™ 3.
tances of the muon from these moments and on the orienta- The Culn$ sample consisted of crystallites with dimen-
tion of an external field with respect to the crystallographicsions of one to several millimeters in each direction. They
axes. Thus by measuring the depolarization rate of the muowere prepared in a closed quartz ampoule by chemical-vapor
spin in an external field for different orientations of thosedeposition under a temperature gradient. The material ob-
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function of temperature for CulnS The decrease at low tempera-

FIG. 1. Transverse-fielh SR spectrum for ar-type CuinSg¢  tyre indicates a missing fraction due to the formation of an unde-
sample at 100 K and 100 G. The solid line is a fit to a Gaussiantected muonium state.

damped cosine function. The frequency corresponds to the Larmor

precession due to the applied external field. where A gives the rms width of the local-field distribution

] ] . o and v=1/7; is the hop rate.
tained wag-type with a carrier concentration in the order of

typically 10 cm™3.

Transverse-fielgu SR experiments were performed at the
Paul-Scherrer Institute in Switzerland and zero-field experi- The transverse-field dat&ig. 1) show auSR frequency
ments at the Rutherford Appleton Laboratory, in England.corresponding to a Larmor precession in the external mag-
Typical examples ofuSR spectra are displayed in Figs. 1 netic field, indicating that the muon is in a diamagnetic state.
and 2. The transverse-field datgig. 1) were analyzed by The diamagnetic fraction accounts, at low temperatures, for
fitting one or more cosine functions of time, together with aapproximately 90% to 95% of the total implanted muons but
damping or envelope function according*o there is a small missing fraction, which in the Cujrsample

could be identified as a rapidly relaxing component and is

) therefore assigned to a paramagnetic center. The initial

2 (statio), 1) asymmetry, which shows the effect of the missing fraction at
temperatures below 150 K, is displayed in Fig. 3. In the
following only the diamagnetic majority component will be

(dynamio, discussed further.
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@ A. Muon site in the chalcopyrite structure

whereo is the static Gaussian depolarization rate apds In order to characterize the site of the muon in the crystal
the correlation time. The zero-field datig. 2) were ana-  structure we applied the common method of evaluating the
lyzed by fitting one or more static or dynamic Kubo-Toyabedipolar interaction of the muon with the neighboring
functions of the forn? nuclei®® For this method to be applicable, additional inter-
actions such as quadrupole or hyperfine interactions have to
12 9o 1., . be decoupled so that the Van Vleck values can be used. On
PA)=3+3(1-A%)exg — 5A% (stati9, (3)  cuinSe p-type single crystals oriented with the main crys-
tallographic axeg112), (100), and (110 parallel to the
. magnetic field, the muon spin depolarization rate/as mea-
P(t)=p,(t)exp — vt)+ ,,f p,(t) sured at 10 Kiwhere no motion is apparerds a function of
0 the transverse magnetic field up to 0.6 T. The results are
shown in Fig. 4. The figure is presented in logarithmic scale
as usual for convenience. No sizeable variationsofvas
found neither with field nor with orientation that would allow
the identification of a decoupling. The values found were

Ill. EXPERIMENTAL RESULTS AND DISCUSSION

1
P(t) =exp( — = ’t?
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T

c

P(t)= exp{ — (727%

Xexp(—vt")P,(t—t")dt’ (dynamig, (4)

0.20

> 015F CUIHSCZ always very close to an average value of 0,44 1. The

5 measured zero-field Kubo-Toyabe widiiot shown hergis

E 0101 slightly larger than the transverse-field width as expected
5 005k from quantum mechanics.

Calculations of the depolarization rate expected in the
high-field (Van Vleck limit were made for a muon in the
(undistortedl CulnSe lattice at different sites along the di-
agonal of the half unit cell. The unit cell of CulnSis pre-

FIG. 2. Zero-fielduSR spectrum for a-type CulnSesample at  sented in Fig. 5, where the referred interstitial sites are de-
100 K. The solid line is a fit to a static Kubo-Toyabe depolarizationpicted as small white spheres. In tetrahedrally coordinated
function and an undamped background signal. systems like Si or GaAs the muon sites have been found to
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p-type CulnSg single crystals as a function of external field. The gitterent sites along the diagonal of the half unit cell, from an In,
respective results are represented by open and closed symbols. Thg 4 se. to a Cu site. The bond centBE), the antibondingdAB)
crystallographic orientations with respect to the external field argne tetrahedral T), and hexagonalhex) interstitial sites are indi-
indicated in the figure. The error bars are about the size of the ied. There exist two AB and twb sites depending on whether
symbols. the chalcogens or the metals are the nearest neighbovslues

. . . ) were calculated for the external field applied along the
be'alon%stﬂe bond directions, that is on the diagonal of th‘%llz), (110, and(100) axes, respectively. All equivalent posi-
unit cell>>*"The bond cente(BC), the tetrahedralT), and  ons in the unit cell were taken into account and the results were

the antibondingAB) sites were considered as possible muonayeraged. The dashed area indicates the rangevaiues observed
sites. In a two-component crystal lattice, two tetrahedral an@xperimentally.

two antibonding sites can be distinguished, depending on the

surrounding atomic species. Since the present system is al§@ectra but only with extremely high acquisition times. The

tetrahedrally coordinated it is reasonable to assume that tHesult is different from that expected for a fast cage motion

muons are also at sites along this axis, which corresponds ®& @ muon sampling these sites in the same unit cell. Calcu-
the (112 direction in the chalcopyrite unit cell. lations were made for sites along 412 direction from an

The calculations were made using the averagezighted In at one corner via a Se towards Cu at the other corner of
with the isotope abundancauclear moments of the Cu and the half unit cell and from Cu via Se towards In. The four
In nuclei and assuming zero nuclear moment at the Se sitesites on the crystallographic equivalent directions were al-
i.e., the effect of the/’Se nuclei(abundance 7.6%was ne- Ways taken into account.
glected, the other Se isotopes having zero moments. Figure 6 presents these results for the In towards Cu di-

Since the muon can stop at any of the crystallographi¢ection considering an external field applied along the
equivalent sites of a certain tygim our assumption belong- (100, (110, and(112) axes of a single crystal and for a
ing to the different diagonals in the half unit gethe results ~ polycrystalline sample. We notice that in the Van Vleck
of the respective calculated depolarization rates have to plémit, a clear distinction of sites via the characteristic behav-
averaged, as crystallographically equivalent sites are geneior of the o values can be made. For example, at the bond
ally inequivalent with respect to the external field. Note thatcenter(BC) and at the tetrahedral site$4. and Ty,) which
this averaging must be performed incoherently since it corcorrespond to the BC and sites occupied by the muon in
responds to different muons in unit cells which are far apartelemental and I1I-V semiconductors, very strong orientation
The appropriate fractions of muons stopping at each of thesdependencies of the values are predicted, in contrast to our
sites could in principle be distinguished in the experimentaexperimental finding referred above that thevalues are
practically the same in all three external field directions. The
experimental result of no orientation dependence @nd a
value around 0.14us ! (dashed area in Fig.)6is well
matched at a site close to AB in Fig. 6. Thus an assignment
of the muon site to this position is fully consistent with the
data.

A similar crossing of ther values of the different orien-
tations occurs near the hexagofilaéx site in Fig. 6. How-
ever, both theory and experiment in other semiconductors
indicate that the hexagonal site is more like a saddle point
rather than a minimum in the potential energy surface and
therefore is unlikely to be a candidate for the muon site in
the present case. We also performed calculations in the di-
rection along the Cu-Se bond. Due to the fact that we as-
signed no nuclear moments to the Se atoms in the calcula-

FIG. 5. CulnSe unit cell. Possible muon sites on the diagonal tions, the predicted values are just the mirror image about
of the half unit cell are indicated as small white spheres, and labelethe Tgeline in Fig. 6. In particular, the antibonding site along
as follows: bond centetBC), antibonding near Se (AR), anti- a Cu-Se bond is equivalent to the hexagonal site in Fig. 6.
bonding near metal (ARB), tetrahedral near SeTgy), tetrahedral  Although these predictea values do not fit as well as those
near metal Ty,), hexagonalhex). for the In-Se anti-bonding site, they are close enough to the
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experimental values to be acceptable. Thus, the AB sites, osd
both those along a In-Se bond as well as those along a Cu-Se 08 8 ang
bond, are consistent with experiment as well as a mixture of C&%
the two. P CulnS qo

The application of the Van Vleck theory relies on the g e, °
assumption that the external magnetic field determines the © 0.05 o o osocoo
guantization axis for the nuclear spins, i.e., that the quadru-
polar (or other spininteraction can be decoupled. The quad- 0.0
rupole interaction at the Cu and In nuclei in pure CulnBe "7 0 50 100 150 200 250 300 350
known from nuclear quadrupole resonancéNQR) Temperature (K)

measurementS. Due to the noncubic local structure this in- . o
teraction is nonzero, but the strength is rather small and can FIG- 7. Transverse-field depolarization ratefor a p- and a
easily be decoupled at 0.6(The ratio ofwg/wg, whichis a  YPE single crystal as a function of temperature.
measure of the magnetic versus electric interactien]107 )
for ©3Cu and 280 for'9n at 0.6 T). Besides this crystal-field Mu’ and Mu . However, the formation of Mu, counter-
effect, an induced quadrupole interaction due to the presend@rt of the interstitial hydride ion, is guaranteed only in
of the muon could exist. The magnitude of this interactionh€avily dopedi-type samples and probably does not occur in
and the distribution over the different nuclei will very much Our samples. We assume that the data in Fig. 7 correspond to
depend on the site of the muon in the unit cell and cannot bMU™ in both cased?***®counterpart of the interstitial pro-
estimated with our present knowledge. ton. _ . o

Experimentally, we find no decoupling effect for mag- _The motional narrowing region in Fig. 7 was analyzed
netic fields up to 0.6 T. If we assume that the muon resides a¥ith formula(2), taking foro the low-temperature value and
the antibonding site as discussed above, the averaging ovBplding it constant. The inverse correlation times 1/7.
the crystallographic equivalent positions may smear out th€xtracted from these data are displayed as hop rates in Fig. 8.
spin orientation effects and lead to a field and orientation!n addition, hop rates extracted from zero-field measure-
independent depolarization rate consistent with experimentdnents according to formulel) are included. They agree well
observation. The alternative assumption that a strong, muotWith the data from the transverse-field measurements. The
induced interaction, which cannot be decoupled is resporfinear region in this Arrhenius plot is fitted with an attempt
sible for the constancy of the depolarization rate also point&equency ofvo=3.4x10'° s™* and an activation energy of
to the AB site assignment since in this case the expected20 meV. In GaAs and InP, the onset of motional narrowing
magnitude ofr would be close to the calculated polycrystal- Was observed in a similar temperature rangepfdype and
line value, which again fits best for the antibonding site.  NOt too heavily dopedtype samples’*® Thus, the diffu-

The AB site assignment gets support from a recent calcusion behavior of the muons in the present chalcopyrite
lation of the hydrogen potential energy in G&NThere the samples is similar to that in the Ill-V compounds.
authors came to the conclusion that in this more ionic crystal The fact that the hop rate does not keep increasing above
the antibonding site is preferred over the bond centered and®0 K is interpreted as an indication of trapping, as is ob-
tetrahedral sites observed in the covalently bonded Si operved also in GaAs and InP at elevated temperattirés.
GaAs systems. It can be assumed that this argument is aldd'€e trapping at these higher temperatures is also evidenced
valid for the present system. by the fact that z_ero-field measurements cannot be well fitted

In a polycrystalline Culngsample the depolarization rate above 250 K with the dynamic Kubo-Toyabe formu#,
o was found to be 0.14us ! at low temperatures. This bPut rather require the static formu(@) with a low value of
similarity with the values obtained for CulnSand the fact A. ) )
that the calculations give approximately the same values as Figure 9 shows the muon hop rate data for polycrystalline
in Fig. 6 (S and Se having similarly weak nuclear magne-CulnS. We have purposely chosen the same scale as in Fig.
tism) suggests that the muon sites are equivalent in the two
compounds. s00 400 300 1K) g0

o oo
Anegd CuInSe2

B. Muon diffusion 1004

Figure 7 shows the transverse-field depolarization sate

Hop Rate (pus)
3

for a p- and an-type single crystal as a function of tempera- O ntype-TF

ture, obtained by fitting the data with formu(4). The de- o p-type-TF

crease ofr above 200 K is attributed to motional narrowing ® ptype-2F *

at the onset of diffusion. As can be seen from Fig. 7, the two 102 : . .
samples behave very similarly in this temperature range, in- 2 8 1000/‘; ) s ¢

dicating that the electronic structure of the muon state and
the diffusion behavior are similar in these two differently G, 8. Arrhenius plot of the hop rate in the region of motional
doped samples. In GaA$a different diffusion behavior has narrowing forn-type (in transverse-fieldand p-type (in transverse-
been observed for heavily dopge and n-type samples, and zero-field CulnSe crystals. The straight line is a fitting to an
which was attributed to the formation of Mun the p-type  activated hop rate and gives an attempt frequencyvgpt 3.4
and a MU in then-type material and a different diffusion of x10'° s! and an activation energy of 220 meV.
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TK e resenting the intrinsic diffusion of an interstitial hydrogen
' like atom in the perfect lattice. These aspects deserve theo-
retical modeling.

500 400 300

L]

= ool CulnS
g 2 IV. CONCLUSION
£ o ] These firstu SR studies of the chalcopyrites CulpSnd
ﬂ; . CulnS, cover the temperature range up to just above room
2 ¢ temperature and a selection of representative samples. We
102 ' . . find that the muon is predominant{0-95 % in a diamag-
2 3 4 5 6 netic state, most likely the positively charged defect center
1000/T (K1) Mu*, a model for the interstitial proton. For a small fraction

of muons a signal consistent with a paramagnetic St
sumably the neutral center Mu counterpart of trapped
atomic hydrogehis observed at low temperature. Linewidth
r'émalysis of the diamagnetic fraction as a function of the crys-
tal orientation and external magnetic-field strength suggests
that the muon is bound to Se along a metal-Se bond opposite
the metal sitdi.e., the antibonding sijeFor this situation
he required averaging over the crystallographic equivalent
positions smears out the orientation dependence and gives
rise to the observed insensitivity of to the orientation and

: . : jeld strength. Motional narrowing indicates the onset of dif-
seems unlikely that the effect is due to single crystal versu%Ie X . - .
y g 4 usion above 200 K. The observed hop rates in this region

olycrystalline structure since the muon diffusion is a local 2 Lo .
povyery are similar to those observed for the positive ion Mim

effect in the crystallites Qualitatively, the more localized P
electron wave function at the lighter sulfur compared to theS@AS and InP. Above 250 K the diffusion appears to be

heavier selenium could lead to a stronger binding of théimite_d by_ trapping. In the corresponding sulfide compound
muon and therefore retard diffusion as the temperature i4'€ diffusion sets in at a temperature 50 K higher.
increased.

Recent measurements of hydrogen diffusion, derived
from profile broadening in hydrogen implanted CulpSe  We thank J. A. Paixa and A. Matos Beja for x-ray
sample€? gave diffusion coefficients five orders of magni- sample orientations. We also thank Pierre Dalmas dxi&e
tude lower than the ones derived for the muon from thefor allowing the use of his computer code for nuclear depo-
present data. Although this may be an extreme example dérization rates calculations. This work was supported by
the effect of isotopic mass, it seems more likely to indicatePRAXIS XXI (Portugal, PCEX/P/FIS/16/96EU TMR pro-
that the measured hydrogen data relate to trap or cluster gogram for Large Scale Facilitieesearch at 1S EPSRC
erned diffusion, whereas the muon data come closer to reguUK, GR/L62757, and INTAS(no. 634.

FIG. 9. Arrhenius plot of the hop rate in the region of motional
narrowing for p-type Culn$ crystallites, measured in zero-field.
The straight line is a fitting to an activated hop rate and gives a
attempt frequency of,=4.9x10° s ! and an activation energy of
225 meV.

8 to express more clearly the difference in the data. It can b
seen that the increase of the hop rate is shifted to conside
ably higher temperaturéy about 50 K showing that the
diffusion is slower in the sulfide than in the seleni¢e
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