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Modeling hydrogen in CuInSe2 and CuInS2 solar cell materials using implanted muons
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Muon spin rotation experiments on CuInSe2 and CuInS2 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 CuInSe2 the 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 energy aren053.431010 s21 and Ea5220
meV. Above 250 K trapping occurs. The diffusion behavior in CuInS2 is similar, but the onset is shifted by 50
K to higher temperatures.@S0163-1829~99!00704-3#
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I. INTRODUCTION

Chalcopyrites like CuInSe2 ,CuInS2 , and derivatives ob-
tained by partial replacement of In by Ga are promising so
cell materials. Energy conversion efficiencies of up to 17
have been obtained.1 However, large area solar cells of the
materials, as would be the case for industrial producti
show a much lower efficiency, mainly due to the large pr
ence of defects.

In solar cells made of amorphous silicon or indium pho
phide, hydrogen is either an essential part of the system
used to improve the performance of the cells.2,3 The effect of
hydrogen in the chalcopyrite materials is only now beginn
to receive attention.4–6 Experimental information on the loca
structure and electronic configuration of isolated hydrogen
these materials is in general difficult to obtain due to
usually low concentration of hydrogen involved. Muon sp
rotation (mSR) can provide information on these configur
tions as well as on local electronic structure, because
muon can be regarded as a proton analogue or ‘‘light
tope’’ of hydrogen.7

Site determinations for the muon are made via the de
larization rate of the muon spin due to the magnetic mome
of the surrounding nuclei. The resulting local-field distrib
tion at the muon site has a strong dependence on the
tances of the muon from these moments and on the orie
tion of an external field with respect to the crystallograp
axes. Thus by measuring the depolarization rate of the m
spin in an external field for different orientations of tho
PRB 590163-1829/99/59~3!/1912~5!/$15.00
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axes, the site of the muon can be determined.8,9 However,
this method is strictly applicable only if additional intera
tions such as quadrupole or hyperfine interactions can
decoupled in an external field. In the present case no de
pling effect was observed experimentally, thus this point
mains somewhat uncertain, but valuable information co
nevertheless be deduced from the data.

The diffusion behavior of the muon can be derived fro
the motional narrowing of themSR line in transverse-field
measurements or from the correlation time in zero-field m
surements. With due regard to the large isotopic mass r
(mMu /mH'1/9) this also illuminates the question of hydr
gen diffusion.

II. EXPERIMENTAL DETAILS

The CuInSe2 samples consisted of single crystals wi
dimensions of approximately 1.5 cm2 area and>3 mm
thickness, produced by the vertical Bridgman technique10

Two p-type and onen-type crystals were used. The orient
tion of the crystals was determined by x-ray diffraction. T
carrier concentration of thep-type samples at room tempera
ture was of the order of 531016 cm23, and that of the
n-type sample was of the order of 131016 cm23.

The CuInS2 sample consisted of crystallites with dime
sions of one to several millimeters in each direction. Th
were prepared in a closed quartz ampoule by chemical-va
deposition under a temperature gradient. The material
1912 ©1999 The American Physical Society
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tained wasp-type with a carrier concentration in the order
typically 1014 cm23.

Transverse-fieldmSR experiments were performed at t
Paul-Scherrer Institute in Switzerland and zero-field exp
ments at the Rutherford Appleton Laboratory, in Engla
Typical examples ofmSR spectra are displayed in Figs.
and 2. The transverse-field data~Fig. 1! were analyzed by
fitting one or more cosine functions of time, together with
damping or envelope function according to11

P~ t !5expS 2
1

2
s2t2D ~static!, ~1!

P~ t !5expH 2s2tc
2FexpS 2

t

tc
D211

t

tc
G J ~dynamic!,

~2!

wheres is the static Gaussian depolarization rate andtc is
the correlation time. The zero-field data~Fig. 2! were ana-
lyzed by fitting one or more static or dynamic Kubo-Toya
functions of the form12

pz~ t !5
1

3
1

2

3
~12D2t2!expS 2

1

2
D2t2D ~static!, ~3!

P~ t !5pz~ t !exp~2nt !1nE
0

t

pz~ t8!

3exp~2nt8!Pz~ t2t8!dt8 ~dynamic!, ~4!

FIG. 1. Transverse-fieldmSR spectrum for an-type CuInSe2
sample at 100 K and 100 G. The solid line is a fit to a Gauss
damped cosine function. The frequency corresponds to the Lar
precession due to the applied external field.

FIG. 2. Zero-fieldmSR spectrum for ap-type CuInSe2 sample at
100 K. The solid line is a fit to a static Kubo-Toyabe depolarizat
function and an undamped background signal.
i-
.

whereD gives the rms width of the local-field distributio
andn51/tc is the hop rate.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The transverse-field data~Fig. 1! show amSR frequency
corresponding to a Larmor precession in the external m
netic field, indicating that the muon is in a diamagnetic sta
The diamagnetic fraction accounts, at low temperatures,
approximately 90% to 95% of the total implanted muons b
there is a small missing fraction, which in the CuInS2 sample
could be identified as a rapidly relaxing component and
therefore assigned to a paramagnetic center. The in
asymmetry, which shows the effect of the missing fraction
temperatures below 150 K, is displayed in Fig. 3. In t
following only the diamagnetic majority component will b
discussed further.

A. Muon site in the chalcopyrite structure

In order to characterize the site of the muon in the crys
structure we applied the common method of evaluating
dipolar interaction of the muon with the neighborin
nuclei.8,9 For this method to be applicable, additional inte
actions such as quadrupole or hyperfine interactions hav
be decoupled so that the Van Vleck values can be used
CuInSe2 p-type single crystals oriented with the main cry
tallographic axeŝ 112&, ^100&, and ^110& parallel to the
magnetic field, the muon spin depolarization rates was mea-
sured at 10 K~where no motion is apparent! as a function of
the transverse magnetic field up to 0.6 T. The results
shown in Fig. 4. The figure is presented in logarithmic sc
as usual for convenience. No sizeable variation ofs was
found neither with field nor with orientation that would allo
the identification of a decoupling. The values found we
always very close to an average value of 0.14ms21. The
measured zero-field Kubo-Toyabe width~not shown here! is
slightly larger than the transverse-field width as expec
from quantum mechanics.

Calculations of the depolarization rate expected in
high-field ~Van Vleck! limit were made for a muon in the
~undistorted! CuInSe2 lattice at different sites along the d
agonal of the half unit cell. The unit cell of CuInSe2 is pre-
sented in Fig. 5, where the referred interstitial sites are
picted as small white spheres. In tetrahedrally coordina
systems like Si or GaAs the muon sites have been foun

-
or

FIG. 3. Initial asymmetry of the zero-fieldmSR signal as a
function of temperature for CuInS2 . The decrease at low tempera
ture indicates a missing fraction due to the formation of an un
tected muonium state.
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be along the bond directions, that is on the diagonal of
unit cell.13,14 The bond center~BC!, the tetrahedral (T), and
the antibonding~AB! sites were considered as possible mu
sites. In a two-component crystal lattice, two tetrahedral
two antibonding sites can be distinguished, depending on
surrounding atomic species. Since the present system is
tetrahedrally coordinated it is reasonable to assume tha
muons are also at sites along this axis, which correspond
the ^112& direction in the chalcopyrite unit cell.

The calculations were made using the averaged~weighted
with the isotope abundance! nuclear moments of the Cu an
In nuclei and assuming zero nuclear moment at the Se s
i.e., the effect of the77Se nuclei~abundance 7.6%! was ne-
glected, the other Se isotopes having zero moments.

Since the muon can stop at any of the crystallograp
equivalent sites of a certain type~in our assumption belong
ing to the different diagonals in the half unit cell! the results
of the respective calculated depolarization rates have to
averaged, as crystallographically equivalent sites are ge
ally inequivalent with respect to the external field. Note th
this averaging must be performed incoherently since it c
responds to different muons in unit cells which are far ap
The appropriate fractions of muons stopping at each of th
sites could in principle be distinguished in the experimen

FIG. 4. Transverse-field depolarization ratess for two different
p-type CuInSe2 single crystals as a function of external field. Th
respective results are represented by open and closed symbols
crystallographic orientations with respect to the external field
indicated in the figure. The error bars are about the size of
symbols.

FIG. 5. CuInSe2 unit cell. Possible muon sites on the diagon
of the half unit cell are indicated as small white spheres, and lab
as follows: bond center~BC!, antibonding near Se (ABSe), anti-
bonding near metal (ABM), tetrahedral near Se (TSe), tetrahedral
near metal (TM), hexagonal~hex!.
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spectra but only with extremely high acquisition times. T
result is different from that expected for a fast cage mot
of a muon sampling these sites in the same unit cell. Ca
lations were made for sites along a^112& direction from an
In at one corner via a Se towards Cu at the other corne
the half unit cell and from Cu via Se towards In. The fo
sites on the crystallographic equivalent directions were
ways taken into account.

Figure 6 presents these results for the In towards Cu
rection considering an external field applied along t
^100&, ^110&, and ^112& axes of a single crystal and for
polycrystalline sample. We notice that in the Van Vle
limit, a clear distinction of sites via the characteristic beha
ior of the s values can be made. For example, at the bo
center~BC! and at the tetrahedral sites (TSe andTM) which
correspond to the BC andT sites occupied by the muon i
elemental and III-V semiconductors, very strong orientat
dependencies of thes values are predicted, in contrast to o
experimental finding referred above that thes values are
practically the same in all three external field directions. T
experimental result of no orientation dependence ofs and a
value around 0.14ms21 ~dashed area in Fig. 6! is well
matched at a site close to AB in Fig. 6. Thus an assignm
of the muon site to this position is fully consistent with th
data.

A similar crossing of thes values of the different orien-
tations occurs near the hexagonal~hex! site in Fig. 6. How-
ever, both theory and experiment in other semiconduc
indicate that the hexagonal site is more like a saddle p
rather than a minimum in the potential energy surface a
therefore is unlikely to be a candidate for the muon site
the present case. We also performed calculations in the
rection along the Cu-Se bond. Due to the fact that we
signed no nuclear moments to the Se atoms in the calc
tions, the predicteds values are just the mirror image abo
theTSe line in Fig. 6. In particular, the antibonding site alon
a Cu-Se bond is equivalent to the hexagonal site in Fig
Although these predicteds values do not fit as well as thos
for the In-Se anti-bonding site, they are close enough to

The
e
e

l
d

FIG. 6. Theoretical calculation of the depolarization rates in
the high-field~Van Vleck! limit for a muon in the CuInSe2 lattice at
different sites along the diagonal of the half unit cell, from an
via a Se, to a Cu site. The bond center~BC!, the antibonding~AB!,
the tetrahedral (T), and hexagonal~hex! interstitial sites are indi-
cated. There exist two AB and twoT sites, depending on whethe
the chalcogens or the metals are the nearest neighbors.s values
were calculated for the external field applied along t
^112&, ^110&, and ^100& axes, respectively. All equivalent pos
tions in the unit cell were taken into account and the results w
averaged. The dashed area indicates the range ofs values observed
experimentally.
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experimental values to be acceptable. Thus, the AB s
both those along a In-Se bond as well as those along a C
bond, are consistent with experiment as well as a mixture
the two.

The application of the Van Vleck theory relies on th
assumption that the external magnetic field determines
quantization axis for the nuclear spins, i.e., that the quad
polar ~or other spin! interaction can be decoupled. The qua
rupole interaction at the Cu and In nuclei in pure CuInSe2 is
known from nuclear quadrupole resonance~NQR!
measurements.15 Due to the noncubic local structure this in
teraction is nonzero, but the strength is rather small and
easily be decoupled at 0.6 T~the ratio ofvB /vE , which is a
measure of the magnetic versus electric interaction,8 is 107
for 63Cu and 280 for115In at 0.6 T!. Besides this crystal-field
effect, an induced quadrupole interaction due to the prese
of the muon could exist. The magnitude of this interacti
and the distribution over the different nuclei will very muc
depend on the site of the muon in the unit cell and canno
estimated with our present knowledge.

Experimentally, we find no decoupling effect for ma
netic fields up to 0.6 T. If we assume that the muon reside
the antibonding site as discussed above, the averaging
the crystallographic equivalent positions may smear out
spin orientation effects and lead to a field and orientati
independent depolarization rate consistent with experime
observation. The alternative assumption that a strong, mu
induced interaction, which cannot be decoupled is resp
sible for the constancy of the depolarization rate also po
to the AB site assignment since in this case the expe
magnitude ofs would be close to the calculated polycrysta
line value, which again fits best for the antibonding site.

The AB site assignment gets support from a recent ca
lation of the hydrogen potential energy in GaN.16 There the
authors came to the conclusion that in this more ionic cry
the antibonding site is preferred over the bond centered
tetrahedral sites observed in the covalently bonded S
GaAs systems. It can be assumed that this argument is
valid for the present system.

In a polycrystalline CuInS2 sample the depolarization rat
s was found to be 0.14ms21 at low temperatures. This
similarity with the values obtained for CuInSe2 and the fact
that the calculations give approximately the same value
in Fig. 6 ~S and Se having similarly weak nuclear magn
tism! suggests that the muon sites are equivalent in the
compounds.

B. Muon diffusion

Figure 7 shows the transverse-field depolarization rats
for a p- and an-type single crystal as a function of temper
ture, obtained by fitting the data with formula~1!. The de-
crease ofs above 200 K is attributed to motional narrowin
at the onset of diffusion. As can be seen from Fig. 7, the t
samples behave very similarly in this temperature range,
dicating that the electronic structure of the muon state
the diffusion behavior are similar in these two differen
doped samples. In GaAs,17 a different diffusion behavior ha
been observed for heavily dopedp- and n-type samples,
which was attributed to the formation of Mu1 in the p-type
and a Mu2 in then-type material and a different diffusion o
s,
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Mu1 and Mu2. However, the formation of Mu2, counter-
part of the interstitial hydride ion, is guaranteed only
heavily dopedn-type samples and probably does not occur
our samples. We assume that the data in Fig. 7 correspon
Mu1 in both cases,13,14,18counterpart of the interstitial pro
ton.

The motional narrowing region in Fig. 7 was analyz
with formula ~2!, taking fors the low-temperature value an
holding it constant. The inverse correlation timesn51/tc
extracted from these data are displayed as hop rates in Fi
In addition, hop rates extracted from zero-field measu
ments according to formula~4! are included. They agree we
with the data from the transverse-field measurements.
linear region in this Arrhenius plot is fitted with an attem
frequency ofn053.431010 s21 and an activation energy o
220 meV. In GaAs and InP, the onset of motional narrow
was observed in a similar temperature range forp-type and
not too heavily dopedn-type samples.17,19 Thus, the diffu-
sion behavior of the muons in the present chalcopy
samples is similar to that in the III-V compounds.

The fact that the hop rate does not keep increasing ab
250 K is interpreted as an indication of trapping, as is o
served also in GaAs and InP at elevated temperatures17,19

The trapping at these higher temperatures is also eviden
by the fact that zero-field measurements cannot be well fi
above 250 K with the dynamic Kubo-Toyabe formula~4!,
but rather require the static formula~3! with a low value of
D.

Figure 9 shows the muon hop rate data for polycrystall
CuInS2 . We have purposely chosen the same scale as in

FIG. 7. Transverse-field depolarization rates for a p- and a
n-type single crystal as a function of temperature.

FIG. 8. Arrhenius plot of the hop rate in the region of motion
narrowing forn-type ~in transverse-field! andp-type ~in transverse-
and zero-field! CuInSe2 crystals. The straight line is a fitting to a
activated hop rate and gives an attempt frequency ofn053.4
31010 s21 and an activation energy of 220 meV.
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8 to express more clearly the difference in the data. It can
seen that the increase of the hop rate is shifted to cons
ably higher temperature~by about 50 K! showing that the
diffusion is slower in the sulfide than in the selenide~it
seems unlikely that the effect is due to single crystal ver
polycrystalline structure since the muon diffusion is a lo
effect in the crystallites!. Qualitatively, the more localized
electron wave function at the lighter sulfur compared to
heavier selenium could lead to a stronger binding of
muon and therefore retard diffusion as the temperatur
increased.

Recent measurements of hydrogen diffusion, deriv
from profile broadening in hydrogen implanted CuInS2
samples,20 gave diffusion coefficients five orders of magn
tude lower than the ones derived for the muon from
present data. Although this may be an extreme exampl
the effect of isotopic mass, it seems more likely to indic
that the measured hydrogen data relate to trap or cluster
erned diffusion, whereas the muon data come closer to

FIG. 9. Arrhenius plot of the hop rate in the region of motion
narrowing for p-type CuInS2 crystallites, measured in zero-field
The straight line is a fitting to an activated hop rate and gives
attempt frequency ofn054.93109 s21 and an activation energy o
225 meV.
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resenting the intrinsic diffusion of an interstitial hydroge
like atom in the perfect lattice. These aspects deserve th
retical modeling.

IV. CONCLUSION

These firstmSR studies of the chalcopyrites CuInSe2 and
CuInS2 cover the temperature range up to just above ro
temperature and a selection of representative samples.
find that the muon is predominantly~90–95 %! in a diamag-
netic state, most likely the positively charged defect cen
Mu1, a model for the interstitial proton. For a small fractio
of muons a signal consistent with a paramagnetic state~pre-
sumably the neutral center Mu0, counterpart of trapped
atomic hydrogen! is observed at low temperature. Linewid
analysis of the diamagnetic fraction as a function of the cr
tal orientation and external magnetic-field strength sugg
that the muon is bound to Se along a metal-Se bond oppo
to the metal site~i.e., the antibonding site!. For this situation
the required averaging over the crystallographic equiva
positions smears out the orientation dependence and g
rise to the observed insensitivity ofs to the orientation and
field strength. Motional narrowing indicates the onset of d
fusion above 200 K. The observed hop rates in this reg
are similar to those observed for the positive ion Mu1 in
GaAs and InP. Above 250 K the diffusion appears to
limited by trapping. In the corresponding sulfide compou
the diffusion sets in at a temperature 50 K higher.
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6K. Töpper, J. Bruns, R. Scheer, M. Weber, A. Weidinger, and
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