September 2003 + NREL/SR-520-34818

Research in Hydrogen
Passivation of Defects
and Impurities in Silicon

S.K. Estreicher
Texas Tech University
Lubbock, Texas

Natlonal Renewable Energy Laboratory

1617 Cole Boulevard
Golden, Colorado 80401-3393

NREL is a U.S. Department of Energy Laboratory
Operated by Midwest Research Institute ¢ Battelle ¢ Bechtel

Contract No. DE-AC36-99-GO10337



September 2003 +« NREL/SR-520-34818

Research in Hydrogen
Passivation of Defects
and Impurities in Silicon

Final Report
10 February 2000-10 March 2003

S.K. Estreicher
Texas Tech University
Lubbock, Texas

NREL Technical Monitor: R. Matson

Prepared under Subcontract No. ACQ-9-29639-01

-
@ @' |
. -I
- %@é’ Ne=L

National Renewable Energy Laboratory

1617 Cole Boulevard
Golden, Colorado 80401-3393

NREL is a U.S. Department of Energy Laboratory
Operated by Midwest Research Institute ¢ Battelle ¢ Bechtel

Contract No. DE-AC36-99-GO10337



NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor any agency thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect
those of the United States government or any agency thereof.

Available electronically at http://www.osti.gov/bridge

Available for a processing fee to U.S. Department of Energy
and its contractors, in paper, from:

U.S. Department of Energy

Office of Scientific and Technical Information

P.O. Box 62

Oak Ridge, TN 37831-0062

phone: 865.576.8401

fax: 865.576.5728

email: reports@adonis.osti.gov

Available for sale to the public, in paper, from:
U.S. Department of Commerce
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22161
phone: 800.553.6847
fax: 703.605.6900
email: orders@ntis.fedworld.gov
online ordering: http://www.ntis.gov/ordering.htm

I 4
'-} Printed on paper containing at least 50% wastepaper, including 20% postconsumer waste


http://www.osti.gov/bridge
http://www.ntis.gov/ordering.htm

TABLE OF CONTENTS

Background .........ooouiiiiiiiceee e 1

ODBJECLIVES ..vviieiiieeiiie et e et e et e e et e e st e e sbeeestreeeaaeesssaeeesseeessseeensseeessseessseesnnes 1

MEthOAOIOZY .....veieeeiieeiiie et e s e s e e eeaeeesnbeeenes 2
Results

1: Native defects: VACANCIES........ccecvieriieeiieiieeieeieecie e 2

2: Native defects: self-interstitials .........cccceeeviieeiieiniieceie e, 3

3: Interstitial Hy MOLECULES.....coooiiiiiiiieieiee 5

4: Advances in methodology........ccccueveeiiiiiiieeiieece e 6

5: Transition metal (TM) impurities: COPPEr iN Si.......ccceeevveervercueennnnns 7

Summary and CONCIUSIONS ......c...eeviiiiiiiiieiiieiieeie ettt seae e 8

RETRIENCES ..ot ettt st e e et 9

Thesis, talks, and publications .............coccveriieiiiniienie e 10

a) Dissertations and ThesiS........cccevcvieriiieeriie e 10

b) Invited conference talks ...........cccecvviieiiiiciiieciieccee e 10

¢) Technical SEMINATS........ccccureeiiieeiiieciie et 11

d) BOOK Chapters.......c.eeviiiiieiieeiieitece ettt 11

€) INVILEd PAPETS ..veeeriieeiieeeiee et e 11

f) Papers in refereed journals...........ccoocveviieiiieniiienienieecee e 11

€) ContribUted PAPETS ..eeevveeeeiieeiiieeiieeeiee et e sree e e e sveeesereeenes 11



Background

Several PV manufacturers commercially use the passivation of impurities and defects
by H to improve the performance of their solar cells. There is however a severe lack of basic
understanding of such issues as the interactions of H with transition metals, which strongly
affect solar cell performance, the role of native defects (vacancies, self-interstitials, and their
aggregates), the trapping of H at native defects, and even the nature of the defects that need to
be passivated. The identification of the most important defects cannot rely on microscopic
experimental tools alone. Electrical methods such as DLTS provide little insight into the
microscopic nature of the defects. Vibrational spectroscopy is quantitative, especially when
used in conjunction with isotope substitutions and uniaxial stress experiments. However,
most IR lines in poly-Si are quite broad and it is not always possible to find samples with the
needed concentration of a given defect for detail study.

Theory complements such experimental methods if it is ‘first-principles’ (no
parameters fitted to experimental data) and able to predict measurable properties
quantitatively (within a few %). The properties of interest include the geometry (in particular
the symmetry), the local vibrational modes associated with the defect, as well as the binding
and various activation energies. Today’s theoretical ‘state-of-the-art’ involves periodic
supercells to represent the host crystal and density-functional (DF) theory with ab-initio
pseudopotentials to calculate the total electronic energy. Molecular-dynamic (MD)
simulations allow the atomic nuclei to move in real time following classical mechanics, with
forces calculated from the gradients of the total energies.

Objectives

The objectives of the research under this contract is to perform systematic first-
principles calculations on native defects and selected transition metal impurities in Si and
their interactions with hydrogen. One goal is to gain insight into which defects need to be
passivated and which ones do not, which defects are the most stable, how interactions with H
affect their electrical and optical properties. This includes potential surface and electronic
structure calculations as well as real-time, constant-temperature, MD simulations to test the
thermal stability of various defects and monitor defect reactions and/or diffusion. Another
goal is to predict the local vibrational modes (LVMs), the binding and various activation
energies of the most important H complexes, and other quantities which have been or can be
measured experimentally. Further, theory itself needs to be continuously developed in order
to allow more accurate predictions and the calculation of quantities that are beyond the reach
of today’s ‘state-of-the-art’. The following issues are discussed in this report.

1. The interactions between vacancies (V) lead to the formation of V, clusters, and
these clusters are not all ‘vacancy-like’. In particular, the hexavacancy (V) was predicted to
be electrically inactive (earlier NREL project), but interactions with H render it optically
active, and recent experimental data have now confirmed the earlier theoretical predictions.

2. The interactions between self-interstitials (I) result in the formation of I, clusters.
We identified the most stable ones and studied their surprising dynamics and interactions
with hydrogen. In particular, the very stable I3 cluster is incredibly mobile.

3. The static and dynamic properties of the interstitial H, molecule in Si have been
calculated. These molecules are plentiful in many samples and constitute a source of ‘hidden’
hydrogen. They have been seen by IR and Raman spectroscopies.

4. Theory developments include the calculation of entire dynamical matrices. This
allows the calculation of pseudo-LVMs and the characterization of the localization of the
modes. Further developments are under way.



5. Our model transition metal impurity is copper. The present studies involves
interstitial copper, its interaction with native defects (V and I), its interactions with itself (Cu
pairs), with interstitial O and the A center (O-V pair), and with H. The results include the first
identification of pseudo-LVMs, seen experimentally as phonon sidebands in
photoluminescence spectra.

Methodology

The electronic densities and energies are obtained from self-consistent, first-principles
DF theory within the local density approximation. The MD simulations are use Sankey’s ‘ab-
initio-tight-binding’ approach[1,2] as implemented in the SIESTA code.[3,4] The exchange-
correlation potential is that of Ceperley-Alder,[5] parameterized by Perdew and Zunger.[6]
Norm-conserving pseudopotentials in the Kleinman-Bylander form[7] are used to remove the
core region from the calculations. The valence states are described by numerical linear
combinations of atomic orbitals which allow the inclusion of multiple-zeta orbitals and
polarization states. The charge density is projected on a real space grid with equivalent
cutoffs of 100 to 150Ry to calculate the exchange-correlation and Hartree potentials. Large
cutoffs are needed to describe localized states, such as the d states of copper. The host crystal
is represented by periodic supercells of 64, 128, or 216 host atoms. The k-point sampling
ranges from the I" point only to a 2x2x2 (or even 3x3x3) Monkhorst-Pack mesh.[8]

The vibrational properties are calculated using linear response theory. The idea[9] is
to calculate the entire dynamical matrix from the derivatives of the density matrix relative to
nuclear coordinates. After the diagonalization, the eigenvalues of the dynamical matrix are all
the normal frequencies of the cell. Its eigenvectors give the relative displacements of the
atoms for each mode.

MD simulations are performed using DF quantum-mechanical forces. The ions are
classical particles while the electrons remain at OK on the Born-Oppenheimer surface (no
electronic excited states). The temperature of the cell is related to the kinetic energy of the
ions. MD runs can be done at constant temperature to check for defect diffusion or reaction.
Variable temperature runs are useful for simulated quenching (or annealing). Runs at T=0K
(conjugate gradients) force the system to converge toward the nearest minimum of the
potential energy surface. The time step varies from 2.0fs to 0.2fs, depending on the mass of
the lightest atom in the cell. Many thousands of time steps are needed for meaningful
constant-temperature simulations.

Results 1: Native defects: vacancies

The vacancy in Si has deep levels in the gap which are efficient recombination
centers. This is usually not a major problem since the equilibrium concentration of vacancies
is low up to several hundred degrees Celsius. However, a number of common processes are
know (or believed) to inject high-concentration of vacancies into the bulk: ion implantation
or the deposition of some surface layers are two examples. These vacancies interact with
impurities, and/or diffuse out of the sample, and/or interact with each other. The latter results
in the formation of vacancy clusters V,. As part of a previous project funded by NREL, we
studied the structures, electronic properties, and binding energies of the most stable
clusters.[10,11] One key prediction was that a particularly stable defect occurs when an entire
hexagonal ring is missing from the crystal. This hexavacancy reconstructs so well that no
energy level remains in the gap, except for an empty level near the bottom of the conduction
band. This defect should therefore be invisible to electrical techniques, but was predicted to
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be a strong gettering center for TM impurities such as H or Cu.[12] Once decorated with Cu,
the defects becomes electrically active and detrimental to PV performance.

The experimental proof of this nearly-invisible defect was difficult to find. However,
the empty level of V¢ near the conduction band makes it visible by photoluminescence (PL).
Under illumination, an electron traps in this level, the defect becomes negatively charged,
traps a hole in a wide orbit, and the recombination of the exciton provides a PL signature.
The zero-phonon line shifts when Vi traps hydrogen. Three previously unassigned PL band,
B480, B4, and B171, have now been identified with Vg and two distinct {V¢,H,H} defects.[13]

The figures below show (left) the binding energies AE, = E(V,) - E(Vy.1) - E(V)) as
well AS (right) the unreconstructed and reconstructed V¢ and the two {Ve,H,H} defects. This
is one example of an electrically inactive defect which is activated by trapping impurities.

number of vacancies
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Fig. 1: Binding energies for vacancy clusters (see text). Fig. 2: Vg and two {V¢,H,H} complexes correspond to

three previously unidentified PL bands.

Results 2: Native defects: self-interstitials

Systematic investigations[14] of self-interstitial (I) clustering also led to unexpected
results. The (stable and metastable) configurations and binding energies of I, I3, L, etc. show
that one of two trigonal structures of I3 is particularly stable. We labeled it I3,. This defect,
shown in Fig. 3, is centered at a bond-centered (BC) site. The most fascinating of its
properties is not its high stability but the fact that it is highly mobile. We performed constant-
temperature (first-principles) MD simulations on this and the other I, clusters. To our
surprise, once formed, the I, cluster diffuses faster than anything we have even seen in MD
simulations. A sketch of the diffusion process is illustrated in Fig. 4.

Thus, as soon as I3, forms, it becomes the fastest-diffusing defect known. This is a
new possible explanation as to why the Si self-interstitial has never been observed. As soon
as the I concentration is high enough for experimental studies (e.g. following Si
implantation), self-interstitials are supersaturated. I+ gives I, then I5. The latter diffuses

3



much too fast to be detected and possibly interacts with substitutional impurities such as B or
C, or even precipitates into larger structures. Until now, it has been assumed that I diffuses
very fast through a recombination-enhanced process or the Bourgoin-Corbett mechanism, but
no firm evidence for these exotic processes has been found to date.

Fig. 3: Side and top views of the I3, complex. It is
an equilateral triangle in the {111} plane, centered
at a bond-centered site. Note that only two host Si
atoms are displaced from perfect substitutional sites.

Fig. 4: The I3, complex diffuses by successive exchanges (or kick-out processes) involving one of the self-interstitials
and one of its host Si neighbors. The kickout is highly efficient, and the defect hops from one BC site to the next at
the picosecond time scale. About 800 time steps at 1,000K separate Fig. (a) (in which I3, consists of atoms 1,2 and 3)
from Fig. (e) (in which I3, consists of atoms 2, 3 and 4).
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We investigated the possibility that I3 plays an important role in self-interstitial
precipitation by studying the reactions I3+Is — I, then I3+I3 — Io. In both cases, the reactions
release several eVs, but only if the I3’s approach the defect along specific crystallographic
directions.[15] These directions are consistent with the symmetry of the {113} self-interstitial
rods (see e.g. [16]).

Finally, we studied self-interstitial-hydrogen complexes.[17] Up to four Hs can trap at
or near a single I. The first two Hs are strongly bound (~1.8eV) and additional ones simply
relieve the strain around the defect (~1.0 to 1.4eV). One interesting feature is that the odd
electron wavefunction becomes increasingly delocalized as the size of the defect grows.
Although the band-structures obtained from local density-functional theory are only
qualitative, a comparison (Fig. 5) of the band structure of the perfect cell to the cell
containing one self-interstitial or the {I,H,H} complex suggests that I induces a rather well
localized level in the gap, and that this level is passivated after trapping two H interstitials
and forming {I,H,H}.

(a) Perfect cell
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30 - ,
: Fig. 5: Band structures of the perfect Sig
-3.5 | supercell (top) compared to that containing a
_4.0 :"1 B self-interstitial (middle, showing the presence of
E— an energy level below the conduction band
—4.5 ° o minimum) and to the {I,H,H} complex,
-2.0 ® I':{_f;; <,l predicted to be passivated. The incorrect gap
o —‘“-'"‘“‘-‘—} Z size (about half the measured value) is a

consequence of the local density approximation.
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Results 3: Interstitial H, molecules

Interstitial H, molecules in Si have been assumed to exist but observed
experimentally only recently (for a review and references, see Ref. [18]). First-principles
molecular dynamics simulations show that this molecule rapidly bounces around a tetrahedral
interstitial (T) site (Fig.6). The vibrational frequencies calculated from the velocity-velocity
autocorrelation function are very close to the measured ones.[19,20]

The theoretical results first appeared to contradict the experimental evidence. Indeed,
uniaxial stress data were consistent with a low symmetry for the defect. Further, the absence
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of ortho/para splitting in the spectra suggested that the molecule was not free to move (and
rotate) but that its axis had to be fixed along a very low-symmetry direction. However,
careful annealing studies demonstrated that only ortho-H, was IR active and that the apparent
low symmetry was associated with the splitting of the J=1 rotational states by the applied
stress rather than the actual symmetry of defect.[21,22]

Center of Mass — H2
(XL

Fig. 6: Calculated position of the
center of mass of the interstitial H,
molecule near a T site in Si. The
calculations involve 12,000 time
steps at T=77K. The potential energy
is very flat and this allows H;, to
rapidly bounce around. Note the
sharp changes of direction. The side
of the parallelepiped is of the order of
0.5A, but the nearest Si atom is
2.35A away from the center of the
cube.

Results 4: Advances in methodology

A fruitful collaboration with a Ph.D. student from Oviedo (Spain) has substantially
increased our ability to calculate the vibrational properties of defects in Si. The harmonic
dynamical matrix (DM) is extracted directly from the first-order change in the density matrix
with respect to infinitesimal atomic displacements from the equilibrium configuration.

The eigenvalues of the DM are the normal frequencies of the cell, and its eigenvectors
give the relative displacements of all the atoms for a particular vibrational mode. This
approach was tested[9] for about 60 known local modes associated with various light
impurities (H, B, C, O). The calculated frequencies turned out to be the most accurate
available in the literature, with an average error bar of less than 2% for stretch modes, and 5-
6% for the most anharmonic wag modes. We have since expanded the testing to some 100
modes and used the method to characterize the localization of pseudo-local vibrational modes
(pLVMs), as discussed in section 5 below.

Much more than just vibrational frequencies and localizations can be extracted from
the DM. At this time, we are exploring the construction of a phonon density of states
(perturbed by a defect) which leads to the calculations (from first principles) of vibrational
entropies and free energies. Another possible expansion would be the calculation of
vibrational lifetimes and decay modes.



Results 5: Transition metal (TM) impurities: copper in Si

Copper is one of the most common TM impurities in Si, often introduced during
chemomechanical polishing or metallization. It is also a good test case for theory because the
3d shell of atomic Cu is full, and one need not worry about high spin multiplicities. Further,
some microscopic experimental information is available on interstitial and substitutional
copper, copper pairs, copper-hydrogen complexes, and copper-oxygen interactions. In p-type
and intrinsic Si, most of copper exists as the interstitial Cu;" ion, with its lowest energy at the
tetrahedral interstitial (T) site. It is one of the fastest-diffusing impurities in Si, with a
migration energy predicted[23] to be less than 0.24eV and measured[24] at 0.18+0.02eV. The
solubility of copper in Si is low, and it tends to precipitate at/near vacancy-like defects,
stacking faults, grain boundaries, and (some) dislocations. The key new results obtained
during the period of this contract can be summarized as follows.

We have identified[25] with a high degree of certainty the defect associated with the
substitutional/interstitial copper pair {Cus,Cu;}. The experimental evidence includes the
symmetry of the complex (from uniaxial stress), its dissociation energy (from thermal
anneals), and an elusive photoluminescence (PL) band called ‘Cu” in which the zero-phonon
line is accompanied by sharp phonon replicas, indicative of a low-frequency vibrational mode
which is localized despite being buried deep in the phonon band, at 57 cm™. It is not unusual
for TM complexes to show PL activity which includes such sidebands, but none have been
identified to date. Our calculations show that (i) the {Cu,,Cu;} pair is trigonal, (ii) its binding
energy is 1.16eV, and (iii) there exists a pseudo-local mode with the right symmetry at 68cm’
' Note that ongoing (fist-principles) calculations of free energies show that the calculated
binding energy converges toward the measured dissociation energy at higher temperatures.
Note also that the pseudo-LVM calculations are the very first of their kind. Figure 7 shows
the PL spectrum of the {Cu,Cu;} pair (left) and the pair itself. The vibrational mode
responsible for the phonon replicas has both Cu atoms moving together along the trigonal
axis, a motion that preserves the Cu-Cu bond length.
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Fig. 7: The phonon sidebands visible in the PL spectrum of the ‘Cu(’ defect (left) are caused by a vibrational
mode of the {Cus,Cui} pair (right) in which both Cu atoms move together as a unit along the trigonal axis.

We also showed[26] that substitutional copper can trap up to three H interstitials.
Hydrogen always binds directly to the TM, not in the antibonding (TM—Si—Hag)
configuration proposed by other authors.[27] The structures of {CugH;}, {CusH,},
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{Cug,H3}, are shown in Figure 8. All the LVMs associated with the {Cu,H,} complexes and
their D substitutional have been calculated to help with future IR investigations. The binding
energies of these complexes are of the order of 2.3eV.

Fig. 8: Calculated configurations of the {Cuy,H,} complexes with n=1, 2, and 3. In contrast to common assumptions, H
does not bind to a Si atom near the TM but to the TM itself.

Interstitial copper (Cu;) is attracted to oxygen in Si, but the interactions never result in
the formation of Cu-O bonds.[26] Cu; weakly traps (0.3eV) near interstitial oxygen (O;)
because the local lattice distortion around O results in a larger interstitial volume for Cu. This
binding energy is very close to the one extracted from Cu diffusivity measurements in FZ (O-
poor) vs. CZ (O-rich) material: in CZ-Si, copper slows down due to a weak trap. We
predicted a shift in the oxygen-related LVMs associated with the trapping of Cu (this should
be observable at low temperatures).

Cu; also interacts with the oxygen-vacancy pair (also known as the A-center) but the
reaction is unexpected: Cu; +{0,V}—>Cust+O;. Copper pushes O out of the vacancy and takes
its place, leaving a complex with Cug slightly off-center and O; bridging an adjacent
(puckered) Si-Si bond. This reaction releases 1.7eV.

Finally, we showed that Cu binds to self-interstitials (E,=1.6eV). These results
suggest that Cu does not trap at O precipitates but near them, more precisely at the self-
interstitials that are generated by the O precipitation and cluster around them, sometimes
forming dislocation loops. There is evidence of copper gettering near oxygen precipitates, but
no evidence of the formation of Cu-O bonds.[28]

Summary and conclusions

The key theoretical results obtained during this project and their significance to the
PV community can be summarized as follows.

1. Vacancy-like defects do not always behave like vacancies should. If a defect can
reconstruct efficiently, its electrical activity is substantially reduced or even suppressed.
However, some strain remains and the defect easily becomes a gettering center for impurities
(H and Cu have been studied). After trapping impurities, the system becomes electrically
active again. It has been know for some time that some defects in solar cells are ‘good’ while
others are ‘bad’, and that ‘good’ defects can become ‘bad’ when impurities trap at them. The
research done here provides the first example of such a defect, with all the needed
microscopic characterization. This implies that the history of a sample may be crucial and
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that the order in which various processing steps are done may affect the efficiency of the
finished cell.

2. If a process generates a high concentration of self-interstitials, some very-fast
diffusing defects can be generated. The first-principles MD simulations done here reveal the
fastest-diffusing defect we know of. This could not only explain why the isolated self-
interstitial has never been observed in Si, and opens a new way of thinking about the
formation and/or dissolution of self-interstitial {113} ‘rods’.

3. Interstitial H, molecules can be an important reservoir of hydrogen in the material.
However, I doubt that high concentration of this defect can survive in rather defective poly-Si
material such as EFG, ribbon or others. We did show as part of an earlier NREL contract that
these molecules readily dissociate when near native defects. However, the challenge here was
to understand the observed strange behavior of this species, and theory has been helpful in
this regard.

4. The development of first-principles theory to allow the calculation of complete
dynamical matrices for an entire supercell without physically displacing any atom is a very
important development. Indeed, we now can predict the most accurate local vibrational
modes available to date, and this will help identify infra-red absorption lines and will speed
up the (microscopic) experimental work under way elsewhere. Further, the knowledge of all
the normal modes in the cell may allow us to calculate the energy of defects as a function of
temperature, from first-principles. Other useful developments are under way.

5. We have performed the most complete (to date) study of the fundamental
interactions for a transition metal impurity (copper) in Si. The interactions of Cu with the
vacancy and the self-interstitial, with hydrogen, with oxygen, and with itself includes native
defects as well as three of the most common impurities in PV material. One disappointment
is that hydrogen readily binds to the transition metal, but does not passivate it.
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Thesis, talks, and publications
The contract has involved several students at Texas Tech University and resulted in a
number of talks and publications. The details are listed below.

a) Dissertation and thesis
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