Open Access Article. Published on 13 May 2020. Downloaded on 10/25/2025 1:47:07 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

W) Check for updates ‘

Cite this: Energy Environ. Sci.,
2020, 13, 2047

Received 16th March 2020,
Accepted 13th May 2020

DOI: 10.1039/d0ee00834f

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Challenges and opportunities for an efficiency
boost of next generation Cu(ln,Ga)Se, solar cells:
prospects for a paradigm shifty

Mario Ochoa, 2 * Stephan Buecheler, Ayodhya N. Tiwari and Romain Carron

Cu(ln,Ga)Se, photovoltaic technology has notably progressed over the past years. Power conversion
efficiencies above 23% were reached in spite of the polycrystalline nature of the absorber. Although
efficiencies are still far from the practical limits, the material quality is approaching that of IlI-V com-
pounds that yield the most efficient solar cells. The high carrier lifetime, low open circuit voltage deficit
and external radiative efficiency in the single-digit percentage range suggest that the next efficiency
boost may arise from the implementation of alternative device architectures. In this perspective paper,
we describe the current challenges and pathways to enhance the power conversion efficiency of
Cu(In,Ga)Se; solar cells. Specifically, we suggest the use of non-graded absorbers, integration of charge
selective contacts and maximization of photon recycling. We examine these concepts by a semi-
empirical device modelling approach, and show that these strategies can lead to efficiencies of 29%
under the AM1.5 global spectrum. An analysis of whether or not current state-of-the-art Cu(ln,Ga)Se,
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Broader context

solar cells already benefit from photon recycling is also presented.

The future of the global energy system will rely on renewable energy sources, amongst which photovoltaic technology will play a crucial role. In particular, the
thin film polycrystalline Cu(In,Ga)Se, technology has the potential to dominate the building integrated sector and also offers interesting opportunities in the
mobility sector and at utility-scale. Maximization of the solar cell efficiency is one of the key drivers for competitive deployment of photovoltaic systems. Recent
research and development efforts led to increased Cu(In,Ga)Se, device efficiency up to 23.3%, while the device architecture remains fundamentally unchanged.

In this perspective article, we assess if the Cu(In,Ga)Se, technology is ready for a paradigm shift. We propose to modify the device architecture and to take

advantage of different strategies to boost the solar cell efficiency. These strategies include thinner absorbers, implementation of charge selective contacts and
maximization of photon recycling. Our analysis highlights the advantages of non-graded absorbers, and we provide evidence that photon recycling is actively
contributing to the open circuit voltage of current record devices in spite of poorly back reflective contacts. Our findings support and foster research on
modified fabrication methods and on new device architectures for the next generation of high efficiency Cu(In,Ga)Se, solar cells.

Introduction

Polycrystalline Cu(In,Ga)Se, (CIGS) technology has significantly
advanced, reaching power conversion efficiencies over 23%.">
Recent developments in growth conditions and device engineering
were key factors to improve the device performance and material
quality. Specifically, the introduction of post-deposition treatments®
(PDT) was a breakthrough, resulting in 3% absolute efficiency gain.
This led to minority carrier lifetimes of hundreds of nanoseconds,”
high quasi-Fermi level splitting” and open circuit voltage deficits in
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the range of 350 mV to 400 mV."? Even though these indicators are
very good and demonstrate the high quality of polycrystalline CIGS
films, the device efficiencies are still far from the Shockley-Queisser
limit, n > 30%. In practical terms, there is still significant room for
improvement in comparison with the best single junction solar cell
(GaAs with n ~ 29%%7). Indeed, it is questionable whether the
conventional growth conditions and device structure would
permit the next efficiency boost. Hence, it is necessary to explore
other approaches and assess their potential for improving
power conversion efficiencies.

In this work, we describe possible limitations and pathways
to enhance the performance of CIGS solar cells. We evaluate
scenarios in which CIGS could take advantage of new architectures.
First, the challenges of the fabrication methods and performance
of CIGS solar cells are introduced. Then, the impact of the back
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grading on the open circuit voltage is analyzed, and a brief review
of the current absorber material quality is presented. Finally, we
evaluate different concepts required to achieve further efficiency
increases, which are already implemented in III-V solar cells:
(1) non-graded thinner absorbers, (2) an electrical potential
barrier for minority carriers with good majority carrier transport,
and therefore charge selective contacts, and (3) back reflectors
(mirrors) for photons to promote photon recycling, a key driver
for III-V record solar cells. Fig. 1 illustrates the conventional
and the proposed alternative solar cell architectures. The
efficiency potential of solar cells implementing charge selective
contacts and photon recycling is assessed by numerical device
simulations.

Conventional structure status and
challenges

The current state-of-the-art CIGS solar cells are based on a p-n
heterojunction in an n/p configuration in which the absorber is
grown on a metallic contact, i.e. molybdenum. High quality
CIGS layers can be produced by high-temperature multi-stage
co-evaporation processes, by selenization,® sulfurization, or
sulfurization after selenization (SAS) of precursor layers.”'® The
junction is typically completed by chemical bath deposition of
CdS—acting as the n-side of the junction—and sputtering of
resistive and transparent conductive oxides, i.e. ZnO and ZnO(Al)
layers. An alternative material combination for buffer and window
layers yielding the highest efficiency to date is Zn(O,S), ZnMgO,
ZnO(B)."* The current structures exhibit significant losses
from their radiative limit, being ~16%, 12% and 7% for the
open circuit voltage (Voc), short circuit current (Jsc) and fill
factor (FF), respectively."” The photocurrent losses arise from
incomplete absorption in the near-infrared region and from
parasitic absorption by the upper layers, or an inability to collect
carriers absorbed by those layers. Vo losses come from non-
radiative recombination inside the absorber bulk material and in
the space-charge region near and at the interface with Cds. The high
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surface recombination at the back is minimized by tailoring an
increasing energy bandgap towards the p-contact (Mo), see Fig. 1a. It
is worth mentioning here that, regarding photovoltaic parameters,
this paper does not cover Jsc losses. Instead, it mainly focuses
on the challenges related to the absorber material quality (i.e.
linked to Voc) limiting the efficiency of CIGS, and possible
pathways to overcome them.

Structural defects

As detailed later in this section, the bandgap grading is tailored
to improve the device performance via the minimization of
recombination at the surfaces/interfaces; however, chemical
grading, e.g. by varying the [Ga]/([Ga] + [In]) ratio (GGI), induces
strain that relaxes at grain boundaries, limits the grain growth
and leads to the formation of structural defects. Specific to the
multistage co-evaporation method, the concentration of 1-D
and 2-D defects is drastically reduced during a deposition
phase in the presence of Cu,_,Se phases. These phases act as
a sintering agent that does not uniformly wet the CIGS surface
and leads to lateral non-uniformities in composition and to
formation of voids (missing material) inside the absorber.'?
The crystal quality of the absorber can be improved by inhibiting
the formation of voids, horizontal grain boundaries and of 1-D
and 2-D defects inside the grains.">'* This is of special importance
during the third stage of the co-evaporation method, in which
many of the aforementioned issues arise. Different methods have
shown promising results in that respect: alkali post-deposition
treatment,®> Ag alloying,””> or sulfurization and selenization
methods.'”"" It also seems relevant to modify the growth condi-
tions to prevent formation of these defects. For example, pushing
the composition closer to stoichiometry hinders the formation of
anti-site defects and reduces bond length variations.'® Indeed,
improved efficiency was recently demonstrated for CulnSe, solar
cells with near-stoichiometric composition together with the sup-
ply of heavy alkalis (e.¢. RbF)."” Additionally, due to the implica-
tions of composition gradients for the generation of strain and
defects,"® their replacement also emerges as a plausible pathway to
enhance the properties of the absorber.
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Fig. 1 Simplified sketch of band diagrams in the flat-band condition of solar cell designs (top) with corresponding SEM images (bottom).
(a) Conventional design with ZnO(Al)/ZnO/CdS front contact layers and (b) idealized proposed concept showing: the (1) non-graded thinner absorber
with larger grain size shown in the SEM image, (2) selective contacts at the back and the front and (3) back reflector. A possible photon recycling
mechanism is also depicted, initiating from photon emission upon a radiative recombination event, reflection at the back contact and finally reabsorption

in the absorber.

Bandgap grading implications for the solar cell performance

The absorber of high efficiency CIGS solar cells is composed of
an engineered double bandgap grading across the layer with
increasing bandgap towards the back and front surfaces.'® The
grading is beneficial to avoid interface recombination at the
front, but more importantly at the back interface. Front recombi-
nation is mainly lessened by the presence of a CdS layer forming
the heterojunction.> For back recombination, the back bandgap
grading acts as an efficient barrier for minority carriers, thus
preventing voltage losses.?® Although effective in reducing back
interface recombination, it is still not clear if it is completely
avoided. Even more importantly, to what extent the back grading
influences the effective lifetime of the absorber is also unclear.
Within this context, the bandgap grading could exhibit two
opposite effects, and this will be analyzed below.

We assess here the effect of the back grading on V¢ with a
numerical model implemented in the Sentaurus tool from
Synopsis®! (further details can be found in the numerical
simulation section of the ESIT). A baseline simulation with a graded
absorber resembling state-of-the-art CIGS solar cell performance® is
implemented with doping level N, = 10'® cm™®, a thickness of
2.5 pm and a minimum GGI of 0.2. The recombination velocity
at the CIGS/Mo interface (Spaci) is set to infinity (i.e. Spack >
10’ em s '). The CIGS absorber is divided into two regions:
(1) front grading + the so-called notch (R;) and (2) the back
grading (R,). The back grading height is characterized by AGGI,
defined as the difference between the minimum and maximum
GGlI, as illustrated in the inset at the bottom right of Fig. 2
together with R; and R,. Several grading slopes corresponding to
different AGGI values were simulated to evaluate their impact
on Voc. Back recombination is highly dependent on the carrier

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Numerical simulations of V¢ as a function of AEg (and AGGI) between
the bandgap minimum and the value at the back of the CIGS layer, for different
minority carrier non-radiative lifetime and mobility. The inset shows an example
of a GGI absorber gradient; it defines the AGGI quantity and separates the
absorber into front (Ry) and back regions (R,). The back region (R,) starts at
1.2 um where Jsc > 98%, i.e. Ry is almost optically inactive (see the ESI, Fig. S1).
Different AGGI heights are evaluated with constant absorber depth. The range
for AGGI values typical of high efficiency devices is shown in gray. The gray
dashed line with asterisk symbols results from unequal uniform properties z,, in
the front (Ry, 1 ps) and the back grading (35 ns). The green dashed line
corresponds to higher carrier mobility (200 cm? V™ s7%) than the other cases
(40 cm? V=t s7Y for 1, = 200 ns in both regions. Lines are a guide to the eye.
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diffusion length (Lp), which is related to the carrier lifetime and
mobility by the well-known expression Ly = (tuckT/q)"*. There-
fore, a wide range of diffusion length (1 < Lp < 50 pm) is also
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examined by varying the effective minority carrier lifetime
(te) — through the non-radiative lifetime, 7, - and the minority
carrier mobility (u.). We choose values for the lifetime and
mobility covering a wide range around the expected or reported
values in state-of-the-art CIGS.>*>"!

Fig. 2 shows V¢ as a function of AGGI for different 7,,, and
Ue. A first important conclusion can be drawn: under the
assumption of uniform and equal properties for R; and R,
(curves with solid lines and symbols), AGGI > 0.3 (or AE, >
200 meV) is required to prevent most of the back recombination,
independently of the lifetime evaluated (50, 200 and 1000 ns>*>™"),
For the largest AGGI investigated, the back grading is already
preventing all recombination at the back, i.e. Voc (Spack = ) =
Voc (Sback = 0) (not shown).

In the presence of interface recombination, Vo also depends on
the minority carrier mobility, whose value is not straightforward to
determine experimentally. Therefore, in addition to the case
evaluated before (y. = 40 cm® V' s7'%*), we consider p. =
200 cm® V™' 57! (also a reasonable value for CIGS>*) and the
extreme case of y. = 4000 cm® V' s ! as an upper limit of our
analysis. For g, = 200 cm® V' s™' and a 200 ns non-radiative
lifetime, a similar AGGI threshold (~0.4) is identified to
effectively avoid back recombination, as shown by the green
dashed line and cross symbols. For u,. = 4000 cm> V"' s~ (not
shown), the AGGI threshold is close to 0.5. Although these
instances shift the AGGI threshold to avoid recombination
at the back, it is still possible to achieve it experimentally.
Accordingly, we can state that a sufficient back grading is
beneficial to avoid voltage losses at the back for a wide range
of lifetime and mobility that could be found in state-of-the-art
solar cells.

Heretofore, it seems that the back grading only brings positive
effects on Voc. However, let us recall that we made the assumption
of uniform carrier properties throughout the absorber (R; and R;).
In practice, it is reasonable to expect a lower material quality in the
back grading region, as the presence of strain and higher Ga
content give rise to point defects, dislocations, lower grain size,
and defect levels appearing in the band gap, among other
effects.”>*° Indeed, the degraded quality of high-Ga content CIGS
might also explain the comparatively poorer performance of Ga-
rich devices with bandgap above ~1.15 eV. Accordingly, we now
make the assumption of unequal carrier lifetimes for R; and R, i.e.
1000 ns and 35 ns (gray dashed line and asterisks), respectively.
This means a very high material quality of the notch together with
a defective back grading. This assumption is also capable of
providing virtually the same V¢ (740 mV) and similar efficiency
as the baseline structure detailed before, see the gray dashed line
(and asterisks) and green triangles at GGI = 0.2. Although this
contributes to ambiguity because more than one set of material
parameters could reproduce the same results, it also means that
the back grading can limit the performance of a notch region with
very high quality. The limitation is illustrated by the underperfor-
mance of the gray dashed line (and asterisks) compared to the
instance with higher lifetime in the back grading (blue curve and
filled circles), even for the highest AGGI analyzed. Therefore, AGGI
~ 0.5 is enough to avoid recombination at the back interface, but
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not in the defective back grading region, which reduces the
effective lifetime of the CIGS absorber, and thus V.

To summarize this section, there is no doubt that the back
grading is effective in reducing back recombination. Neverthe-
less, it comes with several drawbacks. It could alter the device
performance by increasing recombination in absorber regions
with lower structural and electronic quality, as highlighted by our
simulations. It adds complexity to the growth procedure, i.e. it
is not easy to tune and control the bandgap profile. Moreover,
a graded structure is rather more complicated to model and
characterize.

Accordingly, we suggest the use of non-graded absorbers as
a pathway towards the next generation of CIGS solar cells with
thinner structures and very high efficiencies. A non-graded
absorber would simplify the structure, reduce material consumption
and overcome some of the V. limitations. The candidates to
substitute the back grading are p-type charge selective contacts,
whose suitability has been demonstrated in other technologies, e.g.
MI-V. Materials are required with pronounced charge selectivity and
low interface recombination velocity and which do not affect the
absorber properties. Possible implementations are reviewed in
section Selective/passivating contacts.

Electronic properties and material quality

In a solar cell of a specific bandgap, the open circuit voltage is
directly linked to the bulk electronic properties or the absorber
material quality. The CIGS bulk material quality is mainly
affected by non-radiative recombination at the grains and/or
grain boundaries and by potential fluctuations.>”*® In addition,
the absorber might also be influenced by the surrounding inter-
faces or even by the presence of a defective back grading, as shown
in the previous section. Different metrics are usually employed to
evaluate the quality of the absorber and interfaces, namely, the
external radiative emission efficiency or the so-called Vo deficit
(or bandgap-voltage offset, Woc, as used in the III-V field*).
Moreover, the minority carrier lifetime is used as a direct para-
meter to assess the quality of the absorber.>

To illustrate the present quality of CIGS solar cells with such
metrics, Fig. 3 shows a compilation of efficiencies and Vpc
deficits (Voc,der = Em/q — Voc) as a function of the estimated
external radiative emission efficiency (ERE)." The ERE is defined
as the ratio of the radiative recombination current with respect
to the dark recombination current. It is a good figure of merit
because it measures how far Vo is from its radiative limit.*°
GaAs and GalInP data are also displayed for comparison pur-
poses. As can be seen, the efficiency is strongly correlated to the
ERE and Vg¢ qef measured in different solar cells over the years.
An impressive low Vg qer has been measured for CIGS state-of-
the-art materials with values ~350 mV to 400 mV,%*!2231:32
whereas for the best GaAs®” and GaInP*® materials these values
are ~300 mV and ~350 mV, respectively. These seem impressive
values for CIGS, especially because the current structure does not
get the same photon recycling benefits as GaAs and GaInP by use of
a highly reflective back contact (ie. gold). To what extent the
difference between GaAs and CIGS has to do with the presence of
photon recycling or material quality is analyzed in the next section.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Efficiency (filled symbols) and Voc deficit (open symbols) as a
function of ERE (calculated from V¢) for CIGS. Il1-V devices with a strong
impact of photon recycling are also depicted. Ey, corresponds to the
photovoltaic bandgap definition proposed by Rau et al® The same
definition is used to compute Voc ger, NOt included in ref. 1. Data from
Green et al.* were used completed with additional data for GalnP and GaAs
from ref. 7 and 33.

Regarding carrier lifetimes, effective values up to 400 ns
were reported® for CIGS (an estimated 350 ns for the non-
radiative component), the estimated radiative lifetime being on
the order of microseconds.** For GaAs and GalnP, the highest
non-radiative minority carrier lifetimes reported are ~1 pus to
4 s (n-type absorber) and 450 ns (p-type absorber), respectively.*®
For III-V materials, the largest improvement reported due to photon
recycling (AVoc ~ 70 mV) was achieved with n-type absorbers,
consistent with the higher lifetimes measured (see for example the
GaAs case®*®). Although determination of the carrier lifetime in
CIGS absorbers is influenced by many factors, which contribute to
ambiguity to a certain degree, the low Vo deficit and increased ERE
(recent absolute PL experiments confirm 1% ERE in a state-of-the-
art CIGS material®®) support the high quality of the material.

CIGS solar cells operating in the
radiative limit

Conceptually, an ideal solar cell is comprised of a semiconductor
(absorber) surrounded by materials (transparent to the incident
light) that enable efficient charge separation, ie. selective
contacts.*® In addition, a high degree of light confinement is
desired to promote the re-absorption of emitted photons by
radiative recombination.”’ These two concepts are discussed
below, also illustrated with a numerical model implemented in
the Sentaurus tool from Synopsis>" (further details are provided
in the ESIf).

Selective/passivating contacts

In a typical CIGS solar cell, charge separation is usually
accomplished by a p-n junction at the front and assisted by
the back bandgap grading. Moving towards the replacement of
the back grading and the enhancement of the front interface
requires the use of selective contacts. The ideal situation would

This journal is © The Royal Society of Chemistry 2020
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be chemical and/or electrical surface passivation working as an
efficient blocking barrier for minority carriers (>300 meV),
and a non-blocking interface for majority carriers towards the
contacts. For the front contact, n-type materials are readily
available”® and some others are under investigation to offer a
broader range of possibilities.** Further surface passivation was
also demonstrated by alkali PDT or sulfurization processes.'’
For the rear contact, there are no suitable p-type materials
readily available, to our knowledge. Promising results for back
surface passivation were achieved by the use of different
approaches based on atomic layer deposition techniques of
different materials.** It could be also considered to tune the
band offsets of CIGS by alloying, for example with Ag.**> The use
of III-V materials was also proposed as a possible route for
selective contacts.”® Recently published theoretical studies and
methods to test charge selectivity would be useful for screening
of new selective contacts for CIGS.*”*
effective implementation scheme still has to be envisaged.

A scalable and cost-

Photon recycling assessment

In general, photons emitted upon radiative recombination travel in
random directions and can be re-absorbed in the same layer or in
any other adjacent semiconductor layer in the structure with equal
or lower bandgap. If the re-absorption takes place in the same layer
as emission, the process is known as photon recycling (PR) or self-
absorption. It was demonstrated that PR is the key factor for the
development of record efficiency solar cells (GaAs-based) operating
close to the theoretical limit.>” The general implication of PR is that
re-absorbed photons increase the radiative lifetime, and thus Voc.*
PR brings its full benefits if the non-radiative recombination rate is
minimized and the optical structure is adapted to accomplish a
high degree of re-absorption of photons.

We extend the model developed in the previous section to
estimate the effects of PR on the solar cell performance. The
Sentaurus model is adapted to account for the effective increase
in the radiative lifetime due to PR. A good approximation
is obtained by calculating a photon recycling factor, ¢*® (or
re-absorption probability, P,ps /), which influences the bimolecular
radiative coefficient B, following the methodology of Steiner et al.”

and Lumb et al.*® The photon recycling factor or Py (in principle,
equivalent quantities®®) depends on the geometry, the angle and
the wavelength-dependent Fresnel coefficients at the front and
back of the structure” (further details can be found in the ESI{ and
Fig. S2). This quantity is used to modify the net radiative lifetime
as 1, " =1 — @lton"" Tor being the initial radiative lifetime with no
changes due to PR. Then, an effective radiative coefficient (B.g) is
used as input in the numerical simulator, computed by the inverse
of the product of the doping concentration and the modified
radiative lifetime. Therefore, the higher the photon recycling factor
(or re-absorption probability) the higher the radiative lifetime and
the lower B.g. Although the approaches from ref. 7 and 38 consider
flat quasi-Fermi levels along the absorber and neglect the voltage
dependence of PR, they have shown as good results as other more
rigorous treatment of PR.***° In addition, they only require knowl-
edge of the refractive index of the materials, which in the case of
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CIGS is taken from Carron et al.>" It is worth mentioning here that
if the influence of the absorber thickness is neglected in the
calculation of B (here accounted for in the calculation of P,ps),
the Sentaurus model would provide a similar trend to the standard
Shockley model in which the radiative current increases indefinitely
with thickness. In the presence of photon recycling this is not true,
and the radiative current saturates at a specific thickness due to the
high degree of re-absorption of photons, as advised and demon-
strated by Marti et al.*® This is important because B.g needs to be
adapted for the simulated structure described below, being different
than the one analyzed previously.

The simulated structure including PR effects is composed of
a non-graded 1 pm-thick absorber with E, = 1.14 eV and
uniform doping concentration (N, = 10'® cm™?). Charge selective
contacts are simulated as ideal minority carrier blocking layers
(>300 meV) and ideal current flow for majority carriers with no
interface defects. Series resistance is neglected (i.e. influence of
grids, interfaces, etc.). Band tails are considered by modifying the
absorption coefficient with an exponential Urbach tail with a
characteristic energy of 17 meV. This value is larger than experi-
mental observations on high quality CIGS layers,”* but helps to
exemplify the effects of band tails on PR. In the simulations, the
back contact reflectance was effectively tuned by changing the
back layer material (here Mo or Au) to illustrate its influence
on photon recycling. A practical implementation of a highly
reflective back contact would differ; however it is possible to
achieve it experimentally.

Simulations as a function of the material quality (i.e. 7,,;) of
the absorber were performed. Fig. 4 shows Voc gef for device designs
considering band tails - or not - and for different reflectance at the
back, i.e. molybdenum (integrated R ~ 30%) and gold (integrated
R > 90%). In general, all designs show Vo ger decreasing with a
non-radiative lifetime increase until it starts to reach saturation
when recombination becomes radiatively limited (t, < ty,). At this
point, it is only possible to enhance the performance by increasing
the average P, assisted by the back reflector. Indeed, it is only in

seesee No PR

N | Mo with tails  (Pyys = 62%)
450 —— Mo w/o tails  (P,s = 83%)
_ N |- Au with tails (P, = 85%)
> ] — Auw/o tails  (Puys = 96%)
\E, 400 @® Non-rad.=Rad. lifetime
Ke] ] oo Max. n:
© ] o Tttt eeeessssssssssnsnnsenel D5 8O
$ 350 sq 8%
8 T NS s 26.7%
~ 1N T 27.3%
300 \‘\ 27.6%
11— [Radiative limit 29.0%
250
1 2 3 4 5
10 10 10 10 10

Non-radiative lifetime, 7, (ns)

Fig. 4 Voc.qer @s a function of non-radiative lifetime for different average
reflectance properties at the back, i.e. molybdenum (R ~ 30%) and gold
(R > 90%), and no photon recycling consideration (No PR). The maximum
achievable efficiency (i.e. at 1, = 100 ps) is shown on the right side of the
graph.

2052 | Energy Environ. Sci., 2020, 13, 2047-2055

View Article Online

Energy & Environmental Science

the instance of no tails and P,ps > 90% (i.e. a gold back reflector) in
which Vo is similar to the radiative limit.>® Although not shown in
Fig. 4, the FF is also boosted by the increase of the non-radiative
lifetime for all cases shown here, as expected.

Let us consider the case of molybdenum and band tails
(black dashed line). If non-radiative recombination is kept
equal (e.g. T, = 200 ns) and the presence of photon recycling

is high by maximizing P.ps (i.e. gold and no band tails) a
marginal Voc gain <5 mV is obtained. This is important
because it lies close to Voc ger = 400 mV, which most conven-
tional CIGS solar cells exhibit. In other words, in this scenario
the development of a near ideal back reflector would be mean-
ingless for Voc enhancement purposes.

Let us now consider Vo gef = 354 mV, as recently achieved by
Solar Frontier." This value can be explained by considering
photon recycling, or not - for example, the black dashed line at
Tor = 1 ps (PR on), or the blue curve with filled circles at
Tor > 5 us (PR off), respectively. If PR is not considered, the
recombination in the solar cell must be dominated by the
radiative component because t,, > 7,. If radiative recombination
is dominant, PR effects should become noticeable. Moreover,
there is a relatively high re-absorption probability (~50%, not
shown) in a 1 pm-thick CIGS material even by considering a very
low reflectance at the back (R < 1%). Therefore, ignoring PR is an
unphysical assumption. For high material quality, ie. record
CIGS materials or 1,,, > 1, the influence of PR on the effective
lifetime must be taken into account.

Whereas our simulations required very high quality (z,,, > 1 ps)
to match the Vo ger Of record solar cells, other sets of parameters
may also achieve the same results. For example, a different doping
concentration ~— difficult to estimate in CIGS - than the one used
for these simulations could modify the calculated values and
match the Vo qer €ven without the need to consider PR and a
high 7, (see Fig. S3, ESIt). Despite these complex ambiguities,
we can extract one main conclusion: the material quality of
state-of-the-art CIGS is close to that required to significantly
boost Vo by PR.

It is also clear from Fig. 4 that band tails have an impact on
Pabs and consequently on the maximum conversion efficiency.
Band tails arise mainly from potential fluctuations present at
the conduction and valence bands. The presence of tails limits
the benefits of PR because of non-negligible photon emission
below the bandgap for which re-absorption is weak.>* However,
there are promising indications for band tail reduction. For
example, Wolter et al. found that the Urbach energy is lowered
down to 10 meV to 12 meV by alkali PDT, significantly lower than
the value chosen here (17 meV).*® In addition, a decrease in
potential fluctuations after sulfurization processes'® and increased
CGI** were reported. All these effects related to growth conditions
and processes are not only beneficial for band tail reduction, but
also contribute significantly to the minimization of non-radiative
losses. In particular, the role of alkalis could be considered vital to
achieve such positive effects.’®

Once the non-radiative lifetime becomes higher than the
radiative lifetime, a back reflector becomes necessary to further
increase Voc. In theory, a very high reflectance is required
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(R » 90%*") to bring Voc to its fundamental limit. This is
difficult to realize in practice; nevertheless, possibilities are being
explored. For example, Bissig et al. reported an average back
reflectance >60% by implementing a multilayer stack including
TCO, Al and Mo>® with no evidence of non-ohmic contacts on
state-of-the-art CIGS solar cells. Back reflectors with very high
reflectance were also integrated into ultrathin solar cells.””

Finally, the degree of photon recycling can be evaluated by
dedicated experiments. Let us begin with a brief description of
how photon recycling has been assessed in III-V semiconductors
prior to detailing the experiments for CIGS. In III-V technology, it
is feasible to realize different layer structures to modulate the
level of photon recycling. For instance, the effects of photon
recycling can be observed by the use of double heterostructures
with different absorber doping concentrations and thicknesses and
characterization of the carrier lifetime and surface recombination
velocity.*>**> Another possibility is to vary the degree of back
reflection by growing absorbing layers (ie. GaAs) with different
thicknesses at the back of the structure, or comparing structures
with and without an absorbing substrate.”*” As opposed to I1I-V
technology, those possibilities are not straightforward to realize
in state-of-the-art graded CIGS. One possible route is the use of
ungraded absorbers - avoiding any possible influence of the
back grading on the absorber - with both interfaces passivated
with dielectric layers. Al,O; is a good candidate because it
provides good interface passivation (Spacc < 50 cm s~ °%). The
level of photon recycling can be then modulated by modifying
parameters such as the reflection at the back interface and
absorber thickness. Therefore, measuring the minority carrier
properties (i.e. TRPL + absolute PL) in such structures can
provide insight into the impact of photon recycling on CIGS.
Relatively thick layers of the dielectric may be required to ensure
good passivation properties, such that implementation of the
findings into solar cell devices must be carefully devised. The
sequential process can be the following: (1) growth of ungraded
absorbers on glass and molybdenum, (2) deposition of Al,O;
layers on the front surface, (3) delamination from the molybdenum
and (4) deposition of AlL,O; on the back of the structure. The
reflection at the back can be varied to a certain degree by the
deposition of various materials to effectively modulate the photon
recycling probability. Back graded absorbers can be employed to
assess if the compositional gradient negatively affects the bulk
material quality.

CIGS with respect to llI-V solar cells

Several challenges faced by CIGS are already successfully met by
II-V technology; however, the implemented solutions may not
be directly transferable to CIGS. For example, efficient back
reflectors are readily available for III-V absorbers. GaAs solar
cells are grown on a substrate that can be removed to apply a
back reflector. This is typically accomplished by epitaxial lift-off,
followed by evaporation of metals (typically gold) providing both
an average back reflectance higher than 90% and very good
ohmic contacts.®* For CIGS, a comparable approach was never
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deemed attractive from the manufacturing perspective. Instead,
combinations of TCO, metal and/or oxide layers have shown
promising results,®*” suggesting that highly reflective and
ohmic contacts may be implemented in high-performance
devices. Another challenge is the availability of charge selective
contacts. Such contacts can be realized with III-V technology by
growing epitaxial materials with wider bandgaps, appropriate
band offsets and low interfacial recombination velocities (typically
well below 100 cm s~ ' ®%). For CIGS, only a few reports treating
selective contacts and interface recombination (especially front
recombination) are available,""*® as commented on in the
previous sections. Another difference is related to the doping
concentration. A higher doping level increases the quasi-Fermi
level splitting, and thus Vo (see Fig. S3, ESIt), as long as the
carrier lifetimes and L remain unaffected. However, doping is
difficult to control in CIGS as it depends on a combination of
the composition, Cu/III ratio, intrinsic defects, impurities (e.g
Na) and PDT. In III-V, n- and p-type doping can be achieved by
controlled incorporation of dopants (e.g. Si and Zn for high
material quality) in a wide concentration range (typically in the
10" em ™ range) before negatively influencing the carrier lifetime.
Finally, non-radiative lifetimes on the order of microseconds are a
reality in I1I-V.*>*” OQur simulations suggest that the non-radiative
lifetime associated with record CIGS (i.e. Vocder ~ 350 mV) is not
far from III-V, and it is taking advantage of photon recycling. This
is yet to be confirmed experimentally.

Conclusions

We have described the main challenges of CIGS technology
related to absorber layer properties and device architecture for
next generation solar cells. Potential for a 29% power conversion
efficiency is estimated, driven by a boost in V¢ and the fill factor.
We have identified three main requirements for reaching higher
efficiencies: (1) minimization of non-radiative recombination
Tor > Tp (2) increased reflectance at the back contact > 90%
and 3) reduction of band tails. The question is: how can these
requirements be met in practice?

The minimization of non-radiative recombination is crucial
and some pathways are already under scrutiny by the community.
From the material point of view, reduced strain, larger grains,
passivated grain boundaries, a lower density of in-grain defects
and a lower magnitude of potential fluctuations are desired. Treat-
ments with heavy alkalis contribute to addressing many of these
challenges in a remarkable manner. Selenization and sulfurization
processes were successful for decreasing non-radiative recombina-
tion and potential fluctuations. Ag alloying also offers potential to
modify band edges, increase the grain size and reduce the density of
structural defects. We have suggested the growth of absorbers with
composition close to stoichiometry to reduce the anti-site defect
density and bond length variations. In addition, an absent or weaker
compositional back grading should help to relieve the strain in the
absorber and improve the material quality. This in turn requires the
implementation of charge selective contacts, for which different
options are already under study.
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The improvement in the carrier lifetime, external radiative
efficiency and V¢ deficit over the last few years has reached the
point for which alternative device architectures can benefit
from a Vo boost induced by photon recycling. If the non-
radiative lifetime is comparable to or higher than the radiative
one, an efficient back reflector is essential to take advantage of
photon recycling by maximizing re-absorption of photons
emitted by radiative recombination. Multilayer thin-film stacks
have shown promising results towards very high back reflectance.
The implementation of such back reflectors for a Vo increase
only becomes important if the Vo deficit is close to or higher
than 350 mV, a value that is reached in the current record solar
cell. According to our simulations, the CIGS record solar cell
is already taking advantage of photon recycling, even in the
presence of a possible negative impact of the back grading. A
relevant implication is that photon recycling effects must be
taken into account for modeling and characterization of state-of-the-
art CIGS. Moreover, we have also illustrated that realistic sub-
bandgap tails affect the photon reabsorption probability, but still
allow for V¢ and efficiency values significantly higher than state-of-
the-art devices.

From our perspective, this work demonstrates several reasons
to foster different strategies in the fabrication methods and
device architecture for the next efficiency leap in CIGS solar cells.
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