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20keV H:, corresponding to lOkeV H, was implanted at room temperature into
Bridgman-grown single crystalline CuInSe2 at doses of 1 x lo”, 1 x
and 1 x lOI7 H/
cm2. Using the ”N nuclear reaction method, the hydrogen depth profile was studied in
order to investigate the hydrogen diffusion mechanism and to estimate a diffusion
coefficient. The hydrogen depth distribution in the as-implanted samples revealed considerable deviations from the expected ballistic range profiles. The H redistribution was
simulated by a numerical computer calculation. The best fit between measurements and
simulations was obtained by assuming that
(a) this material does not contain intrinsic deep traps for the mobile hydrogen
implants,
(b) this material contains a broad distribution of intrinsic shallow and additionally
irradiation-induced surface-near traps,
(c) the detrapping efficiency from these traps decreases with increasing dose, and
(d) the depth distribution of these shallow traps ranges from the surface down to about
400nm depth, i.e. beyond the hydrogen range.
Subsequent thermal annealing up to 200°C for half an hour led to minor changes of the
hydrogen profiles at the highest implantation dose, and to major changes at the intermediate dose of 10i6cm-’. All the changes of the hydrogen depth distributions can be
described by the same set of assumptions, though their numerical values differ somewhat
from the as-implanted case, due to additional thermal hydrogen mobility.
*Corresponding author.
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1. INTRODUCTION

The ternary chalcopyrite semiconductor CuInSe2 is a promising
material for polycrystalline thin film solar cell applications. In a few
recent studies, properties of hydrogen-implanted CuInSe2 have been
investigated. In [1,2] for example, the defect production as a result of
the hydrogen implantation has been studied. Whereas high doses above
about N = 1 x 10i6H/cm2were found to induce lattice damage which
saturates at doses above N = 1 x lOI7H/cm2, low doses below about
N = 2 x 10” H/cm2 improve the lattice quality as compared with the
virgin crystal. This was explained by an atomic hydrogen related defect
passivation effect. Defect passivation due to the formation of hydrogen
defect bonds was also assumed to be responsible for changes in photoluminescence and improved photoresponse of hydrogen implanted
solar cell structures 131. Hydrogen implantation into p-type CuInSe2
was found to produce an n-type implanted layer and, therefore, a p-n
homojunction, the thermal stability of which is limited to temperatures
below 100°C [4].In all of these works, the assumption of a high mobility
of atomic hydrogen in CuJnSe2 even at room temperature was necessary to explain the experimental findings [5].
The aim of this work is to investigate the redistribution of ionimplanted hydrogen in single crystalline CuInSe2 during subsequent
annealing, in order to study the diffusion mechanism, to measure diffusion coefficients and to correlate them with various defect concentrations resulting from different implanted doses.
It has often been observed that, after implantation of light ions such
as H, He, Li, B, N, and F into solids at room temperature, the
implanted ions do not distribute strictly according to their theoretically
predicted ballistic implantation profiles, but that sometimes their distributions are found to be broadened by diffusion. In other cases, the
ions’ nuclear and/or electronic energy transfer dominates their redistribution. Here, the behavior of the implanted ions strongly depends on
the projectile’s energy dose, and atomic number and on the target
~
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atomic number and density, hence on both the projectile’s stopping
power and the deposited energy density in the target. Whereas irradiation with light projectiles at low doses allows one to study the action
of simple defects such as interstitials and vacancies onto the dopant
mobility, the use of heavier ions, or of light ions at elevated doses
complicates the picture considerably. Here the additional effect of more
complex defect structures - such as interstitial or vacancy clusters,
dislocations and/or precipitations - can no longer be neglected. In order
to understand the transition from the action of simple defects onto the
dopant distribution towards the effect of more complex ones, we have
performed first systematic experiments by implanting hydrogen ions
into CuInSez at increasing doses, but at else identical conditions.
The analysis of the diffusionally broadened hydrogen depth profiles
should, therefore, give us essentially information about the intrinsic
and ion-induced defect population in the examined material, as defects
act as saturable or unsaturable trapping centers. Saturable traps are
capable to bind only a well-defined number of probe atoms (typically
one to six), whereas unsaturahle trups can bind in the ideal case an
unlimited amount of dopants, thus acting as nucleation centers for
bubbles or precipitates.
Further one has to distinguish between shallow and deep traps.
Shallow traps (i.e. traps with low bonding energy to probe atoms)
release the bound dopant atoms again after some time, whereas deep
traps will rather bind the dopant atoms permanently. Hence, for
shallow traps: 0 < A < 1 and 0 < B < 1, the trap strength being the lower
the more A approaches B. For deep traps: A >> 0, A 5 1, and B M 0, so
that BIA M 0, with A and B being the probabilities for trapping and
detrapping from these traps, respectively. In other words, the existence
of shallow traps in a sample lowers the overall diffusional coefficient of
the probe atoms from the one in an ideal defect-free material, Do,
towards an “effective” diffusion coefficient Deff M &/(I
A / @ , the
so-called diffusion coefficient of “hindered” or “trapping-detrapping”
mobility. For contrast, the presence of deep traps totally prevents the
dopant mobility at the trap location at all.
The concept to describe the counterplay of mobile and trapped
impurities in the presence of saturable and unsaturable traps by means
of rate equations has been successfully applied to semiconductors for a
long time [6].That theory is restricted to the overall mobile and trapped

+
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dopant populations at both saturable and unsaturable traps in a given
sample, without taking into account their depth dependence. The latter
drawback has been overcome by us recently by writing a numerical
computer code for simulation of depth dependent diffusion in the presence of depth dependent saturable and unsaturable trap distributions.
With this code deviations of hydrogen implantation profiles in silicon
from predicted distributions after low dose implantation could already
be treated successfully [7]. Furthermore, we have recently used this
code to treat the radiation enhanced diffusion of ion-implanted Li in
polypropylene foils [El, and the soaking of ion-irradiated polyethyletherketone (PEEK) foils with aqueous LiCl solution [9].In this work
we describe the first application of this code to the semiconductor
material CuInSe2.

2. SAMPLE PREPARATION AND MEASUREMENT

For the experiments we used vertical Bridgman-grown single crystalline
CuInSe2. The sample was cut from the middle part of an ingot using a
wire saw. In an EDX measurement, the composition of the p-type
material was found to be Cu: 25.7 at%, In: 24.6 at%, Se: 49.7 at%.
Taking into account the uncertainties in this determination, the sample
may be considered as stoichiometric or slightly Cu-rich. In the latter
case some Cu,Se precipitates may be present and influence the measured hydrogen diffusion. However, one should bear in mind that other
defects in the sample, if finely dispersed, may influence the hydrogen
diffusion more strongly, even if their concentration is low. In any case,
the measured hydrogen diffusion coefficients must be considered as the
effective ones for the specific sample under consideration.
In our study, the diffusion of the implanted hydrogen is sensitive to a
defect profile in a near-surface range of the sample. Therefore, special
care must be taken in the surface preparation prior to the hydrogen
implantation in order to avoid an additional defect background. As
shown in [lo], even careful polishing introduces defect profiles as deep
as 30 nm into the CuInSe2 crystal, which can be removed by annealing.
Prior to the hydrogen implantation, the sample was polished with 3 pm
and 1 pm diamond paste and finally with 0.05 pm AI2O3powder in a
vibrator bath. In order to remove the polish-induced defects without a
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change in surface composition, the sample was annealed in vacuum
together with CuInSe2 powder at 400°C for 2 h. The implantation was
performed at room temperature using an ion implanter, equipped with
a magnetic mass separator. With a beam current density of 5 pA/cm2,
H; ions were implanted at doses o f N = 1 x 10g5H/cm2,1 x 10’6H/cm2
and 1 x 10”H/cm2 into about 4mm broad stripes, leaving one area
unimplanted as a reference. The ionized H; molecules were implanted
with an energy of 20keV, but can be expected to split into lOkeV
atomic hydrogen when hitting the sample. As the vacuum during the
implantation was only in the order of about lO-’Pa, the CuInSe2
surface was somewhat contaminated with residual hydrocarbons.
Prior to the hydrogen depth profiling, Raman measurements were
performed to study the implantation-induced lattice damage. Because
of the assumed high hydrogen mobility, care must be taken to avoid
changes in the hydrogen distribution due to laser annealing during the
Raman measurements. Therefore, we studied the implant damage using
a micro-Raman technique. The excitation laser beam of a 514.5 nm Ar+
ion laser with a power of 1 mW was focused to 1 pm in diameter. We
cannot actually exclude an increased hydrogen diffusion during the
Raman measurement, but it is limited to an area of a few pm2 only. This
is only about
of the area, sampled during the ”N hydrogen
depth profiling and, therefore, without significant influence on these
measurements.
With the implanted doses, typical H concentrations from 3 x 1019to
5 x 10” ions/cm3 (about 0.03-5% atomic) are obtained. The use of the
‘H(”N, ay)”C reaction is increasingly favored for hydrogen depth
profiling since it was first introduced by Lanford et al. [l 11 in 1976. This
is due to its excellent depth resolution and its good sensitivity. The
experimental setup for this nuclear reaction analysis (NRA) at the
Hahn-Meitner-Institut (HMI) Berlin is described elsewhere in detail
[ 121. During profiling, the samples were cooled to 80 K by liquid nitrogen to prevent hydrogen migration under the influence of the analyzing
beam. Analyzing beam currents were typically between 200 and 300 nA.
Here the integrated charge per data point was 30 pC (i.e. 200 nA, 150 s)
in order to reach sufficient statistical accuracy. The measurements were
performed in a vacuum better than 4 x lop6Pa, and the system is calibrated using a sample of amorphous silicon (a:Si-H) with known
hydrogen concentration as a standard. The hydrogen depth profile
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measurements took place about 3 weeks after the implantation. After
recording the as-implanted hydrogen depth profiles, the samples were
annealed at 473K for 30 min at lop5 Pa. Subsequently, the samples
were cooled down to 80K again and hydrogen depth profiling was
repeated under the same experimental conditions as described above
without ever leaving the vacuum chamber.
For the conversion of the I5N beam energy loss to a hydrogen depth
scale, a stopping power of dEldx=2.15 keV/nm was taken according
to TRIM [13]. The absolute overall accuracy of the measurement is in
the order of 10%.

3. THE COMPUTER CODE FOR DIFFUSIONAL
SIMULATIONS OF DOPANTS IN SOLIDS WITH
SATURABLE AND UNSATURABLE TRAPS
Let us assume that the H atoms under consideration here move in the
target with a depth (x)dependent diffusion coefficient D ( x ) , until they
are trapped in either depth dependent saturable or unsaturable traps,
with probability rates for trapping being given by A,(x) and A,(x),
respectively. Let us further define Bs(x) and B,(x) as the depth dependent probability rates for detrapping from saturable and unsaturable
traps, respectively. Then the differential equations which govern the
overall dopant behavior are:

-dCu - A,Cf

dt

-

B,C,,

(3)

where Cf= CC(X,t ) , C, = C,(x, t ) , and C, = C,,(x, t ) denote the concentrations of free and trapped atoms in saturable and unsaturable traps,
respectively. This system of differential equations is one dimensional
only, i.e. it depends only on the depth as variable parameter, but it does
not describe the atoms' lateral mobility. Therefore, it is strictly
applicable only to homogeneous media, as given in our case.
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A numerical computer program based on the ‘finite difference
method’ has been written to solve the above introduced system of differential equations. In this approach the whole depth profile of a given
distribution is divided into single channels. The program simulates any
given diffusion problem by applying iteratively ( i times) an elemental
numerical diffusion step. The simulation is described by the relation:
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Dt = iq W 2 ,

(4)

where D is the diffusion coefficient of the diffusing specie, t is the
diffusion time, and W is the channel width of the numerical
calculation. q is the fraction of diffusional redistribution per channel
in an elemental simulation step. In general, q is chosen to be 1/3 for the
simulation of diffusional problems with depth independent diffusion
coefficients. For simulation of diffusional redistribution with depth
dependent diffusion coefficients: D ( x ) = D,, .f~(x).The factor q is
set to q(x) =fD(x)/3, withfD(x) 1 describing the depth dependence of
the diffusion coefficient. As the speed of diffusional broadening of
depth profiles changes with i-2, we plot every i’th depth profile only.
Thus one obtains equidistant curves in the case of regular (i.e. Fickian)
diffusion.
As the initial concentration profile, we have taken the purely ballistic
range profile prediction as given by Biersack’s computer code TRIM
[13].This makes sense as long as the implant concentration is so small
that sputtering, swelling and stoichiometric saturation effects still can
be neglected. In our experiment this is definitely the case for the l O I 5
and 1OL6cm-’ implantation. However, the maximum concentration
after the lO”cm-* implantation being in the order of already a few
percent atomic, one might expect in this case the onset of profile distortions. Nevertheless we applied also in this case for simplicity the
purely ballistic TRIM code, as the measured deep hydrogen profiles
(see below) indicate that diffusional effects dominate the ballistic ones
by far.
It was mentioned in the introduction that the action of shallow traps
is just to reduce the overall dopant mobility so that an effective diffusion coefficient could be defined, which depends only on the ratio A / B .
This signifies a great simplification of the diffusion simulation task
according to Eqs. (1-3). It also signifies, however, that in case of
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shallow traps existing in a sample, only the ratio A / B can be determined, but not the absolute values of both B and A .
The diffusion coefficients derived by best-fit simulations of a given
concentration profile are not necessarily the true diffusion coefficient
values Do of the pure (i.e. defect-free) material. In presence of a homogeneous background of shallow traps, the derived diffusion coefficient
rather has the meaning of an effective one. This is, in fact, the case for
CuInSe2 which is known to be not defect-free.
This approach is based on the assumption that both A and B are
time independent, i.e. that self-annealing of the corresponding defects
does not occur. If this were not the case, the applied program would
have to be modified. As at present, there does not yet exist any hint
for defect self-annealing in CuInSe2, we used the code as described
above.

4. RESULTS AND DISCUSSION

The Raman spectra are shown in Fig. 1. Whereas no radiation damage
is found in the N = 1 x 10l5H/cm2 implantated area, the N = 1 x
10l6H/cm2 and the N = 1 x 1017H/cm2 implanted areas are clearly
damaged, as indicated by the line broadening. For CuInSe2, this
behavior was discussed in Refs. [14,15]. The radiation damage, produced by 10 keV hydrogen ions was studied in [2],using Raman as well
as RBS-channeling techniques. For an N = 3 x 10l6H/cm2 implantation, the defect density in the In sublattice was found to be between
15% and 20% of the In atom density and, therefore, only about 25%
of the TRIM prediction. As expected, the spectrum of our N = 1 x
1017H/cm2 implanted area indicates a higher damage level than the
spectrum of the N = 3 x 10i6H/cm2implanted CuInSe2 in Ref. [2]. It
can be concluded that the N = 1 x 1017H/cm2implanted area of our
sample is heavily damaged with an averaged defect density of more
than 1 x 1022cm-3in the maximum of the defect depth distribution.
“Averaged defect density” means that this estimation neglects effects
such as defect clustering. In the Raman spectrum, the N = 1 x 1015H/
cm2 implanted area shows no damage. The half-width of the A1 mode
at 175cm-l (which corresponds to the twisting mode of Se atoms [14])
is even slightly reduced with respect to the virgin reference. A similar
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FIGURE 1 Micro-Raman spectra of a CuInSe2 surface before and after hydrogen
implantation. Unpolarized detection in backscattering geometry. The insert gives the
dose dependence of the full width at half maxima of the two Raman lines.

finding was already reported in [2]. It was explained by a hydrogen
passivation of defects.
This effect, and more pronounced, was also found by RBS-channeling [1,2]. RBS also indicated that deeper, not directly implanted
layers showed an up to 30% reduction in the defect population due to
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hydrogen diffusion. The finding of a defect passivation at low doses
and of a lattice damage at high dose levels can only be explained by a
nonlinear dependence of the defect production on the dose. Improvement of lattice quality at low doses can only occur if significantiy less
than one defect is produced per implanted ion. Therefore, the N = 1 x
10’’ H/cm2 implanted area of our sample can be expected to contain a
low concentration of radiation induced defects which are virtually
completely passivated by trapped hydrogen. The remaining hydrogen
can be considered to be as free to distribute within the volume as
it would be in a virgin CuInSe2 crystal. For the N = 1 x 1016H/cm2
implanted area, Raman already shows an increased defect density. The
spectrum is very similar to that shown in Ref. [2], where hydrogen was
implanted into CuInSez with lOkeV up to a dose of N = 1 x 10I6H/
cm’. At this dose level, there are clearly two depth ranges. The surfacenear layer shows implantation induced damage in the Raman spectrum.
Because of the high absorption coefficient, again increasing during
amorphisation, the Raman information depth is about 50 nm which
is only a part of the damage depth profile. RBS-channeling, however,
still detects a depth range with decreased defect density deeper inside
the sample, before at even higher doses the damage in the upper layer
prevents RBS analysis due to screening effects [2].Therefore, a complex
defect distribution can be expected in our N = 1 x 10l6H/cm2 implanted
sample.
Around the maximum of the defect distribution, there is a concentration of implantation induced defects, which can be estimated
from an extrapolation of the data given in [2] to be about a few percent
of the lattice atom concentration. Between the surface and the maximum of the defect distribution, the defect concentration is similar to
the hydrogen concentration. Therefore, in this depth range a significant
part of the hydrogen could be trapped due to hydrogen-defect bonds.
Below this layer, however, the hydrogen concentration exceeds the
defect concentration. After passivation of possible hydrogen traps, the
remaining hydrogen could be as mobile as found in the N = 1 x 10’’ H/
cm2 implanted area. A variation of hydrogen mobility and, therefore,
of the diffusion coefficient with the depth can be expected.
This is in fact found. Figure 2 compiles all depth profiles measured
after the implantation at room temperature (solid circles), and after
subsequent annealing at 473 K, 30 min (squares). Besides the absolute
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FIGURE 2 Depth distributions of 20keV H l implanted into CuInSe2 layers, asimplanted at room temperature (full circles), and after thermal annealing at Tp = 473 K
for 30min (open squares). Shown for three different doses, (a) N = 1 x 10' , (b) N =
1 x 10l6, and (c) N = 1 x 10'7H/cm2. The hydrogen surface concentration in cases
(a) and (b) is so large (around 6 x lozoH / c ~ - ~
that
) it could not be included in the
figure.
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values of the concentrations, which scale approximately with the dose,
also the shapes of the depth distributions are different for the three
cases. As will be shown later, none of the distributions coincides with
the ballistic distributions as calculated by TRIM [13]; thus some diffusion occurred during implantation and/or in the three weeks storage
time at room temperature before the measurement. Qualitatively, the
different shapes of the distributions must be the result of diffusities
which depend on the dose.
A quite clear change of the depth distributions can be seen for the
N=
H/cm2case after annealing. The peak concentration is reduced,
and the concentration in the deeper sample region is increased, indicating a diffusional broadening of the distribution. In the lower profile
( N = l O I 7 H/cm2) the difference between the distributions before and
after annealing is found mainly at the surface-near slope of the distribution, indicating an outdiffusion from this region. The concentration in the maximum and deeper inside remains essentially constant
indicating a low hydrogen mobility in this region due to trapping. In the
low dose case ( N = 10’’ H/cm2) the poor statistics prevents a meaningful discussion of the redistribution of hydrogen by annealing.
In Figs. 3(a)-(d) the experimental data are replotted and compared
with the results of the diffusion simulation described above. The diffusion simulation at Dt = 0 in Fig. 3(a)-(d) corresponds to the predicted initial ballistic distribution (TRIM [13])which in no case agrees
with the measured data. In order to find out the reason of the driving
force for the observed deviation, we tried several ways with the following possible and physically reasonable assumptions:
(a) The material is not defect-free, i.e. it contains a homogeneous
background of deep saturable or unsaturable traps: The simulations
show that this assumption alone does not lead to the measured
distributions.
(b) The material is free of deep traps, but contains shallow traps,
especially in the surface-near region. A homogeneous background
of shallow intrinsic traps with A M B cannot be excluded. These
traps lead to a somewhat lowered (‘hindered’) hydrogen mobility.
The simulations show that this assumption leads to a good description of the observed profile, without any further additional assumptions. Therefore, we conclude that the hydrogen diffusion in ion
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implant-damaged CuInSe:! is governed by shallow traps which have
their maximum density in the surface-near region, as described by
this second case.
Due to the multitude of mathematically possible variabilities in the
input distributions of this program, one might be afraid that this
approach is not capable to give a unique answer to the question of the
diffusional mechanisms. Our experience shows, however, that in general only one physically reasonable input condition exists which leads
to the measured distributions - this is given here also -, and that all
other attempts fail by far to fit the observed data. If this happens not to
be the case, and several fit possibilities show up (as is given, e.g. in the
cases of Li implantation into PP [8], or of LiCl solution penetration into
an ion-irradiated PEEK [9]), a decision about the proper modelling can
readily be drawn by an additional suitable control measurement. In
view of the appreciable sensitivity of the simulated depth profiles to the
input values we regard the solution found by us as the only one which
describes the given system properly.
In order to find out the detailed depth distribution of these shallow
traps, we have applied a trial-and-error technique, by modifying the
trap input distribution, and comparing the simulated hydrogen profile
with the measured one. Figures 3(a)-(d) show the best fit results, and
Fig. 4 illustrates the depth distributions of the product of the hydrogen
diffusion coefficients D ( x ) and time t , which are required to obtain
these results. These Dt values (left scale) are taken to describe the sum
of both possible thermal and/or radiation enhanced diffusion processes
which may take place during and after the implantation until the time
of measurement (in our case 3 weeks storage time at ambient temperature). For the case that radiation enhanced mobility does not occur or
is negligible, the right scale of Fig. 4 presents the corresponding thermal
diffusion coefficients. Hydrogen, being a gaseous dopant, is capable to
leave the material when arriving at the sample surface. We have
included this boundary condition in our calculation.
As we pointed out already above, the meaning of the derived diffusion coefficient may be that of an effective one, so that the hydrogen
mobility in (not yet available) perfectly defect-free .CuInSe2 will be
higher than the one derived here. In fact, Bridgman-grown CuInSe2 is
known to be a defect-rich material with some 1019defects cmP3, their
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FIGURE 4 Best-fit results of the product of the depth dependent
coeficients and time, D(x)f (left scale), as obtained from the diffusional simulations at
RT and 473 K. In the latter case the diffusion coefficient D ( x ) can be calculated from
the D /values, right scale. The surface-near parts of all curves show strong variations
with implanted ion dose. A comparison with the distributions of the nuclear and
electronic energy transfer after the hydrogen irradiation shows that there does not exist
any directly obvious correlation between the diffusion coefficients and damage
distributions.
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exact concentration depending on the degree of deviation from stoichiometry. This points at the presence of a background of shallow
homogeneous traps, hence at a hindered hydrogen diffusion. On the
other hand, there exist speculations that intrinsic defects in CuInSe2
might cluster to rather inert defect complexes which hardly are capable
to trap hydrogen. Therefore we have to leave the answer still open, in
how far the measured bulk hydrogen diffusion coefficient depends on
the material's intrinsic defects, until CuInSe2 crystals of better quality
will be available for comparison.
The fact that the effective hydrogen mobility in the implanted sample
is lowered strongly in the sample's surface-near area, in comparison with
its bulk value, indicates that here radiation defects add to the intrinsic
ones. Let us consider the few values which are available at present:
unimplanted (reference
material for 0,~):
- 1 x loi6 cm-2 implanted:
- 3 x 10'6cm-2 implanted:
- 1 x 10'7cm-2 implanted:
-

1OI9 defects/cm3,
lowering of Den by a factor of 3 to 5,
about 5 x 1022defects/cm3[2],
lowering of Deffby about a factor of 10,
and more than 1022defects/cm3[2].

It appears that the lowering of Defl is roughly proportional to the
overall defect density. This may indicate that the nature of both the
intrinsic and the irradiation-induced defects is similar to each other.
For low dose implantation ( N = 1 x 1015 and 1 x 10I6H/cm2), the
trial-and-error results point at simple exponential correlations between
D ( x ) and x in the surface-near region: D(x) = Do.(1-exp(-c. x)), with
different slopes c. A reduction of the diffusion coefficient in relation to
the bulk value signifies that there exist shallow traps which lead to this
hindered trapping-detrapping mobility. Obviously, both the trap
density and the width of the trap-enriched zone increase with dose. The
comparison with the distributions of the ion-induced damage (also
included in Fig. 4) reveals that there does not exist any simple correlation between the fitted distribution D ( x ) and the collisional or electronic energy transfer from the hydrogen ions. But keep in mind that
the statistical accuracy of the H depth profile measurement at the lowest
dose - and hence the reliability of the reconstructed diffusion coefficient
distribution - is somewhat poor, in contrast to the higher implanted
doses.
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The simulation of the high dose case ( N = 1 x lOI7H/cm2)leads to an
even broader and deeper-lying zone of strongly reduced hydrogen
mobility. In striking contrast to the low dose case however, it is seen
that the mobility is quite high in the direct surface-near zone. Again, no
simple correlation between the fitted distribution D(x) and the collisional or electronic energy transfer from the hydrogen ions shows up.
The surface-near depletion of the derived effective diffusion coefficients by up to an order of magnitude signifies that the A / B ratio ranges
up to 10, i.e. that the strength of the surface-near traps approaches to
the one of deep traps in these extreme cases.
In all cases the deviations from the bulk value Do extend some 2-3
times deeper into the bulk than the predicted ballistic damage distributions. The possibility to explain these puzzling findings by assuming
that the primary radiation induced collisional defects - interstitials
and/or vacancies, which act as traps - are mobile in CuInSez at room
temperature and under implantation conditions fails, as defect profiles
measured recently by HRTEM [16]and REM [17] always have shown
good consistency with the ballistic predictions [13], as far as concerns
the shape of their depth distribution. Discrepancies occurred only in
the absolute defect concentrations, as the ballistic code TRIM does not
include defect annealing processes. Hence the damage distributions can
be considered as being immobile. Therefore we suggest the following
model:
Hydrogen implantation into p conducting CuInSe2 leads to the
formation of an n conducting surface layer, hence to a p-n homojunction [4],as the implanted hydrogen concentration practically always
exceeds the hole concentration (around l O I 6 cm-3 for virgin samples
[4]). For example, recent EBIC measurements of such a 10 keV, N =
5 x 10’6H/cm2hydrogen implanted CuInSez layer have shown that the
depletion layer just begins at a depth of 350-400 nm, extending down
to some 2 pm (unpublished work). Taking into account that hydrogen
in semiconductors usually exists as a charged ion (H- in n conducting,
and H in p conducting material), one hence may speculate that different diffusitivities exist in the n- and p-type regions, respectively. But
other explanations, e.g. concentration dependent H2 formation, etc.,
are also possible.
There exists frequently a strong surface peak in the measured
hydrogen profiles. On the one hand, this stems from the hydrogen
+
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content of the surface hydrocarbon contaminant layer. It also might
indicate that not all surface hydrogen is capable to leave the sample,
but that some is bound permanently at this thin layer. We have simulated the influence of such a layer by assuming that the surface contains
unsaturable traps. The simulation shows that this surface layer cannot
be thicker than at maximum 10-15nm in the case of the N = 1016H/
cm2 implantation, and some 5 nm only in the N = 10'' H/cm2 case. The
surface layer acts as a diffusion barrier with limited efficiency, with the
Dt value for hydrogen ranging from lo-'' to lOP9cm2,and the trapping efficiency A ranging from 0 to 0.1.
In the same way as we have simulated the as-implanted profiles, we
could also simulate the subsequent thermal annealing process, see
Figs. 3(a),(c) and (d), and Table I. Figure 4 shows that the thermal
annealing process hardly changes the shape of the depth distribution
of hydrogen mobility, but essentially changes the absolute values of
mobility. This signifies that, though the thermal annealing of H
implanted CuInSe2 enhances the hydrogen mobility, it does not yet lead
to a major change in the defect spectrum, e.g. by formation of small
mobile defects at the expense of large immobile ones. The only hint for
such an effect is that the concentration of the shallow traps in the
intermediate dose ( 10l6cm-2) case at elevated temperature is roughly
twice as high as in the room temperature case.
The computer simulations show that all measured surface-near H
distributions consist of both free and trapped components. It will be of
great interest to repeat the room temperature measurement of the depth
distributions sometime later, in order to get more information about
the detrapping probability from the shallow surface-near traps. In fact,
similar experiments on the long-time stability (within typically some 5

TABLE I Di-values (product of the diffusion coefficient
D and time t ) at room temperature and after annealing at
473 K, 30 min. Second column: for the bulk average of all
three samples and for the region of the lowest diffusitivity
(50-150pm depth). The values in the third column are
given for the dose N = IO1'H/cm2 only

T[KI
293
473 30'

Dt [cm2] (bulk)

(1.9f0.8) x lo-''
(2.5f0.8) x lo-''

Di [cm2] (maximum)
4.1 x lo-''
3.2 x lo-"
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years) of boron in metals [18] have shown that the implantation distributions are metastable in many systems.
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5. CONCLUSIONS
Hydrogen ions have been implanted into the semiconductor material
CuInSez at different doses. As the ions act as a probe for the selfcreated material's damage, it is possible to derive information about the
distribution of traps from the hydrogen distribution. In the same way,
recently the damage of polypropylene foils by Li ions was determined
from the depth distribution of self-trapped Li ions [8]. In our specific
case it turns out that
(a) hydrogen does not come to rest immediately after the ballistic
implantation, but still keeps some limited mobility;
(b) there exists no background of deep traps in the bulk material, but
that shallow traps are present, consistent with the material's high
defect density;
(c) there exist additionally shallow traps with partly considerable
bonding strengths in the surface-near implanted region and slightly
beyond which lead to a reduction of the hydrogen mobility;
(d) the trap concentration and distribution depends on the damage
introduced by the hydrogen ions;
(e) the shape of the trap distribution does not follow the shape of either
electronic or nuclear proton damage depth distributions;
(0 a hydrocarbon surface layer of 5- 15 nm - such as created under
poor vacuum conditions during implantation - is capable of
trapping hydrogen permanently; and
(g) thermal heating up to 473 K enhances the hydrogen mobility but
leaves the trap distribution unchanged.
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