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In order to investigate the applicability of new photovoltaic absorber materials, we show how to use
first-principles calculations combined with device simulations to determine the efficiency limits of
solar cells made from SiO,/Si superlattices and from coaxial ZnO/ZnS nanowires. Efficiency limits
are calculated for ideal systems according to the Shockley—Queisser theory but also for more
realistic devices with finite mobilities, nonradiative lifetimes, and absorption coefficients. Thereby,
we identify the critical values for mobility and lifetime that are required for efficient single junction
as well as tandem solar cells. © 2009 American Institute of Physics. [DOIL: 10.1063/1.3132093]

I. INTRODUCTION

Since the early days of solar cell research, the focus has
been on a rather small number of materials, such as
amorphous1 and crystalline2 silicon or the quaternary system
Cu(In,Ga)(Se,S),.>* The research process was basically
“bottom up,” i.e., the main task of theoretical work was to
explain the experimental findings. Meanwhile, being now a
much more mature ﬁeld,5 research is also driven by abstract
ideas and novel concepts,6’9 promising to overcome the clas-
sical efficiency limit of Shockley and Queisser'® (SQ limit).
Research is now partly “top down” meaning that theoretical
considerations and calculations'' will first estimate the po-
tential of a concept, which is then pursued experimentally.

Theoretical calculations for estimation of efficiency lim-
its of a given material are a two step process. The first step
needs to derive material parameters theoretically. This task
may be realized for instance by first-principles calculations
or calculations via the effective-mass approximation
(EMA)lz’14 that determines the band structure of the new
material. From this band structure, quantities such as absorp-
tion coefficient and density of states follow, which subse-
quently serve to evaluate the efficiency limits of the given
material. A first estimate of efficiency directly follows from
the band gap, by calculating the SQ limit. However, with this
approach a high amount of information contained e.g., in the
absorption coefficient is lost."

This paper therefore shows how to go step by step from
the SQ limit to realistic efficiencies. Thereby, we are able to
identify both the potential of a given concept and also the
critical order of magnitude required of those parameters that
are not accessible by first-principles calculations. For ex-
ample, we show how to determine the necessary thickness
and the necessary quality of the light trapping scheme to
have enough absorption of photons. We also estimate the
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mobilities and lifetimes necessary for efficient extraction of
carriers and a sufficiently high open circuit voltage.

As depicted in Fig. 1, the materials we investigate are
Si0,/Si quantum wells,'® which we compare to recently
published theoretical data'” on coaxial ZnO/ZnS nanowires.
These materials have in common that they are all possible
candidates as the high band gap partner in a tandem configu-
ration, for instance with crystalline silicon, and that the ma-
terials are abundant and nontoxic. Finding materials with
high band gaps £,~1.7-1.9 eV as a tandem partner is prob-
ably the most feasible way to enhance current state of the art
single junction concepts considerably above their present
limits. This is because up to now multijunction approaches
are the only concept that has proven its ability to increase
efficiencies above the SQ limit.'®'® All other concepts, such
as upzo’21 and down conversion,zz’23 hot carrier solar
cells,”*® and multiple exciton generating absorbers”’ > are
still lacking experimental proof for efficiencies above the SQ
limit.

(@) (b)

SiO; 5l SO} il SiO; SiO2 SiO,

D
wg, = 1.08 nm 147 nm
1.62 nm 2.34 nm
2.16 nm
W, =141 nm

Si02

FIG. 1. (Color online) Scheme of the two investigated materials, (a) a
SiO,/Si superlattice and (b) a ZnO/ZnS nanowire. For both materials the
schematic band diagram and the thicknesses and diameters of the geometry
are given.

© 2009 American Institute of Physics
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A natural candidate as a tandem partner for single junc-
tion cells with band gaps around E,~1.1 eV would be
amorphous silicon.** However, although it has an adequate
band gap of around 1.8 eV, amorphous silicon is currently
lacking a sufficiently high short circuit current to make cur-
rent matching with high quality solar cells like c-Si possible.
Therefore, superlattice absorber materials using SiO,/ Si, ¥
SiN,/ Si.*? or Sic/si*'*? quantum wells or quantum dots are
currently investigated experimentally by different research
groups. Deposition of such stacks is possible, for instance,
with plasma enhanced chemical vapor deposition of alternat-
ing layers of Si and SiO, followed by a rapid thermal anneal-
ing step. Confinement effects” in the superlattices allow
band gaps to be adjusted by changing the thickness of the Si
layer and the thickness and material of the surrounding di-
electric. In addition, the small size of these quantum confine-
ment structures is supposed to lead to increased oscillator
strength. However, quantum confinement is in contrast to the
task of charge carrier extraction, requiring highly mobile car-
riers. In addition, a quantum confinement implies an increase
in internal interface area, which is most likely to be detri-
mental for nonradiative charge carrier lifetimes. Thus, the
main challenge for any absorber making use of quantum ef-
fects is the achievement of sufficiently high absorption at the
right band gap—for example for use in tandem configuration
with c¢-Si-but at the same time the achievement of high car-
rier mobilities* and carrier lifetimes albeit the large band
offsets and the many interfaces in the absorber.

Il. THEORY
A. First-principles calculations

The electronic and optical properties of the Si/SiO, and
ZnO/ZnS quantum structures as well as the underlying
atomic geometries are modeled in the framework of the ab
initio density functional theory (DFT) where the exchange
and correlation effects are included within the local density
approximation (LDA). For details the reader is referred to the
papers by Seino et al. ' and Schrier et al.'” In the case of the
Si/Si0, multiquantum-well (MQW) structures we use the
DFT as implemented in the Vienna Ab initio Simulation
Package.45 The all-electron wave functions and the pseudo-
potentials for the electron-ion interaction are described
within the projector-augmented wave method.*® Plane waves
up to a kinetic-energy cutoff of 30 Ry give converged results
for the silicon dioxide*” and hence also for the Si/ Si0O, struc-
tures. The Brillouin-zone (BZ) integrations in the computa-
tions of the total energy, the electron density, the density of
states (DOS), and the dielectric function are replaced by
summations over equally distributed Monkhorst—Pack
k-points, where k is the wave vector. Their convergence is
tested for each quantity separately.

The atomic geometries are considered to be in equilib-
rium when the Hellmann-Feynman forces are smaller than
10 meV/A. The total-energy minimization procedures lead to
theoretical cubic lattice constants of diamond Si and
B-cristobalite SiO, of ay=5.40 A and 7.39 A, respectively.47
As shown in Fig. 1 we use Si-layer thicknesses wg;=1.08,
1.62, and 2.16 nm, i.e., of two, three, or four primitive unit
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cells, in order to vary the strength of the electron and hole
confinement. The SiO, barrier layer thickness is fixed at
about two unit cell extents. Smaller values reduce the con-
finement, while thicker layers do not influence it. Including a
slight biaxial strain in the SiO, layers of the [001]-oriented
MQW system in order to make their in-plane lattice constant
fit to the diagonal of the bulk Si (001) surface unit cell, this
leads to an effective layer thickness of Wsio,=1.41 nm.

Each SiO,/Si interface contains two dangling bonds
(DBs) per (2% 2)R45° Si lateral unit cell. Different pas-
sivations of the DBs or reconstructions result in various in-
terface models that can be used in the calculations. Recently
we studied at least four such models.'®* Here, we focus our
attention on the most likely interface element. The Si inter-
face atom not being bonded to the SiO, is replaced by an
oxygen atom forming a Si—O-Si bond. This is the so-called
bridge-oxygen model for the SiO,/Si(001) interface.*’

The Kohn—Sham equation of the DFT-LDA yields eigen-
values E (k) and eigenfunctions #,,(x) of the studied quan-
tum structure, here of the studied SiO,/Si(001) superlattice.
Thereby, the band index v runs over all (empty) electron
subbands, the conduction bands C, as well as all (occupied)
hole subbands, the valence bands V. The wave vector k var-
ies within the flat BZ of the superlattice structure. In the
ground-state theory DFT the excitation aspect, i.e., the ap-
pearance of electrons and holes, more strictly, quasielectrons
and quasiholes, is missing. This deficiency leads to a signifi-
cant underestimation of the band gaps and optical transition
energies,50 which can be corrected within the quasiparticle
(QP) theory. Using the QP theory fundamental band gaps are
comparable with the measured values and the results for the
calculation with the QP theory show a much better agree-
ment with experiment than the DFT-LDA results for SiO,/Si
superlattices.16 Here, we use a scissors operator approach to
account for the band gap underestimation and widen corre-
spondingly the distance of empty and occupied states
Ec(k)-Ey(k)+A. The value A depends on the
confinement.”! Consequently, we use for the imaginary part
of the dielectric function &,(w) the result of the independent
QP approximation,52

T 2
im0 =5 "] LSS ) Pt

myw/ Q°g A
—Ey(k) + A - ho) (1)

with the angular frequency w, the elementary charge ¢, the
cell volume (), and the Cartesian direction « of the light
polarization. Then, one has for the single QP DOS,

D)= 3 S AE,K)+ 5,6A~E). @)
k v

The quantum confinement effects in the Si layers of the
Si0,/8Si(001) MQW structures lead to a drastic redistribution
of the electronic states. The first direct gap with a small but
finite oscillator strength occurs much below the bulk E| tran-
sition energy of about 3.1 eV. This symmetry break of the
k-selection rule has enormous consequences for the absorp-
tion coefficient a(E) derived from the dielectric function (1).
However, besides the light absorption coefficient and there-
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fore the role of the electron-hole pair generation, the effi-
ciency of a solar cell is dominated by the mobility of the
electrons and holes. Usually these mobilities are calculated
within the EMA.">™"*

This approximation is however not anymore valid for a
superlattice with extremely small layer thicknesses wg; and
Wsio,- The confinement leads to many electron and hole sub-
bands, which are all involved in the transport processes.16
Moreover, the subbands in the main transport direction par-
allel to the superlattice axis are rather flat and hence have to
be described by typical carrier masses larger than the free
electron mass m due to the low tunneling efficiency for the
SiO, barriers. Therefore, similarly to the bulk Si case we
study the effective density of states (where k denotes Boltz-
mann’s constant and T the absolute temperature),

” E-E
Ne= j dE exp<— ﬂ)D(E),
Ecpm kT
Evem E - E
Ny= f dE exp<- %)D(E) 3)

for nondegenerate carrier gases at room temperature k7'
=25 meV. For the electrons (holes) the effective DOS N,
(Ny) is limited by the lowest conduction subband energy
Ecpy (highest valence subband energy Evypgy) and the single
QP DOS (2). The effective DOSs describe the carriers dis-
tributed by an exponential weight over the corresponding
subbands. They correspond to quantities averaged also over
all directions. In the bulk case with an isotropic electron

(hole) effective mass m,, (m,) expression (3) yie:lds,13’14
1 (2mmkT\*?
Ne="—=\—"%02 ) -
47\ &
1 (2mmkT\¥?
Ny= —| 222 ) (4)
"4\ w2

where 7 is Planck’s constant & divided by 27. However, the
resulting effective masses are characteristic for carrier mo-
tion in all space directions. For a solar cell with n- and
p-contacts at the bottom and the top of the SiO,/Si superlat-
tice, one may assume that only the effective averaged carrier
masses for the direction perpendicular to the SiO,/Si inter-
faces may be relevant. In this case we neglect the motion
parallel to SiO,/Si interfaces and restrict expressions (3) and
(4) to the one-dimensional (1D) case. Then, taking into ac-
count the definition of the DOS,13"4 the 1D effective DOS
reads as

1D_#
c =

sls exp(_ Ec<kz>—ECBM>,

Wsi+Wsio, ¢ Nk &, kT

N{,D - #2 LE exp(— M) . (5)

Wwsi+Wsio, v N, kT

with N, as the number of k_-points chosen along the super-
lattice axis and E,(k,) as the subband dispersion. For single
parabolic bands in 1D one finds
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o 1 (2mmPkr\"?
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T h2

1 ZWmlszT 12
_( #2 ) ' (©)
Relation (6) allows us to define 1D effective electron and
hole masses, which are characteristic for the tunneling

through the SiO, barriers.

B. Shockley—Queisser limit—optical calculations

The most basic requirement for any photovoltaic ab-
sorber material is that it absorbs light in an appropriate range
of photon energies. For nonconcentrating terrestrial outdoor
applications, the standard sun spectrum defining what is the
“appropriate” range of photon energies is the AM1.5G spec-
trum ¢,,. To calculate the photon flux that is absorbed by a
semiconductor, we need to know its absorptance in addition
to the spectrum of incoming photons. To determine the exact
absorptance a(E) of a given sample, it is necessary to know
the absorption coefficient «, index of refraction n, the optical
properties of surfaces, and interfaces as well as the thickness
d. However, on a slightly higher level of abstraction, the best
possible isotropic absorptance a(E) is only characterized by
a single quantity, the band gap E,. The ideal absorptance is
then defined as zero below the band gap and one above the
band gap. The photocurrent in the SQ limit is then

Jsc,SQ = ('IJ a(E) ¢sun(E)dE = QI ¢sun(E)dE- (7)
0 E,

The photocurrent however is not sufficient to calculate
the power conversion efficiency of a solar cell. We also need
the recombination current, which—in the SQ limit—only de-
pends on the photon flux emitted by the solar cell. Since the
SQ limit assumes perfect transport of carriers, i.e., flat quasi-
Fermi levels, the application of a voltage V to the junction of
the5 3solar cell leads to an excess emission of photons given
by

qV
¢em(E) = Cl(E) (l)bb(E) [GXP<E> - 1:| . (8)
The spectral dependence of the black body radiation emitted

into the half sphere above the solar cell is given by54

27E? 1 _ 2nmE” (j) ©)
e [exp(EIKT) -1] 1@ P\ k1 )’

don(E) =

where ¢ is the vacuum speed of light. Equation (8) directly
follows from Kirchhoff’s law,” stating that absorptance and
emissivity of a body are equal for each energy and spherical
angle.

The photon flux ¢,,,, emitted by the solar cell must origi-
nate from a recombination current Jio. so=¢/ demdE. If we
separate the prefactor from the exponential term in Eq. (8),
the saturation current density Josq=Jrecso/[€Xp(qV/kT)-1]
follows as,
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Joso= CIJ a(E) gyy(E)dE = CIJ doo(E)dE (10)
0 E,

and the total current/voltage (J/V) curve of the solar cell is
given by

qV
J=JO’SQ|:eXp<k_T> - 1:| _JSC,SQ' (11)

From this J/V curve, the efficiency follows as the electrical
power density P=J,Vy,, at maximum power point
(Jmp» Vimp) relative to the incoming optical power density.
Using step-functionlike absorber profiles Egs. (7)—(11) allow
the calculation of the efficiency of single- and multijunction
solar cells as a function of band gap.s(”57

Using the band gap as the only parameter to describe
optical properties of a device, however, implies a loss of
information if the absorption coefficient of a certain material
is already known. It is of course possible to calculate the SQ
limit also for non step-functionlike absorptances, which
merely requires ignoring the simplification on the right hand
side of Egs. (7) and (10). To calculate these absorptances,
one needs to agree on a reasonable upper limit for the ab-
sorptance of a given material. The absorptance always de-
pends on the thickness of the absorber layer, which is there-
fore the only quantity that has to be chosen arbitrarily. The
absorptance also depends on the optical properties of the
solar cell. A very rough surface acting as a diffuser for the
light will usually enhance the optical absorption by increas-
ing the number of oblique paths through the absorber,
thereby increasing the pathlength and the probability of total
internal reflection.”® " A reasonable ideal case for the ab-
sorptance is the one where the light is scattered isotropically,
thereby creating a Lambertian light distribution inside the
absorber.®' The absorptance for Lambertian scattering is the
perfect case for isotropic illumination; only for tracked sys-
tems, where the light comes always from the same solid
angle, better light trapping and higher absorptances are
possible.6

To calculate the absorptance, we assume a front surface
reflectance R;=0 and a back surface reflectance R,=1 as
well as one Lambertian diffuser on top of the absorber layer.
Then the absorptance follows 215,63765

(! Eiy(a(E)x) + Eiy(a(E)(2d - x))
a(E) - va za(E)(] - Rf) 1- tce]l(E)(l - tlamb) dx’

(12)

with .= 1/n?, n the index of refraction. Equation (12) uses
the definition

teey(E) = 2P —2a(E)d] + [2a( E)dPEi[2a(E)d]
(13)

for the angle-integrated transmission of the cell from the
front with one reflection at the back side to the front, where
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© e_t
Ei(z) = f —dt (14)
. 1
is the exponential integral, and

Eiy(z) := zf t—zdt=e_z—in(z). (15)
z

C. Detailed balance model for pin-type solar
cells

Not only imperfect absorption but also insufficient car-
rier collection due to low mobilities can be included in a
detailed balance model. The term “detailed balance model”
is frequently used in context with the SQ limit, which bases
on the detailed balance between incoming and outgoing pho-
ton fluxes. However, detailed balance is much more general,
meaning that in thermodynamic equilibrium any process is
exactly counterbalanced by its inverse process.“’72 The SQ
limit relies on one detailed balance pair only, namely, photo-
generation and radiative recombination leading to the situa-
tion that in thermodynamic equilibrium the absorbed photon
flux and the emitted photon flux are the same, namely,
a(E) ¢y, (E). If one extends the concept of detailed balance to
any process in the device, it is possible to design a model for
solar cells with finite mobilities that is compatible to the SQ
limit in the sense that, when the carrier mobilities are high
enough to warrant perfect collection, the results are the same.
One feature a model has to have, to ensure compatibility
with SQ, is the inclusion of photon recycling, i.e., the gen-
eration of electron/hole pairs by photons emitted from the
device itself.”?

A detailed balance model including photon recycling
was already developed by Mattheis et al.,” however it was
restricted to pn-junction solar cells in low level injection
(only minority carriers are considered). For thin film solar
cells with low mobilities, usually pin-junction devices are
preferred due to better charge carrier extraction.

To calculate the carrier concentrations as a function of
depth in the absorber, three differential equations have to be
solved: the Poisson equation, Ag=—p/¢ (relating the electri-
cal potential ¢ to the space charge p and the dielectric con-
stant &), and the continuity equations describing transport as
well as generation and recombination of carriers. The drift-
diffusion equations for the electron concentration n and the
hole concentration p in a pin-type device are given by

1dJ, b d*n - dn R (16)
- = - — - _— = —_ r n N

q d)C ndxz Iu'ndx g adlP
1dJ d*p dp
——L=_D,—5 +Fu,— =g — Ruqnp, 17
g dx P 4y2 lu’pdx 8 rad”lP (17)

where J,, and J, are the electron and the hole current densi-
ties, F is the electric field strength, g the generation rate,
D, ,=p, ,kT1q is the diffusion constant of the electrons and
holes, which depends on the electron and hole mobilities u,,
and u, and on the thermal voltage kT/q. Due to the principle
of detailed balance, the radiative recombination constant R,y
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is linked to absorption via the van Roosbroeck—Shockley
equation,75

Ry} = f a(E) poy(E)dE, (18)

where n; is the intrinsic carrier concentration.

The intrinsic carrier concentration has different impacts
on device performance. A high intrinsic carrier concentration
increases the number of carriers available for transport. Thus,
the critical mobility, where the short circuit current decreases
drastically due to insufficient transport, is shifted toward
lower values. However, a high intrinsic carrier concentration
also increases the radiative and nonradiative recombination
current at a given quasi-Fermi level splitting since it in-
creases the number of free carriers that can recombine. Thus
a high intrinsic carrier concentration decreases the open cir-
cuit voltage.

At this point it is necessary to hint at some apparent
contradiction. It might seem that in the radiative limit, the
intrinsic carrier concentration should not play a role, since
we did not have to assume a value for #; in the corresponding
Egs. (7)—(15). Only the absorptance sufficed to determine the
high mobility limit. The key to this is the van Roosbroeck—
Shockley Eq. (18). Absorption coefficient and black body
spectrum fix the product of nl2 and the radiative recombina-
tion rate. That means the intuitive assumption that a lower
band gap leads to a lower open circuit voltage if everything
else is kept the same can be understood by considering both
sides of Eq. (18). Either one understands that an increase in
the left hand side by a decrease in E, and a subsequent in-
crease in n; leads to more recombination and a smaller open
circuit voltage. Or one considers that a shift of the maximum
of a¢h, leads to a strong increase in the integral on the right
hand side, since the black body spectrum increases exponen-
tially with decreasing energy. While the calculation of the
recombination rate from the radiative emission [right hand
side of Eq. (18)] is only possible in the radiative limit, the
argumentation that a high n; leads to a high recombination
current when the minority carrier lifetimes are kept constant
stays the same also for nonradiative recombination.

Figure 2 shows the schematic band diagram of the pin-
type solar cell under investigation. We only solve the conti-
nuity equations in the intrinsic region, while the p- and the
n-type layer are assumed to be infinitely thin and serve only
as the boundary condition. In general, we need four
extraction/injection velocities at the two contacts, i.e., two at
x=0 and two at x=d. For simplicity, we assume throughout
the paper that the electron contact is only active for electrons
and hole contact is only active for holes, meaning that sur-
face recombination of minorities is suppressed. Thus, we
have two boundary conditions left. For the electrons at the
electron collecting contact (x=0), we consider the possibility
of extraction and injection to obtain a net electron particle
current density,

jn=S:”j—Snnb’ (19)

where the rate constants S, S, have the dimension of a (col-
lection or injection) velocity. Note that particle current den-
sities are denoted as j, while electrical current densities are
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FIG. 2. Schematic band diagram of the simulated pin-type solar cell high-
lighting the boundary conditions needed for the model in Sec. II C. At the
electron contact at x=0, we allow for electron extraction and injection,
while the extraction of holes, which corresponds to the recombination of
holes, is set to zero. At the hole contact, at x=d, the difference between hole
extraction and injection gives the net hole current. Again, minority carrier
recombination is set to zero.

denoted as J=gj. In Eq. (19), the concentration of electrons
on the bulk side of the contact is denoted as n;(x=0%) and
the concentration of electrons on the contact side is denoted
n j(x=0‘). Detailed balance requires now that the net current
is zero in thermodynamic equilibrium, thereby interlinking
the two rate constants via

S:l’ljo = SnnbO’ (20)

where n,,;, is the equilibrium concentration of electrons in
the bulk/junction. Equivalently, for the holes at the hole con-
tact (x=d) holds

jp:_S;pj"'Spph (21)
with
S,pjo=SpPso- (22)

In the simulations, we choose the collection and injection
velocities S, , for the majorities such that collection and in-
jection is not current limiting. This is achieved for S, ,
=10'" cm/s, which is therefore a good approximation to in-
finity. In addition to the boundary conditions for the two
types of carriers, we have to define boundary conditions for
the electrical potential ¢. In contrast to pn-junction solar
cells, where applying a forward voltage means to inject mi-
nority carriers at the pmn-junction into the base, in pin-
junctions, electrons are injected into the intrinsic layer at the
n-contact and holes at the p-contact. This is achieved by
changing the potential between the electron and hole contact
via

Vi = Voo =V, (23)

where V is the applied voltage and Vi, is the equilibrium
built-in voltage.

lll. RESULTS
A. Optical limits

From the first-principles calculations, we derived ab-
sorption coefficients, effective DOSs, and anisotropic effec-
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FIG. 3. (Color online) (a) Absorption coefficient and (b) absorptance of the
three SiO,/Si quantum wells and of the ZnO/ZnS nanowire. For the absorp-
tance, we assumed a thickness of d=300 nm, Lambertian light trapping,
and zero front surface reflection as well as unity back surface reflection.

tive masses in transport direction. In a first step, we focus
only on the optical properties of our materials, i.e., on the
absorption coefficient and the index of refraction.

In the original SQ theory, the radiative limits of solar
cells were calculated only from the band gap, assuming a
step-functionlike absorptance. However, in reality the cells
will have a finite thickness and the absorptance will be
smeared out at the band gap. The information about in-
creased oscillator strengths and therefore increased absorp-
tion coefficients will be lost by discussing only infinitely
thick absorbers. Thus, we need to calculate the radiative limit
for finite thicknesses, which requires that we agree on a cer-
tain thickness of the absorber layers. For the moment, we
choose a thickness d=300 nm, which is typical for other
thin film approaches like amorphous silicon. Later, we will
also discuss the thickness dependence of the photocurrent.

Equation (12) allows the calculation of the absorptances
from the absorption coefficients in the limit of Lambertian
light trapping. One additional requirement for the calculation
of the absorptances is the knowledge of the refractive index
n of the absorber material. This is due to the fact that the
product of photon DOS and speed of light in a medium with
refractive index n scales with n?. Isotropically distributed
photons will always have a higher density in the medium
compared to air or vacuum and thus also the path length of
weakly absorbed photons scales with n?. Total internal re-
flection described by Snell’s law guarantees that this thermo-
dynamic requirement actually holds, by defining the trans-
mission through a Lambertian surface as #,,,,,=1/n* [see Eq.
(12)]. The refractive indices ng; used for calculation of the
absorptances of the SiO,/Si superlattices are estimated from
the empirical refractive indices of Si and SiO, via
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FIG. 4. (Color online) (a) Efficiency as a function of band gap for step-
functionlike absorptances (solid line), an absorber temperature 7=300 K,
and an AM1.5G spectrum. The radiative high mobility efficiencies of the
three SiO,/Si quantum well configurations and of the ZnO/ZnS nanowire
are indicated by open symbols. The thickness of the Si layer is wg;=2.16,
1.62, and 1.08 nm from high efficiency to low efficiency. (b) Short circuit
current density in the SQ limit as a function of band gap (solid line) and
short circuit current density of a 200 um thick ¢-Si solar cell in the high
mobility limit and with Lambertian light trapping (dashed line). The c-Si
cell is assumed to be optically below an ideal step-functionlike top cell with
the band gap indicated by the x-axis. Thus, the intersection of the dashed
and the solid line marks band gap and efficiency of the perfect top cell for
c-Si. The short circuit current of the SiO,/Si quantum well configurations
and of the ZnO/ZnS nanowire is again indicated by open symbols.

Wsiltsi + Wsio,1sio,

ngL = (24)
Wsi + Wsio,

For the refractive index of silicon and SiO, we used ng;
=3.5 and n5102=1.5 leading to the values ny0g=2.37, n;¢>
=2.57, and n, 14=2.71 for the refractive indices for the cells
with wg;=1.08, 1.62, and 2.16 nm, respectively. The refrac-
tive index n,,, of the ZnO/ZnS nanowire is simply unknown.
Even the assumption that it may be in between the refractive
indices for ZnO and ZnS seems not to be valid in this case of
a type II heterojunction. The band gap of the nanowires is
not in between the band gap of ZnO and ZnS but much
lower, meaning that the optical properties of the nanowire
are fundamentally different from either of the two bulk ma-
terials. In order to avoid big differences compared to the
superlattices that are due to this unknown refractive index,
we choose it to be n,,=2.5.

With the help of the refractive indices defined above and
the absorption coefficients calculated from first principles
and presented in Fig. 3(a), Egs. (12)—(15) allow the calcula-
tion of the absorptances [see Fig. 3(b)]. Equations (7)—(11)
then allow us to calculate the radiative high mobility effi-
ciencies of the three SiO,/Si quantum well configurations
and of the ZnO/ZnS nanowire. Figure 4(a) compares these
radiative efficiencies (open circles) with the result of the SQ
theory (solid line). Figure 4(b) presents the corresponding
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FIG. 5. (Color online) Short circuit current density displayed as a function
of absorber thickness in the high mobility limit for the SiO,/Si quantum
well configuration (wg;=1.08 nm) for Lambertian light trapping with per-
fect antireflective coating, i.e., R;=0 (lines), for Lambertian light trapping
and considering the reflections at an air/glass and glass/ZnO interface, i.e.,
R;>0 (dotted lines) and for flat surfaces (dashed line) where the same finite
reflection at the front is included as for the dotted line. In case of the flat
surfaces, the simulation includes coherent interference in all layers except
the front glass. The difference between the flat surface (dashed line) and the
Lambertian surface (dotted line) due to light trapping is tremendous,
namely, around 4 mA/cm? at d=300 nm, showing the large influence of
light trapping for these thin devices.

short circuit current densities, again in comparison to the SQ
theory. In addition to the short circuit current densities in the
SQ limit and the radiative limit of the four cells with finite
thicknesses, the dashed line represents the short circuit cur-
rent density of a 200 wm thick silicon cell, again with Lam-
bertian light trapping, that is placed optically below a step-
functionlike top cell with the band gap as indicated by the
x-axis. That means, for a two-terminal tandem configuration
with a very good crystalline silicon cell as the bottom cell,
the intersection of dashed and solid line defines the perfect
band gap and the short circuit current to be achieved. The
values of this intercept are E,=1.72 eV and Jg
=21.7 mA/cm? The values of the three SiO,/Si superlat-
tices are quite close to this intersection, while the ZnO/ZnS
nanowire has a slightly too high band gap and too low short
circuit current, meaning that it would require a higher band
gap bottom cell or a triple junction configuration for best
performance.

The calculations in Figs. 3 and 4 have been performed
assuming a thickness d=300 nm, which is typical for other
thin film solar cells like amorphous silicon. In the following,
we will briefly discuss the influence of absorber layer thick-
ness and optical properties of the interfaces on the photoge-
nerated current. Thus, Fig. 5 shows the evolution of short
circuit current density J,. versus absorber thickness for one
of the three SiO,/Si superlattices (wg;=1.08 nm). The lines
correspond to the absorptance calculated with Eq. (12) under
the assumption of Lambertian light trapping.

This ideal case with zero reflection at the front (solid
line) is compared to the layer stack shown in Fig. 6(a). The
layer stack consists of a thick glass layer on top and a 100
nm thick ZnO layer between the glass and the absorber layer.
Optically below the absorber are 20 nm ZnO and 300 nm Ag.
The glass and the ZnO layers are assumed to be perfectly
transparent and the refractive indices for ZnO and Ag are
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FIG. 6. Scheme of the layer stacks used for the calculation of the efficien-
cies with nonradiative recombination. The stack shown in (a) is used for Fig.
5 (dashed and dotted line) and Fig. 10, while the tandem cell in (b) is used
for Fig. 11. The absorber layer in (a) and the top cell in (b) represents the
superlattice or nanowire layer.

taken from Ref. 76. For the calculation of the absorptance of
the layer stack, we used a thin film transfer matrix approach
able to calculate absorptances coherently.77 The difference
between the two layer stacks is the angular distribution func-
tion of the scattering at the interfaces. While the dotted line
represents a layer stack with isotropically scattering surfaces,
the dashed line represents flat surfaces. Thus, Fig. 5 shows
how much light is lost due to reflections if a realistic layer
stack is assumed. This loss is given by the difference be-
tween the solid and the dotted line. The current gain due to
scattering surfaces and enhanced trapping of weakly ab-
sorbed light is given by the difference between the dashed
and the dotted line. At d=300 nm, the difference due to light
trapping amounts to AJ,,~4 mA/cm?, which shows that ef-
ficient light trapping is a main prerequisite for these thin film
approaches.

B. Mobility dependent limits

Up to now, we calculated the SQ limit from the absorp-
tion coefficients derived from first principles calculations. In
the following, the model described in Sec. II C is used to
calculate the radiative limit also for finite mobilities. Com-
pared to the purely optical calculations in the SQ theory, the
detailed balance model needs additional parameters, i.e., the
mobility and the intrinsic carrier concentration n; [see Eq.
(18)].

The intrinsic carrier concentration follows from the ef-
fective density of states N and Ny of conduction and va-
lence band and the band gap E, of the different materials via
the equation,

n; = NNy exp(— %) (25)
We choose this band gap from the onset of absorption as
Eg(WSi:LOg nm):176 eV, Eg(WSi:1'62 nm):Eg(wSi
=2.16 nm)=1.74 eV, and E,(ZnO/ZnS)=1.88 eV. The ef-
fective DOSs for the superlattices were calculated and are
presented in Fig. 7(a). The effective DOS for the nanowire is

unknown and was set to an arbitrary value of N =Ny
=10" cm™.
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FIG. 7. (Color online) (a) Effective DOS for valence (circles) and conduc-
tion band (squares) as well as (b) 1D effective masses normalized to the
electron mass in vacuum. The three-dimensional effective DOS follows
from the band structure according to Eq. (3). The relation between 1D ef-
fective masses and 1D effective DOS is given by Eq. (6). Together with Eq.
(26) the effective masses in (b) allow us to calculate the anisotropic electron
and hole mobility of the superlattices that are given in Table I.

This detailed balance model is designed in a way that for
high mobilities of free carriers, the result is the same as in
the generalized SQ limit. Figure 8 shows the current/voltage
curve of the three SiO,/Si superlattices and the ZnO/ZnS
nanowire in the radiative limit and for electron and hole mo-
bilities w,=u,=10 cm*(V s)~". The Jy, V., and efficiency
are equal to those calculated with the radiation balance alone
[Egs. (7)—(11)], thus these mobilities are a good approxima-
tion of infinity.

The DOS and the effective masses of electrons and holes
are not only relevant to calculate the intrinsic carrier concen-
tration but they have also been used to estimate the mobili-
ties of free charge carriers.'? The Bloch mobility follows
from

qTSC
Mnp=""1D>

My p

(26)

where 7. is the scattering time. In case of the SiO,/Si su-
perlattices the mobility is expected to be strongly aniso-
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FIG. 8. (Color online) Current/Voltage curves in the radiative high mobility
limit for 300 nm thick pin-devices for the four discussed theoretical absorber
materials (three SiO,/Si superlattices: wg=1.08 nm—solid line, wyg;
=1.62 nm—dashed line, wg=2.16 nm—dotted line; and the ZnO/ZnS
nanowires—dash-dotted line). The efficiencies from these curves are the
same that follow from the calculation of the SQ limit.

tropic. Since transport has to take place in the direction nor-
mal to the interfaces, the relevant mobility is smaller than the
mobility averaged over all directions. Thus we have to deter-
mine the 1D effective mass of electrons and holes in
z-direction, using Eq. (6). Figure 7(b) shows the result of this
calculation normalized to the mass m, of electrons in
vacuum. In order to calculate mobilities from the effective
masses, we still need an estimate of the scattering time 7.
Jiang and Green'? discuss this issue extensively for the case
of Si quantum dots embedded in a dielectric and we there-
fore use the same value, namely, 7,,.=30 fs. This scattering
time together with the effective masses in Fig. 7(b) yields the
mobilities w,=17.6 cm*(V s)™", w,=4.3 cm*(V s)™" (for
wsi=1.08 nm), w,=20.5 cm*(Vs)™', wu,=6.3 cm*(Vs)™
(for  wg=1.62 nm), and p,=82 cm*(Vs)™, u,
=8.8 cm?(V s)7! (for wg;=2.16 nm).

For the case of the ZnO/ZnS nanowires, we do not have
calculations of the effective masses, which are needed to
calculate the Bloch mobilities according to Eq. (26). Never-
theless, literature provides values for ZnO nanowires, which
are however much thicker than our current nanowires. The
reported values are in the range of 10 cm?(Vs)'<pu
<30 cm?(V s)71.7%32 Table 1 summarizes the values for
mobility, DOS, and refractive index that we use in the
electro-optical simulations. While the DOS and the refractive
index are never changed and always correspond to the data
presented in Table I, the mobility will be a variable in the

TABLE 1. Parameters used for the device simulations if not stated otherwise. The effective DOS and the
refractive index are used for Figs. 8—11 and the mobilities for Figs. 10 and 11.

Si0,/Si superlattices

ZnO/ZnS
wg;=1.08 nm wg;=1.62 nm wg;=2.16 nm nanowires
Electron mobility x, [cm?/V s] 17.6 20.5 8.2 10
Hole mobility w, [cm?/V s] 43 6.3 8.8 10
Effective density of states for
the conduction band N [cm™] 3.64 X 10" 4.44x10" 5.68x 10" 1X10"
Effective density of states for
the valence band Ny, [cm™] 6.57x 10" 2.58 X 10" 2.3x10" 1x10"
Index of refraction n 2.37 2.57 2.71 2.5
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FIG. 9. (Color online) Short circuit current density Jg. as a function of
electron and hole mobility u=pu,=u, for the three SiO,/Si superlattices
(wgi=1.08 nm—solid line, wg;=1.62 nm—dashed line, and
wg;=2.16 nm—dotted line) and the ZnO/ZnS nanowires (dash-dotted line)
in the limit of solely radiative recombination for a pin-type device with a
thickness of =300 nm. For mobilities u <10 c¢m?/V s, the short circuit
current density J. starts to drop rapidly below its high mobility limit. This
critical mobility w.~10"* ¢cm?/V s is around five orders of magnitude be-
low the estimated mobilities, which are in the range of u~10' cm?/V s.
Thus, we expect mobility to deteriorate device performance only for a con-
siderable amount of nonradiative recombination.

following. Thus, we first ignore the mobilities given in Table
I and calculate the radiative limit as a function of mobility.

Figure 9 shows the short circuit current density as a
function of the electron and hole mobility in the limit of
solely radiative recombination. Here, the mobilities for elec-
trons and holes are assumed to be equal. It is obvious that the
critical mobility in the radiative limit is far below the values
that have been calculated from the effective masses or have
been taken from literature. For all four samples, again with a
thickness of d=300 nm, the critical mobility u., where the
short circuit current starts to drop below its high mobility
limit, is in  the  range 107 ecm?(Vs)'<u
<107 cm?(V s)7!, i.e., 4—6 orders of magnitude below the
estimated values. In the following, we need to investigate
whether this considerable difference between required and
estimated mobilities remains sufficient for high photocur-
rents also in the case of nonradiative recombination.

C. Nonradiative recombination

The last step from highly idealized devices to more re-
alistic ones is the introduction of nonradiative recombination
combined with the inclusion of parasitic absorption in the
ZnO window layers. We assume a layer stack as shown in
Fig. 6(a) (which is identical to the one used for the calcula-
tion of the dashed and dotted lines in Fig. 5) that consists of
a thick glass layer on top and a 100 nm thick ZnO layer
between the glass and the absorber layer. Optically below the
absorber are 20 nm ZnO and 300 nm Ag. The optical prop-
erties of the layers are taken from Ref. 79. Taking the same
mobilities and DOSs that are given in Table I, we obtain the
cell parameters presented in Fig. 10 for the three SiO,/Si
superlattices and for the ZnO/ZnS nanowire as a function of
carrier lifetime. Nonradiative recombination is modeled with
a recombination rate,
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FIG. 10. (Color online) (a) Efficiency, (b) short circuit current density J,
(c) open circuit voltage V., and (d) fill factor FF as a function of electron
and hole lifetime 7=7,=7, for the three SiO,/Si superlattices (wg;
=1.08 nm—solid line, wgi=1.62 nm—dashed line, and
wg;=2.16 nm—dotted line) and the ZnO/ZnS nanowires (dash-dotted line).
We assume a device thickness of =300 nm and recombination following a
SRH statistics with a recombination center in the middle of the device.
While the open circuit voltage decreases with shorter lifetimes monoto-
nously with a relatively constant slope, J,. and FF have two regions with a
different slope. Above a certain lifetime 7>10 ns (for FF) and 7>1 ns
(for J.), the values are nearly constant, while they drop abruptly for lower
lifetimes 7. These critical lifetimes depend linearly on the mobility u and
represent the critical w7 product up to which efficient extraction of the
photocurrent is possible.

2
np —n;

Rsry (27)

“(n +n)7,+ (p +n)T,’

according to Shockley—Read—Hall statistics, where 7, is the
lifetime of electrons and 7, is the lifetime of holes. In the
following, we always set the lifetimes equal, i.e., 7,=7,=7.

Figure 10(a) shows that the efficiency increases nfono-
tonically with longer carrier lifetimes 7; however, the curves
show two regions with different slopes. For lifetimes 7
<1 ns, the increase is steeper than for higher lifetimes. The
explanation for that is given by the different dependence of
open circuit voltage V., fill factor FF, and short circuit cur-
rent density J,. on the lifetime. Figure 10(b) shows that the
short circuit current density J,. stays constant for 7>1 ns
and starts to decay drastically when the lifetime drops below
1 ns. In contrast, the slope of the increase in open circuit
voltage V. versus lifetime as shown in Fig. 10(c) does not
vary much. The fill factor, which is presented in Fig. 10(d),
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follows roughly the decay of the short circuit current density
Ji, with the only difference that the drop starts already at
slightly longer lifetimes 7= 10 ns. This higher sensitivity of
the fill factor compared to the short circuit current density J,
to the lifetime is due to the collection of carriers being de-
pendent on the built-in field in the pin-junction. Since the
built in field is higher at zero voltage than at maximum
power point voltage, the collection at short circuit is more
efficient at a given mobility lifetime product w7 With de-
creasing w7 product, collection at higher voltages and thus
the fill factor will therefore suffer already at higher w7 prod-
ucts than the short circuit current density does.

It would now be interesting to estimate the carrier life-
times one could expect from the superlattice structures and to
compare them with the lifetimes required by Fig. 10. In order
to calculate surface recombination velocities from lifetime
measurements on passivated wafers, Sproul83 developed an
equation for the dependence of lifetime 75 and surface re-
combination velocity given by

w W2

=05 D (28)
where w is the thickness of the whole wafer, S is the surface
recombination velocity of both surfaces, and D is the minor-
ity carrier diffusion constant. If the thickness w decreases,
the second term describing the diffusion to the surface van-
ishes. If we now assume our superlattice to be made up of
several Si wells of thickness w that are well passivated with
Si0,, a crude approximation of the resulting lifetime would
be to use 7g=wg;/2S for the lifetime of a single well and
Ts=wsi/ (2SNy,), where Ny, is the number of wells, for a par-
allel connection of several wells. To estimate the order of
magnitude of the lifetime, we assume w=2 nm, S
=10 cm/s representing a very well passivated surface and
about 100 wells. This leads to a lifetime of 7¢=100 ps,
which is one or two orders of magnitude below the required
lifetimes. It is therefore an important question whether such
simplistic calculations are admissible in quantum well solar
cells or whether recombination in these devices behaves fun-
damentally different for extremely small layer thicknesses.

D. Tandem solar cells

The long term goal of research on the presented absorber
layers is the use as a top cell in a multijunction solar cell. In
order to estimate the usefulness of the SiO,/Si superlattices
for the combination with e.g., crystalline silicon in a two-
terminal tandem device, we extended the layer stack used for
Fig. 10 by adding a pn-junction made of crystalline silicon
below the superlattice in pin-configuration. To enhance the
photocurrent produced in the top cell, we added a thin, 20
nm thick intermediate reflector layer84 with the refractive
index of Si0O,. Thus, part of the light that hits the back sur-
face of the top cell does not enter the bottom cell, but is
reflected back. The thickness of the bottom cell was then
chosen in a way that it is as thin as possible, but does not
limit the current. Like for the calculations in Fig. 10, we
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FIG. 11. (Color online) Short circuit current density J,, and efficiency 7 of
a two-terminal tandem cell consisting of a pin-type SiO,/Si superlattice (Si
well thickness wg;=1.62 nm, intrinsic layer thickness ;=300 nm) as the
top cell and a pn-type crystalline silicon bottom cell. The bottom cell thick-
ness of d,=25 um was chosen such that the bottom cell is not current
limiting. The carrier lifetime for the superlattice required for an efficiency of
17=20% is roughly 7=~1 ns.

assumed Lambertian light trapping also for the simulation of
the tandem cell. The schematic drawing of the assumed layer
stack is presented in Fig. 6(b).

Figure 11 shows the short circuit current density and the
efficiency of this tandem device as a function of the SRH
lifetime of electrons and holes in the top cell. The top cell
consists of the SiO,/Si superlattices with the wg;=1.62 nm
Si well thickness, since this absorber produced the highest
photocurrents in a single junction configuration as shown in
Fig. 10. It is obvious that the photocurrent of the tandem
device is considerably below the J,=21.7 mA/cm? that
were identified in Fig. 4 as the optimum value for a c-Si
based tandem cell. That is due to the fact that the band gap of
E,=1.74 eV is close to perfect in the SQ limit for step-
functionlike absorptances but not for our more realistic as-
sumptions on device performance. Loss of photocurrent is
due to finite absorption coefficients, imperfect light trapping
in the tandem configuration (the top cell has no perfect back
reflector), nonzero reflection, small amounts of parasitic ab-
sorption, and imperfect collection of photogenerated carriers
(at least for lifetimes 7<<10 ns). In order to ensure current
matching in a two-terminal tandem cell, the band gap of the
top cell should therefore be chosen considerably smaller than
that given by the band gap in the SQ limit.

The efficiency of the tandem cell just reaches the experi-
mental efficiency limits of crystalline silicon solar cells of
n= 24.7%.% Progress beyond that value would need a better
adaptation of the two band gaps. However, high efficiencies
in the tandem configuration are reached already at a low
thickness of the total stack, which is around 25 um and
therefore much thinner than usual wafer-based devices. Due
to the difficulties of the top cell to reach a sufficiently high
photocurrent, the use of tandem devices will therefore lead to
the largest benefit for rather thin and lower quality bottom
cells. Note that the efficiency of the ¢-Si bottom cell alone is
n=21.8%, where we assumed a SRH lifetime 7=1 ms and a
surface recombination velocity S=10 cm/s.

IV. CONCLUSIONS

We have presented simulations of solar cells consisting
of absorber materials that use quantum effects to fine tune
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their optical properties. These absorber materials are SiO,/Si
superlattices with different Si well thicknesses and ZnO/ZnS
coaxial nanowires. The optical and partly also electrical
properties have been obtained by first-principles calculations.
Subsequently, these optical and electrical properties have
been used to simulate complete devices. To determine mean-
ingful efficiency limits we have gone step by step from ide-
alized systems as defined by the SQ theory to more realistic
systems, where the efficiency limits are, however, less fun-
damental. These device simulations allow us to determine
critical values for device properties as mobility and carrier
lifetime that must be met to ensure efficient photovoltaic
energy conversion. Simulations of complete tandem devices
show that there is a considerable difference in photocurrent
between the SQ theory and more realistic simulations. To
ensure current matching albeit this difference in photocurrent
one needs considerably lower band gaps for the top cell,
thereby increasing the part of the spectrum absorbed by the
top cell.
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