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Abstract—For intermediate band solar cells (IBSC) to achieve
high efficiency, the gains in light absorption due to the intermedi-
ate band (IB) must exceed the nonradiative losses from mid-gap
states. An important proposal holds that in IB’s formed from
bulk doping, when the energy states of the IB are delocalized
(i.e., metallic), they do not significantly reduce the nonradiative
lifetime. We show that this proposal is incorrect because the
motion of the crystal lattice will always re-localize IB states. We
compare this result to band-to-band nonradiative recombination,
which is well known to be slow. For IBSC’s to realize their
potential, research must move away from delocalizing IB states.

Index Terms—charge carrier lifetime, photovoltaic cells, math-
ematical model.

I. INTRODUCTION

The intermediate band solar cell (IBSC) is a potentially
transformative concept for high-efficiency photovoltaics [1].
An early version was proposed by Wolf [2], and in-depth
theoretical analysis examined and rejected the Si:In system
[3]. The IB concept — harnessing subgap light using states
inside the semiconductor band gap — was given new life in
1997 by detailed balance calculations showing a maximum
conversion efficiency of 63% in fully concentrated sunlight
[1], considerably higher than the 41% concentrated Shockley-
Queisser limit [4]. Since 1997, there has been much success in
developing systems with intermediate bands for intermediate
band solar cells (IBSC) [5]. However, intermediate levels deep
in the band gap have long been known to be detrimental
to carrier lifetime [6], [7]. For this reason, the IBSC has
long been dismissed as impossible [8]. A pathbreaking and
highly-influential proposal for IBSC’s formed from deep-level
dopants holds that delocalized (i.e., metallic) states in an in-
termediate band (IB) do not cause nonradiative recombination
[9], [10]. According to this proposal, once such a metallic IB
is formed, increasing the dopant concentration increases the
carrier lifetime. This lifetime recovery proposal has launched
a large effort to observe an insulator-to-metal transition in
semiconductors doped with high concentrations of deep-level
dopants [11]-[16], including experimental claims of lifetime
recovery [17], [18].

We show that this proposal will not be effective, and an
insulator-to-metal transition (IMT) in an intermediate band
will not suppress multiphonon recombination processes. It is
possible for carrier lifetimes to increase for other reasons (e.g.,
chemical changes, energy level shifts), but the delocalization
of IB orbitals is necessarily too fragile to prevent nonradiative
recombination. Progress in IBSC’s requires overcoming the
nonradiative recombination problem, but we show that the
IMT is not a way forward for the field. The search for IMT’s
with deep-level dopants has led to great progress in materials
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science, and if these materials are sufficiently strongly absorb-
ing of subgap light, they can still produce highly efficient solar
cells [19].

The lifetime recovery proposal combines two true state-
ments and arrives at an appealing but erroneous conclusion.
A (true): at high impurity concentrations, impurity orbitals can
overlap and become delocalized, which is called an insulator-
to-metal transition. B (true): the nonradiative capture cross
section of a defect generally decreases as the impurity orbital
becomes larger. That is, as the impurity state delocalizes, the
nonradiative lifetime should increase. C (false): an IMT in
an intermediate band delocalizes the impurity orbitals and
therefore suppresses nonradiative capture.

II. ARGUMENT AGAINST LIFETIME RECOVERY

In this paper, we carefully outline why the conclusion C
does not follow from A and B, first described in Ref. [19]. We
first go through these three steps in detail. We then compare to
the case of band-to-band multiphonon recombination, which is
well known to be slow due to the delocalized character of the
conduction- and valence-band states. Finally, we describe the
conditions under which lifetime recovery may still occur (not
due to IMT) and the remaining loopholes in our derivation,
none of which we believe would change our conclusions.

A. High dopant concentration causes delocalization

Metallic conduction at low temperature relies on delocalized
energy eigenstates at the Fermi energy. IMT’s have been
observed in several shallow-doped semiconductor systems
[20], [21]. These results have recently been extended to deep-
dopant systems by groups developing IBSC’s, including Si:S
[12], Si:Se [13] and Si:Ti [15]. It is possible that in the deep-
dopant transitions, the impurity band broadens to overlap the
conduction band [13], which would make it unsuitable for
IBSC.

B. For isolated defects, delocalization increases nonradiative
lifetime

A defect-mediated recombination event consists of two
trapping events: a conduction band (CB) electron is trapped
into an empty defect level and a hole is trapped into a
filled defect level. The original proposal for lifetime recovery
[9] focused on the multiphonon mechanism for nonradiative
trapping [22], [23], as opposed to other mechanisms such as
cascade capture [24] and Auger recombination [25]. We will
focus exclusively on multiphonon trapping and recombination,
which we will refer to as simply nonradiative trapping and
recombination. For convenience, we will consider only the
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Fig. 1. Configuration coordinate diagram for trapping of a conduction
band (CB) electron by an impurity level. The energy of the CB and impurity
level are shwon as a function of a single harmonic vibrational mode with
coordinate @ is depicted. Trapping occurs where the levels are degenerate.
At high temperatures, trapping is an activated process with barrier F, at
lattice coordinate (). As the impurity wave function becomes larger, Q)¢ and
A approach 0, increasing both E, and Q..

CB to IB trapping process, and all results are easily translated
into the case of hole trapping from the valence band (VB).

We now present the standard description of the nonradiative
trapping process [22], [23]. We model the system in the
adiabatic approximation, valid when the electron motion is
fast compared to the vibrational motion, allowing the electron
problem to be solved separately for each lattice configuration
[25]-[27]. The lattice vibrations can be described by normal
modes with frequencies w; and coordinates ;. The physics
is clearest when we neglect the lattice momenta and treat the
Q; as classical quantities. Trapping from a CB state into an
impurity state occurs when the lattice is in a configuration
where these two electronic states are degenerate, marked as Q).
in Fig. 1. We consider the high-temperature, activated limit,
in which the trapping rate U is [25]

—E,

U x exp ( T ) ,
where T is the temperature, k; is Boltzmann’s constant, and
L, is the activation energy, as shown in Fig. 1. All of the
main conclusions hold with low-temperature tunneling-based
trapping, too [19]. In Fig. 1, there is only one vibrational mode
shown and thus only one intersection; in a real system, there
are many vibrational modes, and the lowest-energy degeneracy
between the CB and impurity states determines F,. From the
geometry of the parabolae, it is easy to show that

AE?  (AE - )\)?

E = =
“ 4N 4N '

where A = AFE — AFE’ is the reorganization energy, indicated
in Fig. 1, and this result is valid with many vibrational modes.

For shallow donors, the wave function is often approximated
as a hydrogenic 1s orbital bound to the impurity, screened
by the surrounding dielectric. For deeper donors, there is no
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Fig. 2. Tllustration of why localization causes recombination. Each panel is

a cartoon of a semiconductor with an isolated impurity atom. a) An electron is
in the conduction band, so its charge density is uniformly distributed through
the sample. b) When the electron occupies the localized impurity state, the
charge density is localized, and the nearby ions are attracted, moving to new
equilibrium positions Q. The effective Bohr radius aj is shown. ¢) Trapping

occurs in a lattice configuration Qc where the ions destabilize the impurity
state, raising its energy to be degenerate with the conduction band.

systematic accurate approximation for the wave functions. For
a hydrogenic 1s orbital in a polar semiconductor,

A 1/ag, 3)

where a; is the effective Bohr radius, indicated in Fig. 2b
[25], [27], [28], so larger orbitals give slower trapping. This
result can easily be understood qualitatively by considering
the effect of moving an electron from a delocalized conduction
band state (Fig. 2a) to the localized impurity state (Fig. 2b). An
electron charge that was evenly distributed over large numbers
of lattice sites becomes localized. The nearby ions are attracted
to it, shifting their equilibrium positions. This shift is precisely
the move of equilibrium from Q =0to Qo.

Let us examine Fig. 1 more carefully. When the electron-
phonon coupling is linear in Cj, the vibrational frequencies
are the same in the two electronic states, but the equilibrium
position is different: 0 or QO. As ay increases, the electron
density in the impurity state becomes less concentrated, so
the shift of nearby ions when the impurity becomes occupied
(illustrated in Fig. 2b) is reduced, reducing Q(). It is clear from
Fig. 1 that this reduction increases F, and thus decreases U.
This effect is at the heart of the lifetime recovery proposal [9],
and it is in this sense that localization causes recombination.
But this effect is for isolated defects. We now show that
delocalization that originates in superpositions of orbitals is
less robust than this “delocalization” of a single orbital, as the
electron-phonon interaction localizes the states.

C. IMT delocalization does not increase nonradiative lifetime

We now consider the case of trapping into an IB rather
than an isolated impurity. We consider the best-case scenario
for lifetime recovery: a perfectly periodic superlattice of
impurities inside the host semiconductor. Disorder also poses
problems for delocalization [16], [29], but disorder is not
important for our argument here, though it is not harder to
include [19]. We construct a model for the IB system and
the electron-phonon coupling, taking care to discuss it in both
localized and delocalized bases. We then give a variational
argument showing that the delocalization of the IB can only
increase the nonradiative lifetime [19].
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We begin by considering the lattice in its equilibrium
position when the IB is empty, @ = 0. For convenience, we
consider a single electron (initially at the bottom of the con-
duction band) with the IB states empty. We describe the states
inside the IB using a localized basis |¢5) and a delocalized
basis ‘¢;§> We begin by taking the isolated impurity states
localized at eich impurity site |¢ Fz>’ orthogonalized appropri-
ately, where R denotes the impurity locations.! As the impurity
concentration increases, the electrons can hop between the
sites and produce delocalized energy eigenstates |1/},3>, where k&
denotes the crystal momentum in the superlattice of impurities.
In the case of noninteracting electrons, the energy eigenstates
are always delocalized, though when interactions are included
this delocalization occurs only at a finite concentration [32].
These delocalized energy eigenstates form the second basis
for this system; we could equally have arrived at them by
invoking Bloch’s theorem for a periodic system and noting that
our energy eigenstates must be of the form w;; = eik'FuE(F),
where wuj(7) is periodic with the superlattice periodicity.

We can write the Hamiltonian for the IB system as H =
H, + Eph + He—ph’ with

Ho=€Y |o5) (o5l + Y tam |95) (d] @
I RBti
Epn =Y w}Q}/2 ®)
He—ph = Z QZA%R‘/ ¢ﬁ> <¢ﬁ/ ; (6)
iRR’

where {55, is the matrix describing the hopping between
localized states (i.e., t AR describes the delocalizing forces,
which become larger with impurity concentration). For each
phonon mode i, A’ gives the effect of the lattice vibration on
the electronic states, either changing on-site energies (diagonal
terms A’; ) or hopping (off-diagonal terms A’ - ). There is,
in addition, electron-phonon coupling between the IB and the
CB, which is responsible for the actual transfer of electrons
between these states. This coupling is important only when
an IB state described by Eqs. 4-6 is nearly degenerate with
the CB. We do not express these terms explicitly, but the
nonradiative lifetime depends on their values [25]. If the
largest (smallest) eigenvalues of ¢ are ¢;(2), we define the 1B
bandwidth J = (¢; — t2)/2. We must have J < AFE’, or we
do not have an IB.
We can also write

H, = e(k) |[vg) (vl )
E

Heopn = QAL ) (br ], ®)
ikk’

with energies e(k) and new matrices A, related to the A¢ by
a basis transformation. We further let Hy = H, + He_pp,.
The bases ¢ i and ;; allow us to treat different effects
easily. When (9 = 0, as in Fig. 2a, the zb,g basis is the
simplest, as the Hamiltonian is diagonal, and delocalized states

T non-dopant-based IB systems [30], [31], the localized basis can be
constructed from Wannier functions, described in Section III.
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are a natural description. But as thermal fluctuations cause Q
to vary, we must consider the A terms. In the delocalized
1z basis, the matrices A’ are complicated and off-diagonal.
The most important physical assumption that we make is
that the main effect of the phonons is to change the on-site
energies in the local basis, which is generally true in the
adiabatic approximation [27], [28]. That is, the matrices A’
are approximately diagonal. This assumption means that as the
lattice is distorted, the energy to occupy individual impurity
sites changes, but the overlaps between the impurity wave
functions, which affect the hopping ¢, do not change. As the
lattice positions Q change and the eigenvalues of the matrix
Cj - A become larger than the bandwidth .J, the phonons localize
the energy eigenstates of the system, and the local ¢ basis
becomes a more useful basis to study the problem.

We now present the variational argument that delocalization
does not increase the nonradiative lifetime [19]. We already
know, from studying the isolated impurity problem in Section

II-B, that there is a QC such that |¢ ) gains enough energy

AFE’ to be degenerate with a conduction band state, with
reference to Figs. 1 and 2¢.2 That is, when ¢ = 0, the largest
cigenvalue of Q, - A is AE’, and the eigenvector |pg) is
approximately one of the maximally localized states |¢g,)
because we know by Eqs. 1-3 that trapping is fastest through
the most localized states, as illustrated in Fig. 2.

If the IMT increases the nonradiative lifetime, it must be
that F, increases when the electrons are able to hop to other
impurities (encapsulated in ¢55,), and having the lattice in
configuration QC must no longer cause an IB state to become
degenerate with a CB state. That is, the largest eigenvalue of

—

Hy(Q.) must be less than (¢ + AE").

We know that ( ¢z ’ 13 ‘d) R°g> = 0, and we expect in most
systems that (pg|t|po) = 0, too. A finite (po|t|po) shifts the
energy of the localized state and can increase or decrease the
nonradiative lifetime, depending on its sign, but it is not caused
by delocalization or an IMT — see Sec. IV-B1. A perturbative
calculation of the effects of such terms is in Ref. [19]. Since
we are only interested in studying the effects of delocalization,
we therefore assume that (pg|t|po) = 0.

We then have (po| Ho(Q.) |po) = (¢ + AE’). Therefore,

by the variational principle, the largest eigenvalue of Hy (QC)
must be greater than or equal to (¢ + AE’). The effect of
delocalization across several impurities is only to possibly
increase the capture cross section of each impurity, in addition
to providing more recombination centers.

This result can be understood to mean that eigenstates
initially delocalized across multiple impurity sites are lo-
calized by electron-phonon interactions. When Q = 0, the
eigenstates of the IB may be localized or delocalized. As
thermal fluctuations bring the lattice into configuration Qc,
the electron-phonon coupling H,_y, is larger than the effects
of ¢, since AE’ > J. Therefore, one of the localized states
becomes an approximate eigenstate of the system and can
become degenerate with the CB minimum, resulting in rapid

2 In a periodic system with N unit cells, there are N equivalent sites, and
we consider one of them here.
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Fig. 3. A simple 1D semiconductor band structure (energy vs. wavevector)

illustrating the key energy scales: the band gap Ey, the bandwidths J, and
the mean energy €, for a« = C, V. The nonradiative lifetime is determined
by the energy gap éc — €y, which is generally much larger than F,. Though
this figure shows a direct-gap semiconductor, for our purposes it does not
matter whether the semiconductor is direct or indirect.

trapping, just as in the case of independent impurities. Multi-
site delocalization, as in an IMT, does not extend nonradiative
lifetimes in the same way that increasing the size of a single-
impurity state does.

III. COMPARISON TO BAND-BAND MULTIPHONON
RECOMBINATION

We have shown that delocalization across many sites in an
intermediate band does not increase the nonradiative lifetime
compared to the case with independent sites. Yet it is well
known that multiphonon recombination is slow (insignificant)
for conduction- to valence-band recombination, which is often
credited to the delocalization of the conduction and valence
band wave functions. We now adapt the model described
above to analyze the case of band-to-band recombination and
illustrate why the nonradiative lifetime is so long. The essential
reason is that the effective energy gap is much larger than AE".

We describe our CB and VB within an effective non-
interacting model, as above. By Bloch’s theorem, we can
diagonalize the Hamiltonian in a basis of states with well-
defined crystal-momentum k. For convenience, we assume that
each band has only a single state at each k. Then we write

o= 3 ee® o) (vedl + v vve) (s

where ‘1/)C(V) ) are states in the CB (VB). We define the
bandwidth Jo (Jy) of the CB (VB) in Eq. 9 to be half the
difference between the maximum and minimum energies in
the band, as in Fig. 3. We construct localized states from these
Bloch states using Wannier functions [33]. For an appropriate
choice of phases on the Bloch states wc VV.B? these can be
made maximally localized [34], and we cafl’ these localized
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states ‘¢c(v) §>, where R are the centers of the unit cells of
the crystal. That is, we write

)

where N is the number of unit cells in the system and the
sum is over the first Brillouin zone; similar results apply for

‘(bv ﬁc>' These localized states are not eigenstates of H., but

we can express H, as in a tight-binding model over these
states.

—Gcz ‘¢CR> <¢CR’ + Z te R

RAR

(10)

b0.5i) (Yo
(11)

+€VZ ‘¢VR> <¢VR‘ + Z tVRR’ |¢VR> <¢VR’

RAR

)

where €, =) 1 ea(E)/N is the mean energy in the « = C, V
band, NV is the number of unit cells in the system, and ta_’ Bi
is the hopping matrix element between sites R and R', which
generally decays rapidly with ’ﬁ - R ’ This basis allows us
to think of the CB and VB states similarly to the impurity
states of Sec. II-C.

We couple in the motion of the lattice, with £, as in Eq.
5 and H,_,; modified to

He—pn = Z Qid, rr

aiRR

;o 312)

%,R> <¢a7§,

where the sum goes over all unit cells R, vibrational modes
i, and o = C,V. We can equivalently write H._,p in the
delocalized basis,

He—pn = ZQZ o KR/

aikk’

> (o]

13)

As in the case with the IB, the key physical assumption we
make is that A? is an approximately diagonal matrix, which
implies that flfy has large off-diagonal components. Physically,
this assumption means that distortions of the lattice change
the energies of localized states but do not cause hopping
from localized states to far-away states. In the momentum-
basis, distortions of the lattice mainly cause scattering between
different k states.

We now analyze this problem similarly to Sec. II-C. The
nonradiative process has an activation energy FE, = ph(é)
with Cj a lattice configuration where the lowest energy in the
CB is degenerate with the highest energy in the VB. If the
system has carriers that can recombine, these extremal states
are always filled and empty, respectively. We find the Qc
satisfying the degeneracy condition and minimizing F,. For
the bands to become degenerate, the electron-phonon coupling
must raise a VB state out of the band to approach the CB (or
similarly a CB state must approach the VB). Here we consider
the case that a VB state is raised to the CB. We assume that the
CB states are not strongly modified by this lattice distortion,
as this assumption produces the fastest nonradiative process.
That is, we seek a degeneracy between a VB state and the
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delocalized state |1¢ ) at the CB minimum, where we assume
the CB minimum is at k = 0, as illustrated in Fig. 3.

Let EV(Q) be the largest eigenvalue of ¢y + Q . /YV, and let
the eigenvector be |py ). To satisfy the degeneracy condition,
we must find @ such Ey (Q) = ec(0) — éy = AE.. Using
a standard Lagrange multiplier technique, as in [19], we find
the minimal E, to be

(AEes — (pv|tv |pv))?

E, = Doy , where (14)
Al |py)?

Since the state |py ) has left the VB, it must be close to being
an eigenstate of @C . ﬁv, with ¢y, as a perturbation. In order
to minimize F,, |py) must be maximally localized® [25], and
therefore (py |ty |py) = 0.

We see from Egs. 2 and 14 that even if the reorganization
energies A\, A\¢cy are similar, the activation energy for band-
to-band nonradiative recombination is much larger than for
recombination through an impurity in the band gap; AFEgq
is approximately equal to E,; 4 Jy while the best case for
a dopant is AE’ = E,. Since semiconductor bandwidths
are generally much larger than their band gaps, nonradiative
trapping into a mid-gap level can be rapid while band-to-band
nonradiative recombination is negligible. We generally expect
band-to-band nonradiative recombination to have AFE. ~
E,+min[Jy, Jcl, as the band with smaller bandwidth is more
easily localized by the electron-phonon coupling.

We note that for band-to-band nonradiative recombination,
there are M unit cells per unit volume, which is much greater
than the N impurities per unit volume in a doped system. In
the band-to-band case, all M of these unit cells contribute to
the recombination. But since U is suppressed exponentially
by AEZ;, the band-to-band nonradiative process is negligible,
despite the large number of independent lattice sites.

IV. LOOPHOLES

We now discuss situations that could cause the above argu-
ments to break down. We do not believe any of these loopholes
change our conclusions. We further discuss possibilities for
lifetime recovery which are not based in the IMT.

A. Loopholes that could permit IMT-based lifetime recovery

1) Electron-phonon coupling is non-local: As emphasized
above, the key physical assumption is that the electronic states
most strongly coupled to the lattice vibrations are localized
in space. This result is well known for polar semiconductors
[25], [28], [35], with the intuition given in Fig. 2, and
there are similar results with deformation-potential coupling in
nanostructures [36], [37]. But if it were not true, our argument
would fail. This assumption is also required, however, for the
lifetime recovery proposal, which relies on delocalization to
slow recombination, so it is not clear that this loophole would
permit IMT-based lifetime recovery.

3As in footnote 2, for a periodic system with M unit cells there are M
such configurations @Q)., and we choose one here.
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2) The matrices A vary with t : In this paper, we consider
increasing or decreasing the concentration of impurities by
turning on or off the hopping matrix ¢ in order to study
the system with and without the IMT delocalization. We
assume that A does not vary with ¢, as it does not vary
in a tight-binding model. Consider, however, an IMT that
produces delocalized states that have a different span than
the ¢ = 0 independent-impurity wave functions. That is,
the orthogonalized independent-state wave functions are not
superpositions of the delocalized eigenstates. Localized Wan-
nier functions can still be constructed, and A should be
approximately diagonal in the local basis. In that system,
however, A of the metallic system is not necessarily related to
A of the independent-impurity system, and we cannot make
further analytical progress. If the delocalized system for some
reason has A of smaller magnitude, the nonradiative lifetime
will increase, giving lifetime recovery. In particular, if the
maximally localized Wannier functions are larger than the
independent-impurity wave functions, then we would expect A
to be smaller in magnitude and thus the nonradiative lifetime
to increase. We do not see why this loophole should occur,
but we cannot rule it out with the methods used here.

3) Adiabatic approximation breaks down: Our discussion
has been entirely in the adiabatic approximation. This approx-
imation assumes that the electrons move much more rapidly
than the ions, so the ions cannot follow the electron motion
and instead feel only an effective averaged potential. We can
then write the electron-phonon wave functions as products
of electronic and lattice wave functions. The momentum of
the lattice is important for describing the actual trapping
process, where the electron transfers from one electronic state
to another, but in this paper we have only been concerned with
finding the lattice configurations where trapping can occur, so
we have neglected the lattice momentum. This approximation
allows us to write the Hamiltonian H, and H¢;_pp, in the
simple forms above.

The adiabatic approximation is valid when the relevant
electronic energies are much larger than the phonon energies
[38]. The trapping process itself requires nonadiabatic effects,
but only in the near vicinity of degeneracy [22], [23]. As the
lattice approaches configuration QC, where the relevant energy
levels are degenerate, the corrections to adiabatic coupling
cause the transfer from one electronic state to the other. This
breakdown of the adiabatic approximation is not a loophole
but rather a fundamental part of the trapping process.

If the adiabatic approximation is more generally invalid
outside the vicinity of degeneracy, then all of these results
are suspect. It is breaks down via polaron formation, then
delocalized states are not formed. It is not clear whether a more
general breakdown could be associated with lifetime recovery.

4) The linear-coupling approximation is invalid near Q'p
The linear-coupling approximation of Eq. 6 is not itself well
justified but is widely used, because it results in relatively
tractable problems. If the electron-phonon coupling is non-
linear in Cj, we expect all of the above results to hold
qualitatively, but we have not proved that assertion.

5) Interaction effects: While this paper has used models of
non-interacting electrons, we cannot rule out that correlated
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many-body states could have other effects, as in Sec. IV-A2.
We expect that the general result — that multi-site delocalized
states are localized by electron-phonon interactions when the
electron-phonon energy is larger than the bandwidth — remains
true in interacting systems.

B. Other possibilities for lifetime recovery, not related to IMT

We now present reasons unrelated to IMT that lifetime
recovery could still occur, though all of these effects could
make lifetimes increase or decrease.

1) Shifts of € : As more states are added to the IB, the
intermediate energy levels could shift into or out of the gap,
changing AFE’ and thus F, as indicated in Eq. 2. In the
notation of Sec. II-C, this consists of diagonal terms of the
matrix ¢ 5. This effect could be very significant, though it is
not related to IMT.

2) Shifts of the CB/VB: The formation of the IB could shift
the CB and VB energies, due to chemical bonding or screening
effects, which could also affect the nonradiative lifetime.

3) Chemical changes with concentration: As dopants are
added to an IB material, they may undergo chemical changes,
forming precipitates or occupying different structural states in
the semiconductor. These can change the nonradiative lifetime.

V. SUMMARY

Progress in producing highly-efficient IBSC’s requires ex-
tending nonradiative lifetimes. We show that even for an IB
that is metallic when the lattice is in its equilibrium configu-
ration, the delocalized states are fragile; as the lattice vibrates,
localized states emerge from the IB to cause nonradiative
trapping. The delocalization of the band can only increase the
trapping rates. Progress in IBSC’s will not occur by searching
for delocalized intermediate bands.

ACKNOWLEDGMENTS

We acknowledge a careful reading by Christie Simmons.

REFERENCES

[11 A. Luque and A. Marti, “Increasing the efficiency of ideal solar cells
by photon induced transitions at intermediate levels,” Phys. Rev. Lett.,
vol. 78, no. 26, pp. 5014-5017, 1997.

[2] M. Wolf, “Limitations and possibilities for improvement of photovoltaic
solar energy converters: Part I: Considerations for Earth’s surface
operation,” Proceedings of the IRE, vol. 48, no. 7, pp. 1246-1263, 1960.

[3] M. J. Keevers and M. A. Green, “Efficiency improvements of silicon
solar cells by the impurity photovoltaic effect,” J. Appl. Phys., vol. 75,
no. 8, pp. 4022-4031, 1994.

[4] W. Shockley and H. J. Queisser, “Detailed balance limit of efficiency
of p-n junction solar cells,” J. Appl. Phys., vol. 32, no. 3, pp. 510-519,
1961.

[5] A. Luque, A. Marti, and C. Stanley, “Understanding intermediate-band
solar cells,” Nat Photon, vol. 6, no. 3, pp. 146-152, 2012.

[6] W. Shockley and W. T. Read, “Statistics of the recombinations of holes
and electrons,” Phys. Rev., vol. 87, no. 5, pp. 835—, 1952.

[71 R. Hall, “Electron-hole recombination in germanium,” Phys. Rev.,
vol. 87, no. 2, pp. 387-387, 1952.

[8] G. Giittler and H. Queisser, “Impurity photovoltaic effect in silicon,”
Energy Conversion, vol. 10, no. 2, pp. 51-55, 1970.

[91 A. Luque, A. Marti, E. Antolin, and C. Tablero, “Intermediate bands
versus levels in non-radiative recombination,” Physica B, vol. 382, no.
1-2, pp. 320-327, 2006.

978-1-4799-0512-6/13/$31.00 ©2013 IEEE

(10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

A. Luque and A. Marti, “A metallic intermediate band high efficiency
solar cell,” Prog. Photovolt: Res. Appl., vol. 9, no. 2, pp. 73-86, 2001.
J. Olea, G. Gonzélez-Diaz, D. Pastor, I. Martil, A. Marti, E. Antolin,
and A. Luque, “Two-layer Hall effect model for intermediate band Ti-
implanted silicon,” J. Appl. Phys., vol. 109, no. 6, pp. 063 718-8, 2011.
M. T. Winkler, D. Recht, M.-J. Sher, A. J. Said, E. Mazur, and M. J.
Aziz, “Insulator-to-metal transition in sulfur-doped silicon,” Phys. Rev.
Lett., vol. 106, no. 17, pp. 178 701, 2011.

E. Ertekin, M. T. Winkler, D. Recht, A. J. Said, M. J. Aziz, T. Buonas-
sisi, and J. C. Grossman, “Insulator-to-metal transition in selenium-
hyperdoped silicon: Observation and origin,” Phys. Rev. Lett., vol. 108,
no. 2, pp. 026401-, 2012.

W. M. Reid, T. Driscoll, and M. F. Doty, “Forming delocalized interme-
diate states with realistic quantum dots,” J. Appl. Phys., vol. 111, no. 5,
pp. 056 102-3, 2012.

D. Pastor, J. Olea, A. del Prado, E. Garcia-Hemme, R. Garcia-
Hernansanz, and G. Gonzilez-Diaz, “Insulator to metallic transition due
to intermediate band formation in Ti-implanted silicon,” Solar Energy
Materials and Solar Cells, vol. 104, pp. 159-164, 2012.

J. J. Krich and A. Aspuru-Guzik, “Scaling and localization lengths of a
topologically disordered system,” Phys. Rev. Lett., vol. 106, no. 15, pp.
156405-, 2011.

E. Antolin, A. Marti, J. Olea, D. Pastor, G. Gonzélez-Diaz, 1. Martil,
and A. Luque, “Lifetime recovery in ultrahighly titanium-doped silicon
for the implementation of an intermediate band material,” Appl. Phys.
Lett., vol. 94, no. 4, p. 042115, 2009.

E. Garcia-Hemme, R. Garcia-Hernansanz, J. Olea, D. Pastor, A. del
Prado, 1. Martil, and G. Gonzalez-Diaz, “Sub-bandgap spectral photo-
response analysis of Ti supersaturated Si,” Appl. Phys. Lett., vol. 101,
no. 19, pp. 192 101-5, 2012.

J. J. Krich, B. I. Halperin, and A. Aspuru-Guzik, “Nonradiative lifetimes
in intermediate band photovoltaics—absence of lifetime recovery,” J.
Appl. Phys., vol. 112, no. 1, pp. 013707-8, 2012.

P. P. Edwards and M. J. Sienko, “Universality aspects of the metal-
nonmetal transition in condensed media,” Phys. Rev. B, vol. 17, no. 6,
pp. 2575-2581, 1978.

M. N. Alexander and D. F. Holcomb, “Semiconductor-to-metal transition
in n-type group IV semiconductors,” Rev. Mod. Phys., vol. 40, no. 4,
pp- 815—, 1968.

D. V. Lang and C. H. Henry, “Nonradiative recombination at deep levels
in GaAs and GaP by lattice-relaxation multiphonon emission,” Phys.
Rev. Lett., vol. 35, no. 22, pp. 1525-, 1975.

C. H. Henry and D. V. Lang, “Nonradiative capture and recombination
by multiphonon emission in GaAs and GaP,” Phys. Rev. B, vol. 15,
no. 2, pp. 989—, 1977.

M. Lax, “Cascade capture of electrons in solids,” Phys. Rev., vol. 119,
no. 5, pp. 1502—, 1960.

P. T. Landsberg, Recombination in Semiconductors. Cambridge, 1991.
R. Evrard, E. Kartheuser, and F. Williams, “Polaron formalism applied
to donor-acceptor pairs in semiconductors,” Journal of Luminescence,
vol. 14, no. 2, pp. 81-90, 1976.

E. Kartheuser, R. Evrard, and F. Williams, “Radiative recombination of
donor-acceptor pairs in polar semiconductors,” Phys. Rev. B, vol. 21,
no. 2, pp. 648-658, 1980.

M. Soltani, M. Certier, R. Evrard, and E. Kartheuser, ‘“Photolumines-
cence of CdTe doped with arsenic and antimony acceptors,” J. Appl.
Phys., vol. 78, no. 9, pp. 5626-5632, 1995.

E. Abrahams, P. W. Anderson, D. C. Licciardello, and T. V. Ramakrish-
nan, “Scaling theory of localization: Absence of quantum diffusion in
two dimensions,” Phys. Rev. Lett., vol. 42, no. 10, pp. 673—, 1979.

N. Lopez, L. A. Reichertz, K. M. Yu, K. Campman, and W. Walukiewicz,
“Engineering the electronic band structure for multiband solar cells,”
Phys. Rev. Lett., vol. 106, no. 2, pp. 028 701-, 2011.

W. Shan, W. Walukiewicz, J. W. Ager, E. E. Haller, J. F. Geisz, D. J.
Friedman, J. M. Olson, and S. R. Kurtz, “Band anticrossing in GalnNAs
alloys,” Phys. Rev. Lett., vol. 82, no. 6, pp. 1221—, 1999.

N. F. Mott, “Metal-insulator transition,” Rev. Mod. Phys., vol. 40, no. 4,
pp. 677, 1968.

G. H. Wannier, “The structure of electronic excitation levels in insulating
crystals,” Phys. Rev., vol. 52, no. 3, pp. 191-197, 1937.

N. Marzari, A. A. Mostofi, J. R. Yates, I. Souza, and D. Vanderbilt,
“Maximally localized Wannier functions: Theory and applications,” Rev.
Mod. Phys., vol. 84, no. 4, pp. 1419-1475, 2012.

H. L. Malm and R. R. Haering, “Franck-Condon effects in the lumines-
cence of CdS,” Canadian Journal of Physics, vol. 49, p. 2970, 1971.

023



[36]

(371

[38]

T. Takagahara, “Electron-phonon interactions and excitonic dephasing
in semiconductor nanocrystals,” Phys. Rev. Lett., vol. 71, no. 21, pp.
3577-3580, 1993.

I. V. Bondarev, S. A. Maksimenko, G. Y. Slepyan, I. L. Krestnikov,
and A. Hoffmann, “Exciton-phonon interactions and exciton dephasing
in semiconductor quantum-well heterostructures,” Phys. Rev. B, vol. 68,
no. 7, pp. 073 310-, 2003.

R. Evrard and F. Williams, Luminescence of inorganic solids. Plenum
Press, 1978, pp. 419-435.

978-1-4799-0512-6/13/$31.00 ©2013 IEEE

024




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


