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Abstract

This licentiate thesis gives a summary of electrical characterisation tech-
niques, detailing their use to investigate and understand stability and
meta-stability in thin-film solar cells, with a focus on the chalcopyrite
material system. Experimental data is used to illustrate the information
that can be extracted with these measurements, highlighting the deeper
insights that can be drawn from complementary measurements. For ex-
ample, short-circuit current losses in (Ag,Cu)(In,Ga)Ses after prolonged
storage and annealing are attributed to changes in the net doping, as are
significant open-circuit voltage losses observed after lightsoaking. Char-
acterisation is also shown to suggest that the amount of Ag in the alloy

plays a significant role in its stability, with a similar significance indicated
for Ga.
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1 Introduction

It is well known that the world is in the midst of an environmental crisis and the
window of time left in which to avoid a climate catastrophe is narrowing rapidly
[1]. Perhaps the single most important task for society is to transition from a
fossil-fuel driven energy network, to a predominantly electrified system powered
by renewables. Solar energy is just one of a range of renewable power-generation
solutions, however it is the one with the greatest potential and lowest costs [2, 3].

For the past thirty years thin film solar cells (TFSCs) have consistently held a
market share of around 5 — 10%, with the remaining 90 — 95% dominated by sil-
icon technologies [4]. Despite this, there has been significant interest surround-
ing, and research into, TFSC. This interest is rightly justified by the enhanced
flexibility and reduced resource consumption of the technology. Due to high
absorption coefficients and direct bandgaps, absorber layers in TFSC are in the
order of several micrometres thick, compared to the several hundred microme-
tre thickness of Si absorber layers [5]. The reduced resource consumption of
thinner absorber layers reduces the financial and energetic costs of production,
the latter consideration being highly relevant, especially when it is considered
that the majority of Si modules are manufactured in China, which relies heavily
on coal for electricity production [6]. The reduced thickness and mass of TFSC
allows devices to be produced that are literally and figuratively more flexible
than their Si counterparts, with a wide range of processing methods open to use.
TFSC can easily be used in building facades and incorporated into many every-
day objects and are excellent candidates for use in space due to their low mass,
pairing excellently with the rise in mini-satellites. Of course, typical rooftop and
utility modules are also produced using TFSC, notably CdTe and Cu(In,Ga)Ses
(CIGS). Thin film absorber materials are also commonly highly tunable, such
that semi-transparent or coloured devices can be produced, making them de-
sirable for building integration and incorporation in multi-junction devices. In
addition to their wide range of applications and adapatability, TFSC are also
reaching high power-conversion efficiencies (PCE/n) bringing down electricity
costs and making them a competitive choice (record CIGS cell and module PCE
are 22.6 % and 19.2 % respectively, with 21.0% and 19.5% for CdTe cells and
modules [7, 8]).

Conventional single-junction solar cells have bandgaps designed to deliver a
good efficiency over the entire incoming solar spectrum, however are forced to
compromise, being unable to absorb the lowest energy photons and wasting
much of the energy of the most energetic photons, due to thermalisation losses.
This limits single junction efficiency to ~ 33 % [9]. Multi-junction solar cells ex-
ploit multiple absorber layers with differing bandgaps in order to maximise the
utilisation of incident light. The most researched structure is the tandem (two
junction) cell, with the top cell having a wide bandgap and harvesting the more
energetic photons, whilst the bottom cell has a narrower bandgap and harvests
those photons with less energy, which are transmitted through the layer above.



Depending on the design of the device, optimum bandgaps are 0.8 — 1.2eV for
the bottom cell and 1.4—2.1 ¢V for the top cell, leading to maximum theoretical
efficiencies of ~ 46 % [10].

1.1 Aim of the Thesis

The aim of this thesis is to explore how electrical characterisation can be used
to study the stability and meta-stability of CIGS and silver-containing CIGS
(ACIGS) devices, beginning with a brief summary of the development of CIGS
as an absorber in TFSC, and a discussion of the stability and meta-stability
concerns for the material. This will be followed by sections detailing measure-
ment theory and application. This section aims to explain what data can be
extracted from measurements and how theoretical considerations can be used to
direct them in such a way as to extract more detailed information, and to provide
evidence for background mechanisms. The thesis will then use examples from
my own work on CIGS, ACIGS and kesterite devices to highlight how comple-
mentary measurements can be employed together in order to begin unravelling
complex problems. This section draws on two already published articles (at-
tached at the end of the thesis) and a third work entering the manuscript stage.
The primary motivation for the thesis is to summarise and condense the learn-
ing of the first half of my PhD project, and to indicate what problems I will
investigate and attempt to clarify in the final two years of my research time.

1.2 The Chalcopyrite Material System

A typical CIGS solar cell comprises of a layered stack in the substrate configura-
tion. The stack structure which we commonly work with is ZnO:Al/ZnO/CdS/
CIGS/Mo/Soda-Lime Glass (SLG). The Mo and window structure are deposited
using sputtering, chemical bath deposition is used for the CdS, and the CIGS is
deposited using co-evaporation, as described below. Electrons are collected at
the front of the device, and holes at the rear.

Research into CIS-based solar cells began in the 1970s at Bell Laboratories [11]
and expanded in the 1980s, along two routes - co-evaporation and deposition
reaction from metal precursors. Initially the latter method gave better results,
but in 1995 the important contribution of Na to device performance was discov-
ered, as SLG became the standard glass used for substrates in devices produced
via co-evaporation. A rapid catch-up of co-evaporation-processed device PCE
to levels similar to those for devices produced from metal precursors followed
[12]. Another major breakthrough in device design and performance was the
development of the three-stage process at the National Renewable Energy Lab-
oratory in 1994 [13]. This process employs an initial deposition of In, Ga and
Se, followed by the deposition of Cu in a Se-rich atmosphere, and a final depo-
sition of In, Ga and Se to return the absorber to a Cu-poor state. The a-phase
region of CIGS is very narrow and deviation into the Cu-rich region of the phase



diagram leads to the formation of CuzSe which leads to high shunt conductiv-
ity in the absorber layer, hence the design of a process that ensures Cu-poor
material [14, 15]. Moreover, CusSe tends to segregate to the CIGS/CdS inter-
face, affecting the junction properties and increasing local recombination such
that it becomes a limiting factor in device performance [16, 17]. In contrast,
the ordered-defect compounds found in the Cu-poor regime are relatively be-
nign to device performance. Given the negative effects of Cu-rich material on
device performance, it is worth explaining why the second stage of the process
is included. Several benefits of Cu-rich growth have been observed, with the
primary motivator of the inclusion of the Cu-rich growth stage being the pro-
motion of large grain growth, and thus fewer potentially performance-reducing
grain boundaries in the device [13]. The crystal quality, charge carrier mobil-
ity and diffusion lengths are also greater in Cu-rich material than in Cu-poor,
however efforts to exploit these benefits and produce high quality devices have
thus far failed [18].

The exact role of Na in CIGS is unknown, but there appear to be connections
to doping, reducing compensation from Inc¢, shallow donors [19]; a firm im-
provement of the rear contact (Na enhances the formation of MoSes which is
essential for an Ohmic contact [20]) and also passivation of the grain bound-
aries [21]. These processes are manifested in improvements in the open-circuit
voltage (Voc) and fill factor (F'F'). The inclusion of heavier alkali metals (Rb,
Cs and K) has also led to significant gains in device performance, although
all three alkali treatments are observed to have similar effects on devices. For
devices with SLG substrates, Na diffuses into the absorber during processing.
Alternatively, post-deposition treatments (PDT) utilising fluoride are also used
to introduce alkali metals into CIGS devices, meaning that devices grown on
alternative, perhaps transparent, substrates may also benefit. Precursor layers
including alkalis may also be used, for example a NaF layer. KF PDT was ob-
served to have the additional effect of altering the CdS-CIGS interface chemistry
(it is claimed that Cu depletion occurs, allowing beneficial in-diffusion of Cd),
such that a thinner CdS layer could be employed, reducing parasitic absorption
of incident radiation [22]. It is otherwise observed that the beneficial effects of
K are weaker than those of Na (rear-barrier removal and increase of the hole
concentration). Interestingly, it seems that a KF PDT allows the incorporation
of greater quantities of Na than if no K is present in the system. It is worth
noting that due to inhomogenieties in Na distribution in SLG, a Na-blocking
layer is added in module production, and a uniform NaF layer deposited on top
of the Mo during processing, such that a controlled amount of Na can diffuse
into the CIGS layer [23].

Ga addition increases the bandgap of CIGS, primarily through increasing the
energetic height of the conduction band [24]. Furthermore, the a-phase re-
gion of CIGS is widened through Ga addition, increasing the tolerance to off-
stoichiometry [25]. Ga grading is commonly applied to CIGS absorber layers,
such that the GGI ([Gal / (|Ga] + [In])) increases towards the rear contact and



CIGS/CdS interface (notch profile). Ga grading at the rear of the cell serves to
repel electrons, thus reducing recombination losses at the back contact. Like-
wise, an increase in the conduction band edge at the front interface advanta-
geously increases the energetic separation to the valence band and defect levels
in the mid-gap, reducing recombination. The GGI minimum corresponds to the
bandgap minimum and of course represents a minimum of generation losses and
thus should be located near the front surface. On the other hand, a reduced
bandgap correlates to an increase in recombination, so the width of this notch
should be constrained [26, 27]. In addition to Ga addition, substitution of Se
with S also increases the bandgap, through reduction of the energetic height of
the valence band maximum and an increase in the conduction band minimum
[24]. Such a band alteration makes for a highly favourable interface, such that
S-grading is sometimes used at the front surface of the CIGS layer [28]. There
are, however, difficulties in controlling sulfurisation, using processes that avoid
the highly hazardous HsS gas.

It is desirable to fabricate wide-gap CIGS with bandgaps greater than the more
commonly used 1.2eV. There are a range of motivations for such a wide-gap
absorber layer, namely reduced resistive losses in monolithic series-connected
modules (due to higher voltages, lower currents) and the suitability for use in
tandem devices as top cell. However it has been observed that in CIGS the in-
crease in Voo is not linear with bandgap, as one might expect [29, 30]. Instead
it is seen that as GGI increases above an optimum of ~ 0.3, device performance
deteriorates, with primary reasons being: An increase in both the concentration
and energetic depth of the Gac,, deep defect [31, 32]; an increasingly disad-
vantageous conduction band-offset (CBO) between the CIGS and CdS [33, 34];
Cu-enrichment of grain boundaries, leading to worsening shunts and increased
recombination [35, 36], and tetragonal distortion of the crystal lattice [37].

It is expected that the partial substitution of Cu with Ag could counteract some
of the negative impacts of high GGI in CIGS: Improved CBO can be achieved
through downshifting of both conduction and valence bands with increased silver
content [38]; lower alloy melting temperatures lead to reduced formation of deep
defects [39, 40], and an increase in grain size is also observed (reducing the
impact of malign grain boundaries), enabling the use of transparent or flexible
substrates with high quality absorber material [41, 42]. Indeed there have been
many reports of high quality CIGS devices utilising Ag-substitution, for both
narrow- and wide-gap absorbers, and on a range of substrates [43, 44, 45, 46].

1.3 Stability and Meta-Stability in Cu(In,Ga)Se,

When discussing stability, we must first differentiate between long-term stabil-
ity and meta-stability. The first case has implications for the implementation
and commercialisation of a photovoltaic material, relating to how prolonged ex-
posure to voltage bias, illumination, atmospheric conditions and heat cycling
effect performance, primarily the device efficiency. Meta-stability involves semi-



persistent states that can be induced through some perturbation of the system,
shifting it into a local (but not global) energy minimum for example after light
exposure, annealing or the application of a bias. Causes of long-term stabil-
ity phenomena can be the directional migration of mobile species across the
bulk, or oxidation/reaction with other atmospheric elements. Meta-stabilities
can arise due to ion migration, but also due to modulation of carrier or defect
concentration through the activation of some mechanism.

Concerns for long term stability of CIGS originate primarily from the high mo-
bility of Cu and Na ions in the material [47, 48]. However the high mobility of
Cu may also prove to be beneficial in this regard, as relaxation after stress is
enhanced [48]. Ion migration is, of course, particularly enhanced by the appli-
cation of bias. Indeed, Fjallstrom et al. saw that potential-induced degradation
has a clear link to Na content. This degradation was, however, observed to be
mostly reversible with considerable recovery after a six month storage period
[47]. Furthermore, it has been observed through prolonged damp heat and il-
lumination treatments, that Na migration and accumulation can lead to shunt
and series resistance problems, with similar issues resulting from water ingress
into the ZnO structure layer [49]. Interestingly, heat-light soaking (HLS) treat-
ments seem to lead to considerable recovery of long term stability losses suffered
by K-containing devices (Vo and FF) [50]. In my own work, it has also been
observed that CIGS will recover considerably from damaging proton irradiation
after prolonged dark storage [51]. In general, CIGS can be considered to have
good long-term stability, though complications may arise for alkali-containing
devices [48, 49].

CIGS has been observed to exhibit several meta-stabilities, namely an increase
in Voo due to persistent photo-doping induced by lightsoaking (LS). Dark an-
nealing (often performed at 85 °C) accelerates the relaxation of this effect [52].
In addition to the response to white LS effects, meta-stable responses to blue-
and red-LS have been observed, indicating responses at the CdS-CIGS interface
and in the CIGS bulk, respectively [53]. Blue-LS increases the device FF and
decreases the junction capacitance, whilst red-LS leads to an increase in the
net acceptor concentration in the quasi-neutral region (QNR), but also dark-
light crossover and current-voltage curve ’kinking’ indicating the presence of a
transport barrier. It is quite likely that the white-LS effects are quite simply a
combination of those for blue- and red-LS. HLS has also been shown to have sig-
nificant impacts on CIGS device performance, however there are reports of both
positive effects (Voo and F'F improvements) and negative effects (decreases in
PCE and increases in recombination centre density). Tangara, et al. recently
reported that net charge carrier density increases after HLS, but so too does
interface recombination. The study also indicated that the effects of HLS de-
pend on the choice of buffer layer and presence of alklai species in the device
[54]. Exposure to forward bias has been seen to have similar effects to red-LS,
whilst reverse bias increases the junction capacitance, but may also lead to a
reduction in net carrier concentration in the QNR [55].



When investigating meta-stability, it is important to attempt to define a sta-
ble basecline state, i.e. the relaxed state of the material. For CIGS this can be
achieved through dark storage, though typically a short dark anneal at relatively
low temperatures (85 °C is used to ensure relaxation, as even the most persistent
of effects should be reversed with the addition of this thermal energy) [56]. It
has been observed that in CIGS the relaxation time of bias- and light-induced
meta-stabilities is proportional to the length of time the treatment was applied
[57]. To effectively probe meta-stable induced states, it is advisable to perform
measurements at low temperature (7' < 150 K) to ’frecze-in’ metastabilties and
retard relaxation.

Defect driven mechanisms are the most prominent for explaining meta-stabilities
in CIGS. Defects distort the perfect periodicity of the crystal lattice and lead
to potential fluctuations which affect carrier transport dynamics. Additionally,
the energetic depth of defects will change how they influence charge carrier con-
centrations in the material: ’Shallow’ defects with energies close to the band
edges (< 100meV) act as dopants, providing additional free carriers (holes for
near-VBM defects, electrons for near-CBM defects) above their ionisation tem-
peratures (typically ionisation is complete above 200 K). 'Deep’ defects have
energies in the mid-gap, far from the band edges and act as carrier traps and
recombination centres. Examples of shallow defects in CIGS are V¢, which
acts as the primary p-dopant, and the donor Ine, which acts to compensate
the majority p-doping [58]. The most prominent deep defect is the donor-defect
Gacy, which can become highly problematic for devices with high Ga content
(GGI > 0.3) [31]. Of those defects which act as charge carrier traps, there are
some which may capture more than one carrier at a time, despite the enhanced
Coulomb repulsion. Such a defect is known as a ’'negative-U’ centre, owing
to the negative potential and energetic favourability of a second capture event
[59]. Most carrier-trapping defects are ’'positive-U’, and capture a single car-
rier. Negative-U defects show strong lattice relaxation effects upon capture and
emission of carriers, as restructuring is critical to the energetic favourability of
multiple carrier occupancy. This restructuring can lead to significant barriers to
charge state transitions. Typically the emission of one carrier from a negative-U
defect is immediately followed by the emission of the second, resulting in large
step-wise changes in properties when probing a material with non-negligible
concentrations of such defects. An example of a possible negative-U defect in
CIGS is the divacancy complex (Vge - V) [60].
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Figure 1: Schematic of the defect energies (a and b) of the (Vge - V) divacancy
complex in the acceptor (-) and donor (+) configurations, with relation to the
CIGS band edges and Fermi level. In the donor configuration, both defects lie
near the conduction band edge, acting as dopants, in the acceptor configuration
one defect lies near the valence band edge (a), acting as a dopant. The second
defect (b) in the acceptor configuration is in the mid-gap and acts as a deep
defect, potentially limiting Voe, as depicted. Taken from [61] Copyright ©
2008, IEEE

The (Vse - Vo) divacancy complex is also a primary contender to be the source
of many of the meta-stabilities observed in CIGS, following a theory developed
by Lany and Zunger [55]. This model suggests that the (Vse - V) complex
may occupy either an acceptor- or donor-type configuration, dependent on the
position of the local Fermi-level (er). The acceptor configuration consists of a
paired shallow and deep acceptor level, the latter a single shallow donor level.
Transitions between the acceptor and donor configurations are possible, and it is
these transitions that lead to the persistent photo-conductivity and responses to
blue- and red-LS, i.e. under white light bias, donor defects capture electrons and
convert to the acceptor configuration after subsequent In-In bond contraction,
increasing the net p-doping. More demanding conditions for acceptor-to-donor
configuration transitions (greater energy barrier and the capture of two holes,
as opposed to a single electron) suppresses relaxation to the initial configuration
distribution, leading to a meta-stable state [55]. There are many experimental
papers investigating meta-stability that yield results consistent with the Lany-
Zunger model for CIGS [57, 60, 62, 63] and ACIGS [29, 64, 65]. An experimental
indicator that such a defect reconfiguration, rather than a typical, positive-U
deep defect capture/emission process is occurring, is that the relaxation rates
after a negative or positive bias pulse are very similar. Typically for a deep
defect, it is seen that capture rates far exceed emission [57].



Another type of defect involved in lattice restructuring is a DX centre. A DX
centre is a strongly localised electronic state within the bandgap. When carriers
are captured, it may become energetically favourable for the occupied defect to
relax from the lattice site it occupies. Upon relaxation, the emission probability
of the captured carriers shrinks, thus trapping them. It has been suggested that
ionised In/Gacy, defects in CIGS may act as such DX centres, relaxing from
the lattice and forming a complex of 2V ,-In/GaZ™ [66]. High densitics of DX
centres can lead to ep-pinning and, therefore, limit the Vpo. For example, the
2Vey-In/ Gab?"r complex is initially self-compensating and charge-neutral. How-
ever as €p rises during perturbation, electrons may become trapped and lattice
relaxation occur, leading to net negative complex formation, pinning ex. Meta-
stablilities in doping and deep level capacitance response could be observed as
a result of DX centres in a device. In the absence of free holes that might re-
combine with electrons trapped in the DX centres, carrier emission and return
to the lattice would be a slow process due to the need to overcome the activa-
tion barrier. Thus at low temperatures, a persistent response to perturbation
that can rapidly be dispelled through the application of reverse bias or blue-LS
should be observed [66, 67].

Investigations into ACIGS with low Ag content and moderate Ga (AAC <
0.25, GGI < 0.40) have indicated stability results similar to that of Ag-free
CIGS, both with regards to long-term stability, and heat- and light-induced
meta-stabilities. In my previous and current works, the stability of high-Ga,
high-Ag ACIGS was investigated (0.45 < AAC < 0.65, 0.71 < GGI < 0.77),
considering both the long term and meta-stable aspects, through combination
of dark storage, dark annealing and LS treatments [68]. The first of these stud-
ies, investigated the effect of I/III stoichiometry on the stability of devices with
AAC = 0.60 and GGI = 0.75, revealing a complex relationship between stoi-
chiometry, doping and meta-stable phenomena in the devices, as well as serious
potential concerns for long-term stability. It was observed that prolonged dark
storage and annealing lead to an increase in net doping, whilst a short anncal
and white LS led to the reverse. Low diffusion lengths in the material lead
to depletion-dependent charge carrier collection, and subsequent large current
gains(losses) for doping decreases(increases). Ongoing investigations indicate
that the stability improves for a reduced Ag content (AAC < 0.50) and that Ga
also plays a significant role in the (meta)-stability of ACIGS, with significantly
different trends and treatment responses for the two ACIGS sample sets and a
third set of Ga-free ACIS samples.
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2 Current-Voltage and External Quantum Effi-
ciency Measurements

Individual current density-voltage (JV) and external quantum efficiency (EQE)
measurements can yield a wealth of information on solar cell performance, but
they are also complementary techniques, coming together to provide a much
richer understanding of cell behaviours. The two measurements will be described
individually below and examples of their use together will be presented in the
research highlights section.

2.1 Current-Voltage Measurements
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Figure 2: Dark and light JV curves indicating how estimates of key parameters
can be casily extracted. Voo and Jseo may simply be read from the axes; the
resistances are the inverse gradients at the respective locations, and F'F' is the
ratio between the actual maximum power, and that which could be achieved if
Voc and Jge could operate simultaneously.

JV measurements are one of, if not the most, common techniques of solar cell
analysis and can provide important information on the solar cell performance
at a glance. Moreover, with variation of temperature, or application of light
bias and/or voltage bias, an even richer cache of data is open to explore. To
understand what parameters we may extract from JV measurements, we must
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first introduce the basic equations governing current flow through a (photo)-
diode:

J=Jy [qu—JRs)/nkBT 1|+ V-—JRs (—J1) (1)
Rsu
Where n is the diode ideality factor; Rg is the series resistance (defines the
slope at switch-on); Rgp is the shunt resistance (defines the slope around zero
bias); Ji, is the photo-current density (often assumed to equal the short-circuit
current density Jsc), and Jy is the reverse dark current density, given by:

JO — Jooe—EA/nkBT (2)

Where Jyg is a temperature-independent factor, F 4 the dominant recombination
activation energy, k the Boltzmann constant, and T the temperature. Although
there are arguments supporting the use of a two-diode model, for example if
there is ’kinking’ or rollover in the JV curve, indicating a charge transport bar-
rier, it is typical to use the one-diode equations presented above. Data analysis
and parameter extraction typically follows the procedure described by Hegedus
et al., which allows for the removal of parasitic resistance contributions and aids
in checking whether or not the device under test is *well-behaved’ and thus well
approximated by the one-diode model assumptions [69]. Parameters can also
be quickly estimated by inspection, as shown in fig.2, although series-correction
is not included and there can be ambiguity in plotting fit lines to extract resis-
tances.

For low shunt conductance (Gsg << Jsc/Voc) the Voo can be defined as:

EA nk:BT (J(](])
In|— 3
. 7L ®3)

Thus, it can be seen how a plot of Vo against temperature can yield the activa-
tion energy of the dominant recombination mechanism in the device, Jyo and n.
Linear fitting and extraction is performed in the region where it is assumed that
n is independent of temperature. If F4 < Eg there is a strong indication that
interface recombination is the dominant recombination process. Otherwise, it is
assumed that the majority of recombination occurs in the QNR or space-charge
region.

Voltage Dependent Collection:
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Figure 3: A comparison of the light- and dark-JV curves for an ACIGS sample.
This sample is clearly exhibiting voltage-dependent collection, as seen by the
differing dark- and light-shunt slopes. Note: The legend 0.XX/0.YY/0.ZZ
denotes the composition - (I/III)/GGI/AAC

The simple assumption that the photo-current is constant and equal to Jg¢ is
rarely correct, however it is often not a huge source of error. In some devices,
however, voltage-dependent collection (e (V)) plays a significant role. The
most common example of a device with non-negligible ne (V) is one with an
extremely low diffusion length, such that carrier collection is near-zero outside
of the depletion region. The easiest way to evaluate the magnitude of voltage-
dependent collection is to observe the apparent shunt slope of the device under
illumination. Ideally the illuminated and dark shunt slope should be equal, but
an increase in apparent shunting under illumination is due to ¢ (V). In some
cases, a device with no clear slope in the dark may appear significantly shunted
under illumination, indicating that there are considerable collection problems
in the device (fig.3). It is assumed that the measured photo-current of a device
is given by:

Jo (V) =mnc (V)= Jro (4)

Where Jrg is the maximum photo-current that would be achieved, assuming
perfect collection. There are multiple models defining ne (V), each with a dif-
ferent set of assumptions [70]. In the case of perfect collection in the depletion
region and for all carriers generated within one diffusion length, ne (V') is given
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by:
ne (V) =1—e OV (o (\)L+1)" (5)

Where a ()) is the absorption coefficient of the absorber layer, W (V'), the de-
pletion width, and L the minority carrier diffusion length.

2.2 External Quantum Efficiency Measurements

In the very simplest of terms, EQE is the ratio of electrons extracted from a
device to photons incident upon it. The resulting efficiency is a combination of
absorption and collection properties. In some cases, e.g. for incoming photons
with energies below the bandgap, it is clear to separate these contributions
(zero absorption in this case), however it is not always trivial to do so. Through
integrating the measured EQE with the AM1.5 spectrum, the Jgo of a device
can be calculated:

Jso = q /0 T EQE () ¢ (V) dA (6)

Where ¢ is the electron charge and ¢ the photon flux. Through analysis of
the long-wavelength cutoff (absorption edge) the bandgap can be extracted.
A connection to absorption depth can be made through consideration of the
wavelength (energy) dependence of the signal, enabling a qualitative analysis of
losses within the device.

Energy (eV)

()

[~ (2)
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Quantum Efficiency
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Figure 4: Diagram indicating from which portions of an EQE curve inferences
on losses can be made. (1) indicates grid losses; (2) reflection; (3) TCO absorp-
tion; (4) buffer absorption; (5) incomplete absorption; (6) incomplete collection.
Taken from [69] Copyright 2004 John Wiley & Sons, Ltd.
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Loss analysis of EQE spectra (fig.4) gives information primarily on optical losses:
parasitic absorption in the TCO, both at low wavelengths due to band-to-band
transitions, and at long wavelengths due to free carrier absorption; parasitic
absorption in the CdS buffer layer, due to band-to-band transitions; reflection
from the top surface and interface scattering (combined due to complexity);
incomplete absorption near the band edge. Incomplete collection due to re-
combination in the device can also be observed in EQE spectra. Typically this
manifests as an early decline from peak plateau to the band edge, indicating
bulk recombination as the dominant factor, however a wavelength independent
reduction in EQE can be indicative of interface recombination. By applying
a negative bias to the cell during EQE measurements, bulk recombination ef-
fects can be largely removed, through expanding the depletion region (with the
assumption that there is near perfect collection in the depletion region). Con-
versely, the application of a forward bias allows an evaluation of how depletion
dependent the charge carrier collection is in the cell (fig.5). An effective tech-
nique is to compare the ratios of EQE with and without bias, as a function of
wavelength. For a flat signal, i.e. limited bias influence, the loss mechanisms
effecting carrier collection are wavelength independent, e.g. interface recombi-
nation, additional transport barriers or series resistance. Such measurements
can be combined with n¢ (V) considerations discussed in section 2.1.

1.0 T T T T T 1.0
2.0V 5.0V
——-1.5V 4.5V
08¢ —-1.0V 0.8r -4.0V
—-0.5V —-3.5V
—-0.3V —-3.0V
i 0.6 —0.0V o 06 —-2.5V
+0.2V —-2.0V
8 \ +0.4V 8 —-1.5V
0.4 N\ ——+06v 04r —-10v
—-0.5V
)/ \ —0.0V
021" /' Close-Stoichiometric ACIGS | 1 Ui ]
o CGSe, Ag Precursor
00 L L L L L - 00 L 1 L L L
300 400 500 600 700 800 900 1000 300 400 500 600 700 800 900 1000
Wavelength [nm] Wavelength [nm]

Figure 5: Voltage biased EQE measurements for a fully-depleted ACIGS device
(a) and a highly doped CGSe device with Ag precursor layers (b). For the fully
depleted device, reverse bias brings minimal gains, but for the highly doped
device, a strong improvement is observed.

It is important to note that in some cases carrier collection may have a wave-
length or intensity dependence, leading to the case where Jsc ,ror # Jsc,iv
[69]. The implementation of light bias during EQE measurements can assist in
detecting such properties. If such concerns are present, a good procedure would
be to perform EQE measurements once without bias and once with white light
bias. If significant discrepancies are observed, further measurements with blue-
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and red light bias can reveal more information. This procedure is also beneficial
to probe trapping and photoconductivity in the device being tested. These ef-
fects can lead to changes in the space-charge region, leading to depletion width
variations, which in turn affect charge carrier collection, depending on the mi-
nority carrier diffusion length. Such meta-stabilities would also be observed
under red- or blue LS during JV measurements, as discussed in subsection 1.3.

3 Capacitance-Based Measurements

As described in sections 1.2 and 1.3, defects play an important role in the per-
formance and stability of CIGS devices, providing p-type conductivity and also
causing meta-stabilities and recombination. In order to gain deeper understand-
ing of device performance and efficiency losses, it is desirable that the doping
characteristics (depth profiles, concentrations, charge type) of absorber layers
can be investigated. Capacitance-based techniques provide an intuitive way to
gain insight, though data interpretation can be far from trivial, leading to a
range of techniques developed to separate real phenomena from measurement
artifacts and noise.

The most basic capacitance techniques are capacitance-voltage profiling (CV)
and capacitance-frequency profiling (admittance measurements), which will be
discussed in detail below. Both techniques make use of several common assump-
tions, namely that the junction is one-sided due to highly asymmetric doping
levels in the p- and n-layers (n™p in the case of the CdS-CIGS junction) and
that the depletion region can be modelled as a parallel plate capacitor.

Typically, the slope of the "Mott-Schottky’ plot of C~2 (V) is used to extract
the net shallow doping in a device, whilst steps in admittance spectra are used
to identify deeper defects. Due to the layered stack nature of TFSC, several
assumptions must be made (primarily leading to the conclusion that only the
absorber layer contributes to measurements), but there is still some uncertainty
in the quality and interpretation of the data. Identifying trends, rather than
exact values, should be the goal of such measurements. Interdiffusion across
interfaces can lead to compositionally graded transition regions (which could,
for example, effect the validity of the abrupt single sided junction approxima-
tion). Other electronic effects may cause steps in admittance spectra, such as
transport phenomena, interface barriers or layer structure effects. Moreover, a
given step may have multiple causes that cannot be individually resolved. It
has been suggested that to distinguish between defect origins and interface or
transport steps, PL can be used in concert with admittance measurements, in
addition to applying forward and reverse bias during the latter. To develop
a full understanding, a more comprehensive investigation using temperature-
and voltage-dependent capacitance and JV measurements would be required, in
addition to Hall measurements [71].
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3.1 Capacitance-Voltage Measurements

(a) A

Electron energy

Space charge, p

v

(c)

dp/dt

XT x> W 6epth

Figure 6: An energy band diagram (a) including a trap level Er which changes
occupancy upon crossing ep, leading to a change in the space charge (b) at the
crossing point (demarcation length). An applied bias will modulate the space
charge at both the demarcation length and depletion edge (c). Taken from [72]
Copyright (©) 2011 Wiley-VCH Verlag GmbH & Co. KGaA

CV profiling is performed through the application of a small oscillating voltage
o0V with frequency fcoy, in tandem with an applied bias Vpe. 0V perturbs the
occupancy of defect states close to the depletion edge, giving rise to a change

in charge 0Q), in turn leading to a capacitance C' = —. Trap state occupancy

may also be perturbed away from the depletion edge, due to potentia-induced
fluctutation in ep (fig.6). Through the measurement of changes to a signal
current, C' can be deduced. Vpe applied in the reverse (forward) direction
acts to expand (contract) the depletion region, through application of a parallel
(anti-parallel) electric field. In this way, a depth profile can be extracted for
the net doping and capacitance response, as Vpe is varied. The capacitance is
defined as:

qeo€r Nnet
(1)

C=A|—-——"—"—
2 (Vo — Vo)
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Where V;,; is the built-in potential, which in theory can be extracted from the
Mott-Schottky V-axis intercept, but in reality is highly ambiguous to extract.
Npet is the net dopant density (acceptors in the case of CIGS). Rearranging to

find N, returns:
o fd[c?)\
Nyt =
vet qeoerAQ dVDC (8)

With a corresponding depletion width:

2¢0€, (Vi — Vpe — 2kpTq !
W= €€ ( b DC BLq ) 9)
qNp

Where the factor 2kgTq~" is due to the majority charge carrier contribution to
charge distribution that is frequently neglected [73]. Np is the net doping of the
lightly-doped side of the junction, it is assumed that N,.; ~ Ng. However both
this assumption, and the relation given for W only hold when Vpeo < Vi;. The
Debye length Lp defines the smearing of the depletion edge and thus defines
the accuracy of W and the validity of our assumption that the response location
probed by 6V upon application of Vp¢ is equal to W [74]. Lp is given by:

€0€,~kBT
Lp =] 22— 1
b= (10)

For values of €, and N¢y commonly observed in our measurements on ACIGS,
ie e =10, 10% < Ng < 10'"cm ™3, we return 12 < Lp < 120nm but typi-
cally consider 300 < W < 2000 nm, so can expect that the assumptions hold in
our case (ACIGS has rather low doping, which ensures the validity of the single
sided junction assumption).

There are several important considerations when choosing measurement pa-
rameters for a CV measurement. Perhaps the most important is the sweep
frequency, as this determines which trap states may respond to V. Trap states
have capture and emission times dependent on their energetic depth and the
system temperature. If the measurement frequency exceeds the trap response
frequency (27 foy > wr) then the perturbation of the depletion edge is too rapid
for the trap to respond, carrier capture/emission are not induced and the trap
charge state is unchanged, meaning it does not contribute to C'. Fig.7 illustrates
this clearly, showing a clear decrease in Noy as foy increases, indicating that
an increasing fraction of trap states are unable to respond within the pertur-
bation period. For foy of 1 MHz, the device is almost fully depleted. In order
to identify an appropriate foy, an admittance measurement can be performed.
fov should not be in proximity to a capacitance step observed in admittance
and should coincide with phase angles (¢) approaching 90°. Measurements con-
ducted with ¢ < 20° have been seen to be unreliable [75]. High frequency
measurements (f > 1 MHz) can lead to inductive circuits and unreliable data,

18



e.g. negative capacitance values. For CIGS, foy ~ 50kHz is considered rea-
sonable [75]. In my measurements on ACIGS, I typically use f = 60kHz as the
90° condition is met for frequencies centring on f = 60kHz and no nearby step
in admittance is observed.
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Figure 7: A comparison of the N¢y profile for the same ACIGS sample for a
range of foy spanning from 500 Hz to 1 MHz and a voltage range —0.5 < Vpeo <
0.7V. As expected, increased fcoy leads to a reduced apparent Ney and the
typical CIGS "u’ profile is observed, with an additional tail. It can also be seen
that the profiles converge for high forward bias. Reworked from Paper Two.

A second important sweep parameter is the sweep speed and the duration for
which each bias is applied. Even if states cannot respond to dV (77 < 27 fev)
they can still contribute to the measured capacitance due to their existing charge
state, which affects the band-bending. Thus there is a deep state contribution
to CV measurements, so long as the trap energy Er has time to equilibrate with
the quasi-ex modulation and Vpe [71]. For long sweep durations (t >> 7r) the
defect charges equilibrate with Vpe and produce an electrostatic contribution
to the capacitance. To account for this, measurements can be performed after
holding the device under bias for several minutes, to achieve a determined base
state. Switching from the defined bias to the desired Vp¢ gives an instant capac-
itance step (no deep defect contribution), followed by a relaxation to the steady
state, including deep trap contributions. This is the basis of deep-level transient
spectroscopy (DLTS). Alternatively, the sweep can be performed very quickly

19



(t < 7r) such that the deep state charge does not change over the duration
of the measurement. Through the comparison of measurements excluding the
deep electrostatic contribution and those performed without taking additional
measures, an understanding of the deep state density can be gained. Fast CV
gives the physical net doping (traps don’t change state) and bias-defined flat
band state achieved by forward bias should ensure that all traps are full/empty
(depends on species). If the deep states are in equilibrium with Vp¢, the mea-
surement gives Noy = Ny + Ny if (w < wr) or Ny < Noy < Na + Np if
(w > wr) [76]. For significant Ny CV measurements will neither yield a clear
indication of N4, N, nor their uniformity if the preventative measures detailed
above are not taken. The deep trap response has also been linked to strong
hysteresis in CV measurements, which can be reduced either by utilising the
fast CV method, or by performing measurements at low temperature (increas-
ing wr) [77]. Low temperature measurements also serve to limit the effects of
high bias, such that the first measurements in a CV sweep do not effect the
subsequent measurements [78].

The third parameter for consideration is the applied voltage Vpe. It is impor-
tant that Vpo < Voo in order to avoid excessive current flow [79]. Moreover,
for long measurement durations, holding the device at high bias can damage or
destroy the sample. Furthermore, it has been seen that the shape of the high
forward bias regime of Ny profiles is seemingly universal between samples of
different material and quality, indicating a measurement effect, as opposed to
a capacitance signal originating from the doping. This phenomenon can be
observed in fig.7 and is suspected to relate to injection capacitance, see the
comment of Ravishankar, et al. [80]. The perturbation voltage 6V should also
be small (6V << Vpe, ~ 15mV) in order to only modulate the very edge of the
depletion region and reduce the overlap between adjacent measurement points.

3.2 Admittance Measurements

In a similar fashion to CV measurements, a small oscillating voltage (§V) is
applied to the sample in admittance measurements. There is typically no bias
voltage Vpc, instead the sweep frequency f is varied such that trap state con-
tributions are gradually excluded from the measured capacitance, as 27 f > wp.
The complex admittance, the inverse of complex impedance, is defined as:

1
Y(w)= =G (w) +iwC (w 11
W)=~ @ (@) (w) (11)
Such that the real component of the signal gives the conductance and the imag-
inary component gives the capacitance. A more complete model accounting for
inductance can be written as:

. -1
Z(w) = —— = Rt iwr + -9

V(@) o+ (C)) (12)
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Admittance measurements become very powerful when performed within a cryo-
stat such that the temperature-dependent admittance spectra can be analysed.
Trap energies can be extracted from such a measurement through analysis of
capacitance steps and their dependence on temperature and f. Capacitance
steps are observed due to large densities of charge contributors being excluded
from measurements, e.g. crossing the temperature threshold for dopant ionisa-
tion or the passing of wr for a significant defect band. To observe defect steps
in the depletion capacitance, Ep must cross ep and wr must be within the
measurement range [71]. States with the same Er may have different wy due
to differences in capture/emission cross sections. At low temperatures and high
f, the capacitance is reduced to the geometric value Cyeo = €,¢9A/W (freeze-
out). Capacitance steps can also be produced through resistance contributions
(as f approaches the MHz range) and other measurement artifacts. Typically
a single step will dominate within a given range of frequency and temperature,
though this may be composed of multiple smaller steps, smeared together (this
is suspected for the so-called 'N1’ signal which is commonly observed in CIGS
devices, even those produced with different processing methods and with vary-
ing quality [71, 81, 82]). In order to effectively interpret and understand the
results of admittance measurements, it can be useful to apply a light or volt-
age bias. Above all else, it is important to have a concrete understanding of
the assumptions built into the measurement technique and the equivalent circuit
theory which is often used to relate the measured signals to the devices we study.
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Figure 8: Equivalent cirucuits (a-d) with corresponding Nyquist plots (e-h).
The circuits represent a single junction (a,e); a junction with non-negligible
series resistance contributions (b,f); a junction with transport barrier (c,g) and
a junction with a transport barrier and series resistance contributor (d,h).

The most basic equivalent circuit is the Cp — Rp circuit consisting simply of a
resistor and capacitor connected in parallel, representing the junction (fig.8.a).
A common addition is a resistor in series (fig.8.b). A charge transport bar-
rier, for example a second diode at the rear interface, can be modelled as an
additional parallel connected resistor and capacitor, in series to the junction
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component (fig.8.c). Constant phase elements (CPE) are somewhat artificial
elements added to the equivalent circuit, replacing the junction capacitor and
can represent many physical sources, for example spatial inhomogeneity (per-
haps from grain boundaries) [83]. A CPE may be relevant to the equivalent
circuit when the Nyquist plot has the shape of a circular arc, but not a true
semi-circle centred on the Re[Z] axis. An inductor may also be added to the cir-
cuit, accounting for measurement setup contributions (for example if using long
wires), but also for high-frequency effects and physical phenomena. Sakakura,
et al. suggested that an inductive loop in the Nyquist plot is due to inverse
fields induced at the interface due to donors [84]. An effective way to evaluate
how appropriate the equivalent circuit is, is to produce a ’Nyquist’ plot, i.e.
the real and imaginary components of the complex impedance. For a simple
circuit consisting of just the junction component, the plot should be a perfect
semi-circle (fig.8.e). Displacement along the Re[Z] axis represents a series re-
sistance contribution (fig.8.f). Additional semi-circles, or bumps can be due
to additional barrier components (fig.8.g). A ’real’ example of a Nyquist plot
taken from an ACIGS sample is shown in fig.9 and indicates the inclusion of
both a CPE, inductor and perhaps also a barrier element. As each component of
the equivalent circuit has a physical origin within the device and a contribution
to the impedance signal (due to the connection in series), the combination of
measurement and equivalent circuit theory is powerful for the disentanglement
of layer effects. However one must be cautious and refrain from relying too
heavily upon such interpretations. Experience has shown that the Nyquist plot
is extremely sensitive to contact quality, with even minor adjustments to the
setup leading to significant shape changes and features. It is wise to compare
the shape of the Nyquist plot to features observed in JV curves, as significant
barrier or resistance contributions should be visible there too.
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Figure 9: A Nyquist plot of an ACIGS sample before and after lightsoaking.
Analysis of the shape suggests an equivalent circuit including a CPE, inductor
and barrier element. This indicates that there are significant non-uniformities
in the film and perhaps a defect rich interface.

In addition to considering the capacitance-frequency (C(f)) profile, one can
consider the conductance-frequency (G(f)) profile (see fig.10). In this case, we
do not see steps, but rather peaks. Peaks in G(f) profiles are easier to discern
than C(f) steps, however they may overlap to an extent not seen in steps. In-
creased temperatures lead to G (f) peaks shifting to higher f. Plotting the peak
[ against temperature by In (wT~?) as a function of 1/T, should yicld a lincar
plot allowing extraction of Ex [85].
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Figure 10: A comparison of the capacitance- and conductance frequency re-
sponse measured at room temperature for the same ACIGS sample, before and
after lightsoaking (a and b respectively). Note how the peak in conductance is
easier to distinguish than the capacitance step. Reworked from Paper Two.

Considering the equivalent circuit comprising of standard Cp,; - Rp, s elements
for the barrier and junction (as in fig.8.c), we yield the frequency response:

1 Gg+Gy

ft(T):%CB-FCJ

~ xGp (T) (13)
Where x is a constant. The simplification can be made due to the much higher
conductivity of the barrier, in comparison to the junction. In the case where
there is minimal, or no, barrier and capacitance steps are primarily caused by
a defect the frequency response changes:

1

ft (T) = _VTthmUn,pe_EA/kBT ~ XTQe_EA/kBT

2m (14)

Where Vrp, is the thermal velocity, N, the density of conduction/valence
band states, and o, , the capture cross-section of electrons/holes. Thus can
temperature-dependent admittance spectroscopy assist in separating step causes.

By applying forward and reverse bias (Vpe) to the sample during admittance
measurements, more insight can be gained into the origin of capacitance steps.
If defect states are the origin of a step, then a response to bias should be ex-
pected due to shifting of the bands and ep relative to the trap level. If bias
has no impact on the step, then it is indicative that the origin is a transport
barrier within the device. For majority carrier traps, the quasi-er which must
be crossed is similar to the equilibrium level (ep, ~ €r). However, for minority
carrier traps there is an additional shift Ay which has a voltage dependence, i.e.
so too does the demarcation depth. Thus, the capacitance step height deriving
from a majority carrier trap should be bias-independent (though disappearing
in the flat band condition), whilst the height of a step derived from a minority
trap should be bias-dependent [71]. An additional advantage of applying Vpe
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during admittance measurements is, as in CV measurements, the ability to vary
the probing depth of the measurement, through modulation of the band-bending
and, consequently, the demarcation length and response regime of wr. [79].

4 Research Highlights

4.1 Experimental Details

Prior to discussing examples of experimental work, it is important to quickly
outline some key details, namely the equipment used and the typical sample lay-
out. JV and EQE measurements were performed using home-built setups, the
former uses an ELH lamp for illumination and a water-cooled peltier element to
keep the cell temperatures at 25 °C. Simple mechanical contact is made between
probes and sample contacts in JV and EQE measurements. CV and admittance
measurements were performed with an Agilent 4284A Precision LCR Meter and
Keithley 2401 Source Meter. The material permittivity of ACIGS was taken to
be 10, and this value was used for ACIS samples too. A material permittivity
of 13 was used for CIGS and CIS. During CV and admittance measurements,
contact is made by soldering contact wires to the rear contact and by making
mechanical contact between the top contact and a probe. Four-point measure-
ment is used at all times.

Each ACIGS processing run involved four samples, placed such that there is
a lateral I/III stoichiometry grading, due to the arrangement of the elemental
sources. The I/III variation across the run is approximately 10 %, with much
smaller variations in GGI and AAC (~ 3% for each). In contrast, the ACIS
samples were measured to have a very narrow spread in I/III (no variation when
rounded to two significant figures). CIGS and CIS samples were measured to
have a variation of ~ 5 % in I/III within sample sets. For all samples, we aim to
produce an absorber layer of 2 um though there is some variation in the range
of £0.2 um. Samples are typically cut into two pieces, with one undergoing
scribing to isolate cells, and the other remaining as a reference piece, available
for future measurements or comparisons. Scribed samples contain twenty-cight
cells in four rows of seven, each with an area of 0.05cm?. Normally only fourteen
cells are measured per sample, with the remainder serving as back-ups (which
proved to be useful after repeated measurements led to contact damage on other
cells). No metal grid is deposited on the front surface, instead the measurement
probe makes direct contact with the TCO. The rear contact is made by scratch-
ing away the surface to the Mo, and soldering a layer of indiumon top. There
is no anti-reflective coating applied.
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4.2 Paper One - Long Term Stability of CIGS and Kesterites
After Irradiation

My first work utilising the measurments discussed in this thesis was an inves-
tigation into the long term stability and recovery of kesterite (Cus(Zn,Sn)Seq,
Cug(Zn,Sn)(S,Se)4) and CIGS thin-film solar cells three years after irradiation
with protons [51]. It is widely reported that kesterites and CIGS devices have
a much higher resilience to irradiation than, for example, silicon solar cells [86],
and there is also significant evidence of device recovery from damage incurred by
irradiation [87]. The irradiation damage primarily manifests itself in Vo losses
due to the introduction of defects into the material which act as recombination
centres and perhaps also compensate the majority doping. The self-recovery
from this damage is tentatively attributed to the mobility of Cu ions in the
material, and is observed to accelerate with mild annealing. JV and EQE mea-
surements were used to evaluate the continued recovery of the devices, whilst
CV measurements supported speculation that remaining Vo losses for CIGS
devices were likely due to a persisting increase in recombination centres, rather
than compensation, as N¢y was not unusually low (capacitance measurements
had not been performed on the samples prior- or immediately after irradiation,
s0 a direct comparison could not be made). Such a conclusion was supported by
consideration of the EQE spectra, which suffered losses in the longer wavelength
regime after irradiation and had not fully recovered to the initial state for those
devices still exhibiting Vo losses after the three year storage period. Kesterite
devices were observed to exhibit F'F' losses, attributed to ageing due to a similar
loss for each sample, irrespective of irradiation fluence.

4.3 Paper Two - Stoichiometry and ACIGS

As detailed in section 1.2, the partial substitution of Cu with Ag in wide-gap
CIGS devices is expected to be beneficial for device performance. Our group has
investigated a wide range of sample compositions for high-Ga, high-Ag ACIGS
devices and indeed observed high Voo and promising PCE [38, 44]. One such
study revealed a low tolerance of I/III off-stoichiometry in the wide-gap ACIGS
devices. I/III stoichiometry refers to the ratio of group-I to group-11I ions in the
lattice, with respect to the ideal stable ratio indicated in the chemical formula
of the (Ag,Cu)(In,Ga)Se, formula, i.e. a ratio of 1 : 1 : 2 for the group-I (Cu
and Ag) to group-IIT (In and Ga) to chalcogen (Se). A I/III-stoichiometry of
1.0, therefore, indicates that there is a 1 : 1 ratio of Ag and Cu to In and Ga,
with values below one 1.0 indicating a deficiency of Ag and Cu. It was shown
that for high AAC there was significant formation of ordered-vacancy com-
pounds (OVCs) as the composition became group-I poor. In addition to OVC
compound formation, it was observed that after a prolonged dark storage some
devices exhibited blocking behaviour in JV curves, indicating charge transport
barrier formation and a potential stability issue [88]. Utilising the techniques
discussed in this report, I investigated a small subset of the ACIGS samples
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with a relatively small spread in GGI (0.71 —0.77) and AAC (0.54 — 0.63), but
a wide variation in I/IIT (0.79 —0.98) in order to evaluate their stability and the
effect of stoichiometry [68]. In addition to a simple dark storage period (four
to six months) all devices were anncaled at low temperatures (85°C) for one
hour, in order to effectively accelerate ageing. The samples were then split into
smaller subsets, one undergoing a seccond anneal of twenty-four hours, and the
other undergoing a five-hour LS treatment under AM1.5 illumination.
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Figure 11: Variation in Jsc (a) and W (b) dependent on stoichiometry, as a
response to annealing at 85°C for one- and twenty-four hours. The effect of
prolonged dark storage on Jg¢ is also shown. A clear shared arch dependence
is observed for both parameters. Reworked from Paper Two.

Initial analysis was performed using JV and EQE measurements, which revealed
significant variations in Jg¢ after storage and annealing. Surprisingly, it was
observed that the short, one hour anneal improved Jg¢, whilst the dark storage
and twenty-four hour anneal led to significant reductions (up to 40 % losses were
observed after dark storage). This was unexpected, as at low heating temper-
atures it is expected that the main effect is that kinetic and statistical events
are made more probable, i.e. time is accelerated and no additional mechanisms
are triggered. A clear connection between stoichiometry and Jg¢ response was
observed (fig.11). It was also observed that storage led to a decrease in Vo and
F'F for close-stoichiometric devices, but annealing had no significant impact on
these parameters. In an effort to understand the observed results capacitance
measurements were performed on the samples. A clear dependence of Neoy
on stoichiometry was observed (close- and extremely off-stoichiometric material
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is almost fully depleted, moderately off-stoichiometric material in the region
0.82 < I/IIT < 0.92 is highly doped) and variations in depletion width ap-
peared to match those of Jgo very closely (fig.11). Equipped with this new
knowledge of a causal connection between doping and Jg¢, and an understand-

ing of the dependence of doping on composition, we were able to begin trying
to understand what was happening in the devices.
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Figure 12: A comparison of the EQE spectra evolution for a highly-doped off-
stoichiometric ACIGS device (a) and a near-fully depleted close-stoichiometric
device (b) indicating heavy recombination losses and a greater response to
treatment-induced doping changes for the former. Reworked from Paper Two.

By inspecting the shape of the EQE spectra for devices across the stoichiomet-
ric range, it was discovered that for the depleted material, the spectra were
relatively square, but for highly doped samples, the more angular shape linked
to high recombination losses was observed (fig.12). This observation, paired
with the link of Wpep, — Jsc led us to conclude that high-Ga, high-Ag ACIGS
material has a very poor diffusion length, such that carrier collection is heav-
ily depletion-dependent. We could also conclude that a time-dependent doping
change was occurring in the material. The opposing direction of the short anneal
doping change to the prolonged anneal and storage remained puzzling, but a

possibility is that there are multiple mechanisms working in different directions
and on different time scales.
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Figure 13: Time evolution of Vp¢ for high-Ga, high-Ag ACIGS samples under
AML.5 illumination (a) and the Noy profile of one of the LS samples illustrating
the change in net doping after LS (b). The Voc degradation saturates at ¢ ~
4000, with remaining losses due to sample heating. The more off-stoichiometric
the material, the less degradation is observed. Reworked from Paper Two.

The LS treatment also revealed interesting and unexpected results for JV pa-
rameters, namely a clear and significant decrease in Voo with a strong depen-
dence on stoichiometry (fig.13a). Capacitance measurements indicated a clear
reduction in Ny (fig.13b), proffering a simple explanation for the voltage loss.
Based on literature observations for (A)CIGS (discussed in section 1.3) the ex-
pectation is for white-LS treatments to induce meta-stable increases in doping
and Ve, rather than the reductions I observed.
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Figure 14: A comparison of the admittance spectra of high-Ga, high-Ag ACIGS
before- and after a twenty-four hour anneal (a,b), and before- and after LS (c-
,d), for highly doped (a,c) and depleted (b,d) devices. The grey dashed line
indicates the 60kHz used for foy and the green dashed line represents Cyeo.
Reworked from Paper Two.

Admittance measurements were performed at room temperature, primarily to
identify an appropriate measurement fcy, but an insight can also be gained into
the effect of treatments on the energetic landscape of the absorbers, as described
in section 3.2. It can be clearly seen that depleted devices have a different C (f)
profile to the highly doped devices, and are also almost insensitive to treatments
(fig.14b, fig.14d). The highly doped devices are observed to have a capacitance
step around 100 kHz which is seemingly reduced by LS, but enhanced by an-
nealing. Overall C (f) follows the same behaviour. For our devices (thickness
~ 2 pm, area = 0.05cm?), it is estimated that Cgeo =~ 0.221F ~ 4.4nFecm~2 |
seemingly the value that C (f) is converging upon after the step. This suggests
that the step’s origin is in the carrier freeze-out, as opposed to the crossing of
a trap energy, or the presence of a barrier. Temperature-dependent admittance
measurements would be needed to definitively confirm this.

To summarise this work, several instabilities were observed in high-Ga, high-Ag
ACIGS devices using EQE and JV measurements. Room temperature capaci-
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tance measurements revealed that the root cause for the large variations in Jg¢o
due to storage and accelerated ageing, and the losses in Voo due to LS, was
doping modifications. What could not be determined from these measurements
was what mechanism(s) lay behind the doping changes. As discussed in section
3, a first step to learn more would be to perform temperature-dependent admit-
tance spectroscopy, to identify steps and observe for variations after treatments.
If steps are observed, bias dependence would be the next property to test, in
order to attempt identification of the step cause. The measurements performed
thus far indicate that defect origins are more likely than barriers, but it is im-
portant to confirm this before attempting to extract activation energies from
temperature-dependent admittance spectra. In addition to defect-driven mech-
anisms, another possibility considered was ion migration in the absorber layer,
particularly Ag and Na, which are known to be highly mobile. ’Cycling’ of
LS treatments and repeated CV sweeps indicated that repeated measurement
sweeps in the forward direction increased the doping slightly, whilst repeated re-
verse direction sweeps decreased the doping. Such results indicated that mobile
ions could well be playing a role, so longer duration bias tests were performed,
exposing the samples to 1.0V pulses for 15s followed by a CV measurement
of a single point with Vpe = 0V in an attempt to develop a transient without
significantly perturbing the measurement state (6V = 15mV and the measure-
ment took < 3s). Secondary measurements of bias effects without intermediate
measurements indicated the same trends, so we can assume that the effect of
measurement was negligible on the bias effect. It was observed that both for-
ward and reverse bias exposure induced a significant doping increase for high-Ga,
high-Ag samples (fig.15). Though somewhat unexpected, this result indicated
that directional ion migration across the bulk of the absorber is not the culprit
causing the stability phenomena. A difference between relaxation for forward
and reverse bias can be observed, however, with a reduced recovery from forward
bias treatment, and a slow (1000s) relaxation to a state with reduced doping
than the initial state. Cooling the device to 150 K (below the dopant ionisation
temperature) revealed a much more subdued and slightly directional response
to bias stress, further indicating that the bias response relates to carriers and
defects, perhaps requiring thermal energy to overcome an activation barrier.
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Figure 15: Response of depletion width to forward and reverse bias treatments
at room temperature (a) and 150K (b). Dopant ionisation is believed to be
incomplete at 150K, as indicated by complete device depletion.

Similar transients were measured under white-LS conditions, revealing a rapid
partial recovery of the doping state and a slower relaxation of doping below the
initial state. Doping reduction induced by LS was clearly seen in the cycling
measurements, where it appeared that white-LS would induce a stable reduction
in doping, that was not removed by annealing, leaving the sample for twenty-four
hours, or by bias stress (doping increase was observed during bias application,
but immediately ceased when bias was removed). The extent to which repeated
measurement sweeps could increase/decrease the doping also seemed to be im-
posed by white-LS treatment. These observations are not yet understood, but
indicate a meta-stable phenomenon unobserved in low-Ga, low-Ag (A)CIGS.

4.4 Paper Three - Ag and Ga Impact on ACIGS

In an attempt to clarify the results from the study on the effect of stoichiometry
on the stability of high-Ga, high-Ag ACIGS, and determine whether Ag and Ga
play dominant roles in the (meta-)stability observed, additional samples were
produced. The new samples include high-Ga, high-Ag ACIGS; Ga-free, high-Ag
ACIS; high-Ga CIGS and Ga-free, Ag-free CIS. For these samples, AAC =~ 0.50,
GGI =~ 0.75 for ’high’ element contents. In order to most clearly compare the
sample sets, stoichiometry was chosen to cover the highly responsive region that
was observed in the previous work (0.80 < I/I11 < 0.92).
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Figure 16: JV measurements of a moderately off-stoichiometric, high-Ag ACIS
device over a range of treatments. Note the stability of Js¢ and strong depen-

dence of Vp¢ on treatment.

Initial results indicate that Ag plays a significant role in (meta-)stability, as a
storage period of one month resulted in Jgo gains for the ACIGS samples, as
opposed to the large losses previously observed. It is also noted that losses such
as were observed in the first study are not reported in literature, where typically
AAC < 0.25. Thus, we can suggest that there is a threshold at AAC ~ 0.50
where stability behaviour may begin to change. Furthermore, Ga-free ACIS
samples show improvements in Voo and F'F' with time, followed by decreases
in these properties after annealing at 85 °C and white-LS (fig.16). For high-Ga,
high-Ag ACIGS, it is rather seen that Jg¢ is the primarily effected output pa-
rameter for annealing and storage. For both materials, however, it seems clear
that Noy is the key property leading to output parameter variation. Neither
the CIS nor the high-Ga CIGS exhibited notable losses or gains as a response
to storage, annealing or white-LS. Consequently, it can be concluded that Ga
content also plays a role in stability, in the presence of large fractions of Ag. As
with the previous study, more in depth capacitance measurements are required
to attempt to unravel the causes of the observed phenomena.
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Figure 17: EQE (a) and JV (b) measurements on a close- or over-stoichiometric,
high-Ag ACIS device over a range of treatments. Note the extreme voltage
dependent collection in the JV profiles and flat EQE spectra, indicating charge
transport barriers at the interface.

An additional observation that has been made so far in this study is that over-
stoichiometric, high-Ag ACIS devices appear to be limited by interface recom-
bination. Such a deduction can be made from the very 'flat’ EQE spectra mea-
sured for these devices, in combination with the poor JV performance, very low
FF of 30 — 35% and extreme voltage-dependent collection (fig.17). To further
investigate this inference, JVT measurements could be performed to evaluate
the dominant recombination activation energy, as detailed in section 2.1. A
performance-limiting interface for over-stoichiometric material is also seen in
Ag-free CIGS, as briefly described in section 1.2.

5 Summary and Outlook

To conclude, key clectrical characterisation techniques have been described, with
an exploration of some of the deeper understandings that can be yielded from
these measurements, in addition to a mention of potential limitations. Supple-
menting the theoretical description of the characterisation techniques is a series
of examples from my work which illustrate how the measurements can be used
in concert in an attempt to understand and evaluate complex phenomena. A
proposed workflow for the effective characterisation and understanding of thin-
film solar cells follows, informed and motivated by my work with (A)CIGS, but
applicable to other materials too:

EQE and JV measurements should form the basis of any investigation into de-
vice behaviour and characteristics. Apart from providing useful trackers for
behaviour change, and indicators of where to look for the origins of changes,
in the form of the output parameters, these measurements provide a wealth of
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qualitative information through simple inspection. One can also extract more
detailed parameters from the data, giving a quantitative set of values to the
visually inspected inferences, for example nc (V'), n, and the resistances Rspw,
Rs. Depending on the observations made, the application of additional voltage-
or light-bias during measurement can be a logical next step, and may provide
information on meta-stabilities and also their likely location in the device.

If meta-stabilities are observed, or there is an intention to apply treatments to
samples and track changes, or compare responses between samples, then it is
wise to perform capacitance measurements to evaluate doping and defect re-
sponses. In addition to the measurement parameters discussed in section 3.1,
it is important to consider the presence of hysteresis in the samples. In the
case of high-Ga, high-Ag ACIGS, there is a significant hysteresis effect observed
in CV measurements, meaning that in order to evaluate the impact of treat-
ments on doping and depletion, it is wise to measure first a zero-bias (Vpc = 0)
measurement point, such that the application of bias during a sweep does not
introduce a measurement perturbation into the system. Such a procedure is
also wise in the case of a device exhibiting meta-stable voltage-stress responses.
The process I have now adopted is to measure a zero-bias CV point, perform
an admittance measurement, repeat the zero-bias CV point, if admittance re-
veals that the original foy was inappropriate (default value of 60kHz). After
this initial, hopefully perturbation free, characterisation, CV sweeps in both
forward and reverse direction are performed, with a final zero-bias CV point
to evaluate sweep-induced variation. In the case of non-negligible hysteresis or
voltage-response, it is advised that for subsequent measurement stages, the first
measurement should be EQE, due to its minimal perturbation of the system. In
my work, the capacitance procedure outlined above follows the EQE measure-
ment, as doping is the primary tracked parameter and has been observed to vary
after voltage or illumination exposure, so a JV measurement would perturb the
system and change the post-treatment state. The same is, of course, true for
CV sweeps, but these are performed on only a few select cells on each sample,
whereas the JV illumination will affect every cell on the sample, unless masking
is applied, though this adds unnecessary complication.

Already by following this procedure and remaining at room temperature, a
large amount of insight can be gained into device behaviour and possible in-
ternal mechanisms that lead to the macro-scale effects observed. By combining
measurement inferences and literature reports (unfortunately there is a lack of
work into high-Ag ACIS and ACIGS), particularly theoretical works, one can
focus on several possible theories and begin to explore how further experiments
can be designed to rule-out or isolate individual explanations. Of course a pow-
erful tool for these exploratory measurements are the more advanced voltage-
and temperature-dependent capacitance techniques, which provide information
on potentially significant defects or barriers in the devices. Beyond this, optical
techniques such as photoluminescence can also yield valuable and complemen-
tary data.
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For my work on the stability of ACIGS, it has thus far been discovered, or at
the very least is suspected, that high Ag content (AAC > 0.50) leads to signif-
icant stability issues, however instability and meta-stability are still observed
for AAC =~ 0.50 which need to be understood. Moreover, the presence of large
Ga fractions GGI > 0.70 seems to influence the (meta-)stability situation, com-
pared to Ga-free ACIS samples, switching the focus from Jg¢ degradation to
Voc and F'F fluctuations. A logical next step is to produce a sample set of ACIS
and ACIGS devices, with a range of Ga and Ag fractions. The primary goals
would be to identify a threshold for AAC stability and to establish a similar
threshold for GGI. If, in the course of such an investigation, a trend and clear
difference was confirmed, the more advanced capacitance techniques would be
implemented to try and evaluate if a change to the defect landscape is enacted
through Ag and Ga variation, and if this could perhaps be the root of the issues
we observe. An additional experiment which should provide a relatively sim-
ple and quick way to exclude one possible contributor to stability issues, is to
produce high-Ag, high-Ga ACIGS devices on SLG, Na-free glass, and perhaps
including heavy alkalis without Na. The high mobility of Na and its tendency to
segregate preferentially to OVCs (which are present in high quantity in our off-
stoichiometric material) mean that it could still play a role, despite our initial
measurements indicating that bulk migration is unlikely. In- or out-diffusion
from grain boundaries or OVCs is a possibility that should not be ruled out.
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In 2017, Cu(In,Ga)Se, (CIGS), Cus(Zn,Sn)S4 (CZTS) and Cu,(Zn,Sn)(S,Se)4 (CZTSSe) thin film solar cells were
irradiated by our group using 3 MeV protons to investigate the materials’ radiation hardness and subsequent
recovery following dark storage. It was observed that the primary losses were in open-circuit voltage (Voc), with
the CZTS and CZTSSe being more resistant than the CIGS, also recovering to ~ 95% of initial performance,
compared to ~ 70% for CIGS after two months dark storage. In 2021 the cells were investigated by external
quantum efficiency and current-voltage measurements once again, to investigate further recovery. The CIGS cells

had continued to recover, whilst the CZTSSe devices appear to have fully recovered from radiation induced
damage, but now suffer from aging-related degradation and exhibit slight bandgap widening over time. The CZTS
cells were observed to recover fully from the radiation induced damage, whilst also showing gains in Voc.

1. Introduction

One of the first serious commercial applications of solar cells was for
use in space. Although the solar energy industry has advanced consid-
erably since this time, space applications are still highly relevant and
bring additional challenges that terrestrial installations need not face.
Due to their low mass and potential for flexibility, thin film solar cells
are highly desirable for use in space, though at present extra-terrestrial
solar technology is still limited to Si and GaAs, motivating our interest in
investigating the effects of radiation on two key thin-film technologies:
the established Cu(In,Ga)Se; (CIGS) and emerging Cuz(Zn,Sn)(S,Se)4
(CZTS(Se)). It is also hoped that by investigating long-term recovery,
further light can be shed on the internal mechanisms of the three ma-
terials. It is known that CIGS, CZTS and CZTSSe are considerably more
radiation hard than Si or GaAs [1]. There are many reports on the effects
of radiation on CIGS (key references being [2-4]), but only very few on
CZTS and CZTSSe ([5-71). One of these, a work by Suvanam, et al. [5] is
the predecessor to this study. In this initial work CIGS, CZTS and CZTSSe
thin film solar cells were irradiated by 3 MeV protons in an attempt to
quantify the radiation hardness of CZTS and CZTSSe and compare them
to CIGS when irradiated. The samples were additionally kept in dark
conditions for two months, such that the materials’ self-recovery

* Corresponding author.
E-mail address: patrick.pearson@angstrom.uu.se (P. Pearson).

https://doi.org/10.1016/j.tsf.2021.139023

processes could be investigated. It was observed that the primary losses
were in open-circuit voltage (Voc), with CZTS and CZTSSe being more
resilient than CIGS and recovering to ~ 95% of initial performance,
compared to ~ 70% for CIGS after the dark storage. After the initial
study, the cells were placed in dark storage until 2021, when
current-voltage (IV) and external quantum efficiency (EQE) measure-
ments were used to investigate any further recovery, as we report on
here.

2. Experimental details

The CIGS absorbers were provided by Solibro AB and grown via a
three-stage co-evaporation process. The CZTS and CZTSSe samples were
grown as described in [5], with 1100 nm thick CZTS absorber layer and
1250 nm thick CZTSSe absorber. All cells were deposited on 300 nm Mo
on soda-lime glass substrates. The CZTS and CZTSSe samples were
slightly Cu-poor and Sn-rich (Cu/(Zn+Sn)= 0.94 and Zn/Sn = 0.97).
The CZTSSe samples had a bandgap of just over 1.2 eV, corresponding to
a sulphur to sulphur-selenium ratio of around 0.4. A 70 nm CdS buffer
was applied to all samples via chemical bath deposition, followed by
sputtering of a window layer consisting of an 80 nm intrinsic ZnO layer
and 210 nm ZnO:Al transparent conducting oxide. The devices were
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irradiated by 3 MeV protons at fluences of ® = 10'°,10'?, 10!2 and 10*3
cm 2 at the Tandem Lab, Uppsala University (a constant proton flux was
maintained with samples irradiated for a time sufficient to reach the
specified fluence, this was in the order of ten minutes). This energy was
chosen to ensure reasonably uniform absorption throughout the device
and avoid localised damage, based on the knowledge that ~ 0.4 MeV is
sufficient to penetrate to the rear surface [8]. The irradiation procedure
followed the AIAA S-111-2005 "Qualification and Quality Requirements
for Space Solar Cells” test standards [9]. In order to investigate the ra-
diation induced effects and long-term recovery, the devices were char-
acterised by IV and EQE measurements. Some devices were also
characterised using capacitance-voltage (CV) measurements with an
Agilent 4284A Precision LCR Meter and Keithley 2401 Source Meter.
Sweep frequency was determined via admittance measurements, using
the frequency that brought the phase angle closest to 90 ° (~40 kHz for
CIGS samples, ~95 kHz for CZTSSe samples and 15-20 kHz for CZTS
samples). Measurements were performed in January 2021 and related to
measurements performed in November 2017 (prior to irradiation) and
January 2018 (immediately after irradiation) [5]. The devices were
stored in dark conditions at room temperature. When IV measurements
were first performed in 2017, all cells were measured on each sample,
with one representative cell chosen for each sample. Only the repre-
sentative cells went on to have EQE measurements. At all later stages, it
was the same representative cells that were characterised by EQE and, in
2021, CV measurements. The IV graphs presented in this work are those
of the representative cells. Those measurements taken to evaluate the
irradiated state of the samples were performed within an hour of
irradiation.

3. Results and discussion
3.1. CIGS

A clear increase in current density-voltage (JV) degradation can be
observed as proton fluence increases (Fig. 1), with V¢ decreasing by ~
155 mV for maximum irradiation, from 670 mV to 515 mV (Fig. 1c). A
clear recovery in Vg can be observed over the three year extended dark
recovery period for the maximally irradiated sample, reaching 575 mV
(86% of the as grown value, Fig. 1c). The sample irradiated with a flu-
ence of 1012 cm~2 also exhibited partial recovery, gaining 10 mV (from
610 mV to 620 mV) and reaching 93% of the as grown value (660 mV,
Fig. 1b). The 10*! cm 2 sample was observed to have suffered only very
minimal degradation and no significant gains were measured over the
recovery period (Fig. 1a). No irradiation damage was observed for the
sample receiving a fluence of 10'° cm™2 There is no variation in
bandgap after irradiation, so it is to be concluded that irradiation either
reduces net doping or increases recombination centre concentration.
The EQE response of the sample under maximal irradiation (Fig. 2c)
indicates a significant increase in recombination immediately after
irradiation, leading to speculation of radiation-induced recombination

Thin Solid Films 741 (2022) 139023

2

centres. However, it is also noted that the EQE response of the 10" em™
2

fluence sample was unchanged by irradiation, whilst the 10! cm™
fluence sample suffered only minimal losses (Fig. 2a and b), suggesting
that recombination centre creation is at a significantly lower level below
a fluence of 10'® ecm™2. Moreover, it is seen that though the EQE
response of the maximally irradiated CIGS sample recovers almost
completely after extended dark storage, the Vo recovery remains
incomplete, indicating that there is potentially an additional mechanism
acting. Indeed, a review of the literature suggests that there is a proton
fluence threshold separating a lower and higher damage regime: A study
by Kawakita also observed a significant increase in degradation above
proton fluences of 10'2 em™2, observing significant reductions in net
doping. A defect level suspected to correspond to the donor-like Incy
antisite defect was also seen to emerge with irradiation [3]. Similarly, a
fluence threshold for increased damage via a transition from shallow
compensating defect generation to deep trap state generation was re-
ported by Khatri, et al. [10]. Lee, et al. utilised THz spectroscopy to
complement photoluminescence (PL) measurements to investigate the
effects of H+ radiation on CIGS, observing remarkable reductions in
minority-carrier bulk lifetime, pointing towards the generation of
non-radiative recombination centres. From Hall measurements they also
observed a decrease in both carrier concentration and carrier mobility
with irradiation. Surface conversion from p- to n-type CIGS was also seen
[11]. PL studies by Yoshida and Hirose also follow this trend [12,13].
We cannot add evidence to speculation, as no PL or CV measurements
were taken in the initial study to allow comparison, though CV profiling
performed in 2021 shows only small variations between samples, with
net-doping in the region of 0.8-1.1 x 10'® em =3 which is not unusually
low [14,15] . Considering that the maximally irradiated sample still
exhibits clear V¢ degradation, it seems unlikely that reduced carrier
concentration is the primary mechanism at play here. It seems most
likely that the cause for the observed degradation is an increased density
of deep recombination centres.

3.2. CZTSSe

CZTSSe was observed to be much more radiation hard than CIGS,
showing minimal degradation, even at the highest level of irradiation
(Fig. 3c¢), losing 8% of V¢ compared to 22% (lower fluences caused no
Voc degradation for CZTSSe (Fig. 3a)). After extended dark storage, Voc
recovery has continued minimally since the initial two month recovery
period, remaining around 95% for the 102 cm~2 and 103 cm 2 fluence
levels, though the 10'! em™2 irradiated sample now measures an
improvement of 5% beyond pre-irradiation Voc. Due to the significant
and rapid recovery of radiation damage and the consistent and similar
fill-factor (FF) degradation observed across all CZTSSe samples, we
speculate that a full recovery from radiation damage has in fact been
made, however age-related degradation is now evident in the materials.
The sample irradiated with a fluence of 10'° cm~2 showed no changes
immediately after irradiation, however FF degradation similar to the
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Fig. 3. Light JV curves for each of the CZTSSe samples, showing high levels of radiation hardness and requiring an order of magnitude greater proton fluence to
induce damage comparable to the CIGS cells. Near full Vo recovery is observed, but fluence-independent FF degradation is also seen. Figure 3c is recreated and

extended through addition of new data with the permission of the authors of the initial study [5].

other samples was observed. A PL study by Sulimov, et al. irradiating
CZTSe with high energy electrons (which seem to have similar effects to
protons, for CIGS) reported an overall decrease in PL peak intensity and
a red-shifting of peak position, consistent with the formation of deep
non-radiative recombination centres [7]. This is supported by another
work undertaken at Uppsala [16] using similar samples, irradiated with
0.25 MeV protons, and incorporating CV profiling. It was noted that
though net doping did decrease upon sample irradiation, the extent to
which doping was reduced was insufficient to explain the severe V¢
degradation, leading to the conclusion that recombination centres,
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rather than doping compensation is responsible for the observed effects.
Performing CV profiling on these 0.25 MeV samples now, in 2021,
revealed an almost complete recovery of doping levels, CV profiling of
the 3 MeV samples reveals small differences in net-doping (of the order
2 x 10 em™>). An interesting and unexpected observation from EQE
measurements on the CZTSSe samples (Fig. 4) is an apparent increase in
bandgap over time for the 10'? em™2 fluence sample (Fig. 4a). No
changes in EQE were observed immediately after irradiation for this
sample (Fig. 4a), but for the 10'3 cm~2 fluence sample, a decrease in the
signal for longer wavelengths is observed in addition to a bandgap

b) ® = 10%3cm = As Grown 2017
1.0F = Irradiated 2017
2021
0.8} ]
go06t 4
L
04r g
0.2 -75; ::E,\- 4
400 600 800 1000 1200

Wavelength [nm]

Fig. 4. The EQE response of the CZTSSe samples irradiated with proton fluences of 10'? cm~2 and 10'® cm 2, showing no signs of significant recombination increase,
or irradiation induced bandgap shift after a fluence of 1012 cm~2, but exhibiting losses for the 10'® cm™2 case, which are subsequently recovered over time. The 2021
measurements indicate a slight widening of the bandgap compared to the as-grown samples. Figure 4b is recreated and extended through addition of new data with

the permission of the authors of the initial study [5].



P. Pearson et al.

widening of 0.04 eV, both of which are mostly recovered over time
(Fig. 4b). This appears to correspond closely to the JV curves in Fig. 3.
Cu-Zn ordering is a known source of bandgap variation within CZTS(Se),
however storage at room temperature seems unlikely to provide suffi-
cient energy to induce a change in ordering of the sample that received
an intermediate proton fluence, though the long time scale may play a
role.

3.3. CZTS

The JV curves of the CZTS samples indicate significant radiation
hardness, similar to that of CZTSSe and in fact showing a reduced V¢
degradation for the highest proton fluence (Fig. 5d). It is also seen that
over the extended recovery period, the degradation observed in the EQE
and JV of the highest fluence sample after irradiation is fully recovered,
with a very slight improvement observed in the sample’s EQE response
(Fig. 6b). The sample irradiated with a low fluence of 10 cm 2 was
observed to show no measurable degradation for any performance
parameter.

With the exception of the sample receiving a proton fluence of 1012
cm 2 it can be seen that each sample shows a gain in Voc over time. No
increases in the samples’ bandgaps were observed and neither was a
significant improvement in the EQE response (Fig. 6). An accelerated
aging investigation by Neubauer, et al. [17] using 100 °C air anneal also
observed an increase in the V¢ of CZTS samples. At present, we cannot
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offer an explanation for this observed increase. A PL and JV study by
Sugiyama et al. reported Vo degradation for proton fluences in excess of
10" em 2 and a considerable reduction in the intensity of the primary
PL peak [6] (attributed by the authors to Cuzy,, which is calculated to be
the dominant p-dopant in CZTS [18]). Though no CV data from 2017
exists for the samples, measurements performed in 2021 display mini-
mal differences in net doping between the samples (approximately 0.2
x 10'® em™®) and each sample has a value in the range 1.0-1.5 x 106
cm ™ which is within the regular range of expected values [19,20].

4. Summary

The long-term recovery of thin-film CIGS, CZTS and CZTSSe solar
cells irradiated by 3 MeV protons was investigated through IV and EQE
characterisation. It was observed that the CIGS cells recovered a sig-
nificant proportion of Voc which was highly degraded by irradiation
(99%, 94% and 86% in order of increasing dose), whilst CZTS and
CZTSSe samples retained similar Vo values as were observed after two
months of dark storage (in the region of 95%). Moreover, it was seen that
the maximally irradiated CIGS cells exhibited much greater recombi-
nation losses than the lesser irradiated samples, showing significant EQE
response degradation. This degradation in the EQE was nearly fully
recovered after the extended dark storage period, however considerable
Voc degradation is still present. It is speculated that the V¢ losses are
caused by deep defect states created by the irradiation and that the
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Fig. 5. JV curves of the CZTS samples, also including a sample irradiated with a proton fluence of 10'° em~2. The samples exhibit significant radiation hardness
similar to, if not in excess of, that of CZTSSe, with no significant degradation observed for proton fluences below 10 3 em—2 and only a minor reduction in Vo for this
highest fluence. Figure 5d is recreated and extended through addition of new data with the permission of the authors of the initial study [5].
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Fig. 6. The EQE response of the CZTS samples for @ = 10*° cm 2 and ® = 10'® cm 2, showing no evidence of significant radiation-induced recombination or
bandgap shifting for the low fluence sample, and a full recovery of irradiation induced degradation over time for the high fluence sample. Figure 6b is recreated and
extended through addition of new data with the permission of the authors of the initial study [5].

density of such defects increases significantly for high proton fluence. It
is also possible that additional mechanisms could be at work, with
literature sources suggesting that net doping is decreased by irradiation.
It is further speculated that the CZTS and CZTSSe samples have recov-
ered fully from the radiation induced degradation, with aging-related
degradation now impacting key electrical characteristics of the
CZTSSe samples. The EQE cut-off wavelength of all CZTSSe samples was
observed to decrease, whilst three of the four CZTS samples were
observed to gain in V¢ after extended dark storage. Further work is
planned to investigate the observed phenomena, using photo-
luminescence and thermal admittance spectroscopy techniques to
learn more about the radiation-induced defects, in addition to using a
broader range of proton fluences to investigate the possibility of a high-
damage regime fluence threshold for CZTS and CZTSSe, as was observed
in the CIGS. Raman spectroscopy is also planned to be used, to investi-
gate whether Cu-Zn ordering is responsible for the bandgap widening of
CZTSSe over time.
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The Effect of Absorber Stoichiometry on the Stability of

Widegap (Ag,Cu)(In,Ga)Se, Solar Cells

Patrick Pearson,* Jan Keller, Lars Stolt, Marika Edoff, and Charlotte Platzer Bjérkman

(Ag,Cu)(In,Ga)Se, solar cells with bandgaps of ~1.45 eV with a large spread in
absorber stoichiometry are characterized with the intention of assessing the
effect of composition on the stability of the devices. This material is observed to
have a poor diffusion length, leading to very strong dependence upon the
depletion region width for charge carrier collection. The depletion width is
observed to depend strongly upon the stoichiometry value and shrinks signifi-
cantly after an initial period of dark storage. It is also seen that the depletion width
can be varied strongly through light-soaking and dry-heat treatments, with
prolonged annealing leading to detrimental contraction and light soaking leading
to expansion which increases current collection. The extent of depletion width
variation in response to the treatments is also clearly linked to absorber stoi-
chiometry. Consequently, the device performance, particularly the current out-
put, exhibits a stoichiometry dependence and is considerably affected after each
round of treatment. Possible causes of this behavior are discussed.

(or 1.91, 1.37, and 0.93 eV, for the top,
intermediate, and bottom cells in a triple-
junction device).l! Near-maximum theoret-
ical efficiency can be attained for top cells
with bandgaps in the region 1.4-1.9eVina
four-terminal tandem  configuration.”)
Furthermore, the increased output voltages
and reduced currents of widegap devices
allow solar modules with reduced resistive
losses and less dead area in monolithic
series connections to be manufactured.
By increasing the ratio of Ga to In in the
material (referred to henceforth as the
GGI, [Ga]/({Ga] + [In])), the bandgap is also
increased, primarily through an energetic
increase in the conduction band mini-
mum. However, the open-circuit voltage

1. Introduction

Cu(In,Ga)Se, (CIGS) is an established thin-film photovoltaic
material, with record cells reaching efficiencies of 22.6%!"
(or 23.4% with sulfur inclusion).’”) There are still significant
improvements to be made, however. The best-performing cells
have bandgaps in the region of 1.0-1.2 eV but the optimum value
for a single-junction solar cell is 1.34 eV.?! It would also be advan-
tageous to fabricate high-efficiency widegap CIGS devices to
enable the material’s use as a top cell in a tandem/multijunction
device. To achieve high tandem efficiencies (in the two-terminal
configuration), it is estimated that bandgaps of 1.6 and 0.9 eV
would be required for top and bottom cells, respectively
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(Voc) does not increase linearly with the
bandgap.l®”) Currently it seems that the
optimal GGI lies in the range of 0.2-0.3
with values in excess of this upper bound leading to deteriora-
tion in device performance.”~" There are multiple suspected
causes for the negative impact of high GGI ratios, including
the formation of an unfavorable conduction band offset
between the CIGS absorber and cadmium-sulfide (CdS) buffer
layer;***" Cu enrichment of grain boundaries (acting either as
a region of high recombination or as highly conductive shunt
pathways);[">"*! tetragonal distortion of the lattice;"! or the
increase in the energetic depth and density of malign
defects.*>=17) The incorporation of silver into CIGS, substitut-
ing some of the copper atoms, is expected to be beneficial,
improving the conduction band offset between the silver-
alloyed CIGS (ACIGS) and the commonly used CdS buffer
layer.'® Silver incorporation in CIGS is also observed to
increase grain size'! and reduce the melting point of the alloy,
which is expected to reduce the density of defects in the
material 222
With a clear motivation to investigate the incorporation of Ag
into CIGS and the realization of high-performance widegap
CIGS-based devices, we produced a large series of ACIGS cells,
spanning a wide range of compositions.l”* From this work, a
compositional window of interest was identified with GGI in
the range of 0.66-0.79 and a silver-to-silver-and-copper (AAC)
ratio of 0.47-0.67. The upper limit of AAC was chosen to reduce
the amount of ordered vacancy compounds (OVCs), forming at
the rear of the absorber layer, as it had been concluded that they
were detrimental to device performance, acting to block carrier
transport. The devices in this region have bandgaps between
1.40 and 1.49eV and a wide spread in I/III stoichiometry
(I/III = ([Cu] + [Ag])/([In] + [Ga])). It has been shown that
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OVCs form extensively for largely off-stoichiometric samples
with AAC and GGI larger than 0.5.”% In our previous work,
the majority of OVCs were identified to be of the 1:3:5 phase,
that is, (Ag,Cu)(In,Ga);Ses. This phase has a bandgap approach-
ing 2 eV!** and is expected to have both conduction and valence
band edges significantly below those of the 1:1:2 phase.**]
These factors combined with proximity to the front surface indi-
cate that OVC patches are likely to effectively capture electrons
and block carrier collection. It was also observed that Na accu-
mulates in OVCs preferentially to the 1:1:2 phase, which is
expected to explain why the presence of OVCs at the rear of
the absorber leads to blocking, as the Na reduction in the bulk
compromises the MoSe,/ACIGS interface. In this work we
investigate the stability of a smaller subsection of the previous
sample set, with a narrower spread in composition and
bandgap (1.44-1.47eV; 0.71 < GGI <0.77; 0.54 <AAC<0.63;
0.79 <I/II1 < 0.98). The narrow spread in AAC and GGI, in
comparison with I/III stoichiometry, allows us to focus on
the role of the latter parameter in device stability and in
the device response to heat and light treatments. By investigat-
ing the role of I/III stoichiometry on device stability, we aim
also to indirectly probe the effect of OVCs near the front
surface of the absorber layer. Overall, six runs each containing
four samples (with individual compositions) were analyzed, with
some samples excluded due to a high number of dead or
shunted cells, leading to a total of 21 samples being
characterized.
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2. Results

Here we present the external quantum efficiency (EQE)
responses and capacitance—voltage (CV) profiles of selected rep-
resentative cells from across the compositional range, split across
two subsections, one detailing the effects of storage and anneal-
ing and the other the effects of light soaking (LS). In addition, the
evolution of key current—voltage (I-V) performance parameters
after treatment, dependent on stoichiometry, is shown for the
whole sample set in the storage and annealing section. The sec-
ond section displays the evolution of V¢ with prolonged
illumination, showing how the changes induced by LS treatment
occur very rapidly. A third section highlights the significance of
depletion width in carrier collection. We emphasize now that
treatments were performed in sequence, without bringing the
samples into a reference state in between (pretests indicate no
impact of aging and annealing on the response to LS treatments,
while LS is observed to induce permanent doping changes.
See Figure S9-S11, Supporting Information). Hence, the differ-
ences in performance characteristics discussed in the following
sections refer to the difference compared with the values mea-
sured after the preceding treatment.

2.1. Effects of Dark Storage and Annealing

Consideration of the EQE responses for four representative cells
from across the stoichiometry range (Figure 1) indicates that all
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Figure 1. Evolution of EQE response for four different stoichiometries after extended dark storage, a 1 h anneal at 85 °C, and a subsequent 24 h anneal at
85 °C. It can be observed that for extremes of stoichiometry, the treatments have only a small effect on the EQE response, but for samples which are
moderately off-stoichiometric, treatment-induced changes are much more severe.
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cells exhibit a degraded response after extended dark storage,
with a resulting loss in Jsc. Those cells at the stoichiometric
extremes have much less degraded EQE responses. A 1 h anneal
at 85 °C is seen to be beneficial for moderately off-stoichiometric
devices, with significant improvement in the EQE response
across all wavelengths and particularly the long-wavelength
regime. Surprisingly, an extended anneal for 24 h at the same
temperature was observed to cause a reduction in the EQE
response, particularly in the long-wavelength regime, indicating
a loss in carrier collection, due either to a reduction in depletion
width or to diffusion length.

The effect on the EQE response of storage and heat treatments
is mirrored in the doping profiles extracted for the same repre-
sentative devices (Figure 2). A 1h anneal is observed to signifi-
cantly expand the depletion width of all cells (all but the least
off-stoichiometric sample see increases approaching 100%).
A 24h anneal is then observed to contract the depletion width,
particularly for the moderately off-stoichiometric samples, with
the reduction exceeding the gain from a single hour in both
cases. It was suggested in a previous work®” that the widegap
ACIGS devices have a very poor diffusion length and so exhibit
highly depletion-dependent carrier collection. This conclusion is
verified by our results, also explaining the minimal shift in the
EQE response for samples at the extremes of the stoichiometry
range as they are already so heavily depleted, that even consider-
able contraction or expansion does not significantly affect the col-
lection efficiency in the device, whereas for the narrowly depleted
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moderately off-stoichiometric samples, minor changes in deple-
tion can cause significant changes in the collection profile.
About three months after initial fabrication, a small number
of devices were characterized with C-V measurements. A com-
parison of the depletion widths measured at this time, with
regard to the stoichiometry value, indicates that the EQE degra-
dation during the extended dark storage is also likely to stem
from the depletion zone contraction, following the responses
to annealing (see Figure S1 in the supporting information for
more information).

Figure 3a displays the depletion width extracted for each sam-
ple, revealing the dependence on I/III. Moreover, through con-
sideration of Figure 3D, it can be seen that those trends observed
for the four representative cells are upheld throughout the whole
sample set and compositional range. The depletion widths of
moderately off-stoichiometric samples are shown to expand after
a 1h anneal, whilst very off- and close-stoichiometric samples do
not exhibit significant variation, with the exception of the two
most off-stoichiometric samples (I/III = 0.79, 0.81). The subse-
quent contraction of the depletion width after the 24h hour
anneal also follows such an arch shape. A simple explanation
for the dependence of depletion width on stoichiometry, close
to stoichiometry, is that there is a decreasing density of
group-I vacancies (V;) toward stocihiometric composition, reduc-
ing the net doping. For very off-stoichiometric material, the
increase in depletion width is unexpected, as an increase in
Vi should increase the acceptor concentration in the material.
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Figure 2. Evolution of the doping profiles of four different stoichiometries after extended dark storage, a 1h anneal at 85 °C and a 24 h anneal at 85 °C. It
can be seen that the shifts observed in the depletion width at zero bias after treatments are related to the shifts in EQE response after treatment (Figure 1),
with contraction of the depletion region leading to a reduction in the longer-wavelength EQE response. It can also be seen that devices that are very off-
stoichiometric have very wide depletion regions, while close-stoichiometric devices are even fully depleted (note the significant difference in x-scales).
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Figure 3. a) The observed dependence of zero-bias depletion width on sample stoichiometry, for all samples, after each round of treatment. Note that for
the extremes of the stoichiometry range (/111 5 0.8, 1/111 2 0.95), depletion is large, reducing significantly in the intermediate region. b) This plot shows
how a 1 h anneal leads to a general expansion of the zero-bias depletion width, while the 24 h hour anneal leads to contraction. Both responses follow a

similar arch-shaped trend, with relation to stoichiometry.

For such extreme off-stoichiometry, however, the OVC fraction is
significant and it is possible that the 1:1:2 phase itself begins to
alter. Such dramatic changes to the material system could lead
to the observed wide depletion. In addition, as the material
becomes increasingly group-I poor, the density of group-III anti-
site defects is likely to increase. In/Gac,, are known donor-type
defects in CIGS and the similar radii of In, Ga, and Ag could lead
to the formation of In/Ga,g being more favorable than their Cu
counterparts, reducing the net-doping level and expanding the
depletion region. This self-compensation is, however, always
present in CIGS, so it would be unexpected for the level of
self-compensation to become dramatically more pronounced
below /111 ~ 0.80.
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Turning to the [-V parameters (Figure 4), it is seen that there
is a slight degradation in Vo after the storage period, with
increasing degradation for increasing I/III (Figure 4b). The 1h
anneal is observed to have no clear effect on Vp¢; however,
the 24h anneal appears to have a beneficial effect on close-
stoichiometric samples (I/III > 0.90). The response of Jsc to
each treatment is observed to follow an arch trend, with respect
to stoichiometry, with response minima for extremely off- or
close-stoichiometric values and the maximum shift at an inter-
mediate value of I/II1~0.87 (Figure 4b). This arched depen-
dence on stoichiometry is clearly connected to that of the
depletion width seen in Figure 3b. The extended dark storage
leads to very significant degradation in Jsc (up to 8 mA cm?%);
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Figure 4. a) Dependence of key I-V performance parameters on stoichiometry for samples as grown, after extended dark storage, and after annealing at
85 °C. b) Dependence of the change in the I-V parameters measured after treatments, on stoichiometry. A clear positive correlation between FF losses
over time and stoichiometry can be seen, in addition to a clear stoichiometry-dependent trend for Jsc response to treatment, with moderately
off-stoichiometric devices being the most responsive. Error bars define the standard error across the samples and data points represent sample averages.
As Jsc is extracted from single EQE measurements on representative cells, no error bars are given.
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however, the short anneal results in partial recovery (gaining up
to 4 mA cm™?). In line with the C-V and EQE measurements, the
24 h anneal led instead to further reductions in Jsc (peak loss of
~3 mA cm™?). FF was observed to degrade over time, with a clear
correlation between stoichiometry and the severity of the degra-
dation. Both anneals led to a slight decrease in FF, but no trend
coupling degradation to stoichiometry was observed. It appears
that 7 is led by Voc and FF for close-stoichometric samples, while
the off-stoichiometric samples are led by variations in Jsc. After
the storage period, a fairly uniform and significant degradation of
~23% absolute is observed, with slightly greater degradation for
samples closer to stoichiometry (presumably stemming from the
increased FF and V¢ degradation in this compositional region).
Following the 1 h anneal, 5 displays a slight recovery (0.5-1.0%)
for all samples with stoichiometry below 0.95, and these close-
stoichiometric samples instead exhibit a further degradation
of ~1%. After the 24 h anneal, a positive correlation between stoi-
chiometry and recovery can be observed for 5, presumably stem-
ming from the similar trend observed for Voc.

2.2. Effects of LS

As with the response to storage and heat treatments, it can be
seen in Figure 5 that devices within the intermediate stoichiom-
etry range have greater responses to LS than those at the
extremes of the range, which are affected only very little
(the severely off-stoichiometric sample exhibits small gains in
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the long-wavelength region, and the close-stoichiometric sample
instead exhibits a very minor loss). It can be noted that the
extremely off-stoichiometric sample (I/I1I=0.79, Figure 5) is
subjected to LS, in addition to having previously been annealed
for 24 h. This was deemed as acceptable due to the almost non-
existent effect of the extended anneal on the device’s EQE and
C-V responses (the latter in Figure 6a). Moreover, the threshold
between the extremely and moderately off-stoichiometric effects
seems to be at I/III ~ 0.80, so it was necessary to reuse the sam-
ple. Interestingly, the sample with I/III = 0.88, which for heating
and storage effects can be considered to lie well within the
“moderate” range, shows a much reduced response to LS
(Figure 5c), compared with the device with I/III=0.84
(Figure 5b). This may be explained by a comparison of the doping
profiles of the two samples (Figure 6b,c). Through consideration
of the absorption profile of the material, it can be estimated that
~90% of generation occurs in the first ~1 pm of the absorber
material.”®) Due to the poor diffusion length in the material,
it can be expected that the carrier collection profile shrinks to zero
very quickly for depths outside of the depletion region. Thus, we
can expect that for samples with depletion widths <1 pm,
expansion of the depletion region is highly beneficial and will
improve collection efficiency significantly; however, further
expansion of depletion beyond 1 pm is unlikely to yield significant
improvements. With this in mind, we return to the doping pro-
files of the two samples. Prior to LS, they had depletion widths of
~0.3 and ~0.6 pm for I/III of 0.84 and 0.88, respectively. After
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Figure 5. Evolution of EQE response for four different stoichiometries after extended dark storage, a 1 h anneal at 85 °C and 7 h of LS (for I/111 =0.84,
0.88, and 0.95), or 5 h of LS (I/Ill =0.79). Again it can be noted that the moderately off-stoichiometric samples respond much more to treatment than

those at the extremes of the stoichiometric range.
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Figure 6. Evolution of the doping profile for four different stoichiometries after extended dark storage, a 1 h anneal at 85 °C, and 7 h of LS (for /11l = 0.84,
0.88, and 0.95) or 5 h of LS (I/Ill =0.79). Interestingly it is observed that while the intermediate samples see significant expansion of the depletion region,
those at the extremes of the stoichiometric range actually see contraction, particularly the sample with 1/111 =0.79.

LS, both samples have depletion regions extending beyond 1 pm.
With the improvement limitation we have just established, we see
that the sample with I/III = 0.84 had a much greater capacity to
improve collection; hence, we observe much greater improve-
ment, despite similar final depletion widths.

It is observed in Figure 6 that for extremely off-stoichiometric
devices, the depletion region is significantly contracted (shrink-
ing by more than 0.3 pm), despite also being observed to exhibit
improvements in collection (Figure 5). It is suggested that the
device is still sufficiently depleted to avoid collection losses from
depletion width contraction. Likewise, the close-stoichiometric
sample showed a small depletion width contraction but no sig-
nificant variation in current collection. The samples were mea-
sured again, one day after LS. The sample with I/III = 0.84 was
observed to lose some collection in the longer wavelengths, while
the other sample’s responses remained unchanged. This is an
unanticipated result, as C-V measurements performed the
day after LS reveal that the depletion region of that sample
expanded further. Due to the already considerable depletion,
we would expect no, or a very slight positive, change to the
EQE response. This was the case for the other three samples,
wherein each exhibited expansion of the depletion region.
The evolution of the depletion width after one day does not
appear to show relaxation of the changes induced by LS treat-
ment, as there is no simple reversion of changes (complete or
partial).
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Figure 7. Evolution of the Voc of four devices with different stoichiome-
tries during 5 h of LS. A clear decay in Vo can be observed and we specu-
late that the main effect occurs up to a time of 4000 s, before temperature
effects prevent a final saturation of Voc.

By tracking the evolution of key I-V performance parameters
over LS (Figure 7 and Table 1), it was observed that the most
significant changes in performance occur within the first
4000 s of LS. Vo is observed to decay steeply within the initial
time period, with losses increasing with stoichiometry (35, 50,
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Table 1. Evolution of I-V performance parameters over time under AM1.5
illumination. Note the dramatic change in the first 27005, followed by
more gradual evolution (no measurements were taken near the 4000 s
saturation point).

I/ Time [s] Voc [mV] Jsc [mAcm™ FF [%] n [%]
0.79 30 859 19.9 67.2 1.5
2700 830 211 66.1 1.6
18000 81 21.4 63.3 1.0
0.84 30 894 17.1 56.9 8.7
2700 861 19.5 67.1 1.3
18000 827 211 62.0 10.8
0.88 30 819 14.65 59.4 7.1
2700 788 14.8 60.8 7.1
18000 769 15.5 59.9 7.1
0.95 30 822 202 63.2 10.5
2700 751 20.0 61.6 9.3
18000 704 20.0 57.7 8.1

75, and 125mV for I/III of 0.79, 0.84, 0.88, and 0.95, respec-
tively). After this initial decay, it is believed that the gradual deg-
radation in the Voc is due to increasing device temperature
(although a Peltier element is used to cool the device during illu-
mination, this system is not perfect, with samples heating from
~2295 to ~305 K over the illumination period). By performing an
I-V measurement 20 min after LS, it was observed that the per-
formance parameters all recovered toward their values at the end
of the initial period of rapid change, verifying our suspicion.
The highly off-stoichiometric devices (I/III=0.79 and 0.84)
exhibit a steep increase in Jsc, which plateaus at the end of
the initial 4000 s period, with subsequent low-level gains attrib-
uted to temperature effects. The moderately off-stoichiometric
sample (I/III =0.88) shows very minimal improvements in
Jsc and the close-stoichiometric sample (I/III =0.95) showed
no Jsc gains or losses. Unexpectedly, a considerable discrepancy
between the EQE and I-V results is noted here, with the EQE
response of the extremely off-stoichiometric sample showing
only a minor increase and the measured Jsc for the intermediate
sample I/I11 = 0.88 being ~5mA cm * greater for EQE than
I-V (Table 1). Due to the calibration of the I-V setup, a slight
underestimate of Jsc is expected for I-V measurements, com-
pared with EQE; however, none of such magnitude was observed
previously in this sample set. Interestingly, the discrepancy
between the I-V and EQE values of [sc was observed to broaden
after each treatment (see Figure S5, Supporting Information);
however, an explanation for this cannot be provided. The FF
and efficiency of the two moderately off-stoichiometric samples
were observed to follow Jsc evolution, until the plateau was
reached, whereupon Vo reduction could be seen to reduce these
figures of merit. The FF and efficiency of the samples at the
extremes of the compositional range were observed to be led
strongly by Voc.

These results are interesting, as they show a departure
from the pattern observed for annealing, of an intermediate
“active” stoichiometry region (0.8 <I/III <0.9), which is highly
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responsive to treatment and two unresponsive regions outside
the bounds of the intermediate, though the changes in the
close-stoichiometric sample mirror those seen after extended
dark storage. In the case of Vo, there is a clear direct depen-
dence on stoichiometry, while Jsc appears to be more responsive
for moderate-to-extremely off-stoichiometric samples and
unresponsive for moderately off- to close-stoichiometric
samples. This could indicate an alternative mechanism to that
driving the changes observed after annealing and storage.
The apparent mismatch between Jsc gain and depletion evolu-
tion for the samples with I/III of 0.79 and 0.88 is attributed
to the previously discussed assumption of a maximum
beneficial depletion width, beyond which no collection gains
are made.

2.3. Effect of Depletion Width on Carrier Collection

Figure 8 shows the extent to which Jsc depends on the width of
the depletion region, with a clear saturation of improvement
once the width of ~1 pm is reached. It is expected that this depth
is needed to absorb the vast majority of incident photons. Indeed
this is supported by calculation and absorption measurements
made by our group previously for the larger sample set.**!
It can also be seen that by extending the depletion width from
100 to 400 nm, a significant improvement (greater than 50%)
in Jsc can be delivered. The curves represent Jsc values deduced
from EQE curves calculated from the generation profile and
collection efficiencies, for different depletion width values,
assuming a diffusion length of 300 nm, an absorber thickness
of 2.0 um, and a rear-surface recombination velocity of 107 cm™".
The collection function was derived from the study by
Green et al.*! and the absorption coefficients were determined
using a function adjusted to match previous measurement data
(of ungraded representative devices with a bandgap of 1.47 eV);
reflection values were also taken from a previously measured
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Figure 8. Dependence of Js¢ (from EQE) on Wscg. The depletion—depen-
dent collection is clear to see from the very steep gradient for 0.0 < deple-
tion width <0.4pm and it appears that our earlier estimate of 1.0 ym
marking the threshold, beyond which the extension of the depletion region
yields little gain, was justified. Calculated EQE responses for similar devi-
ces with a bandgap of 1.47 eV and a diffusion length of 300 nm yield a
similar trend.
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device. The calculated data were normalized to the maximum
measured Jsc (from EQE) to account for overestimation attrib-
uted to differences in reflection and grading between our devices
and the reference. It can be seen that the normalized curve is a
relatively good fit, confirming that the diffusion length in
widegap ACIGS absorbers is indeed rather low (~300nm).
The absorption data and corresponding simulated EQE
spectra can be found in the (Figure S6 and S7, Supporting
Information).

3. Discussion

As summarized in Table 2, there is a complex interconnection
between absorber stoichiometry, applied treatment, and result-
ing change in I-V parameters. It is, however, clear that the pri-
mary driving force for change in performance is the varying
doping level/depletion width, but the mechanism that drives this
variation is not clear. Moreover, it is unclear how the V¢ of mod-
erately and extremely off-stoichiometric devices has relatively
small variations, despite considerable increases and decreases
in the net doping levels after annealing and storage. Another sur-
prising result is that the effects of a 1 and 24 h anneal are oppos-
ing, with the former leading to expanded depletion widths and an
improvement in collection, and the latter yielding the reverse
both with little-to-no impact on Voc. Figure 8 indicates that
the active region of the ACIGS absorbers extends to ~1 pm, that
is, current contribution beyond this depth is negligible.
Considering the importance of the first 1000 nm, a layer of sev-
eral hundred nanometers at the surface could have a significant
impact on device performance, but as no such surface layer has
been observed for the samples, it is likely that the mechanism
driving the effects that we observe is a bulk effect. This suggests

Table 2. Summary of treatment effect on I-V performance parameters for
extremely (Ex), moderately- (Mod) and close- (Sto) stoichiometric
samples. — indicates that there was no clear trend after treatment, |
indicates an improvement, and | indicates a loss. Paired arrows
indicate a severe improvement/loss.

I/m Dark Storage 1h Anneal 24 h Anneal LS
Voc Ex - - - 1
Mod - - - !
Sto | - 1 1
Jsc Ex - - - T
Mod L T 1 "
Sto - - - -
FF Ex - - - !
Mod - - - 1
Sto 1 - - l
n Ex l - ! 1
Mod l - 1 T
Sto ! - ! 1
Depletion Ex NA " - i
Mod NA 1" 1 "
Sto NA 1 . l
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that OVCs do not play a dominant role in what we observe, as
they are closely confined to the surface for all but the most
off-stoichiometric samples.””*! In order to explain the observed
behaviors, we can consider several mechanisms: Mobile ion-
driven mechanisms, mechanisms relating to phase stability
and segregation, and defect-driven mechanisms. We shall first
consider the potential role of mobile ions in our material system.

The possible candidates for ionic diffusion are Na, Cu, and Ag,
with all three being highly mobile within the material.*’~>%
A selection of samples from across the compositional range were
measured with glow-discharge optical emission spectroscopy
(GDOES) before and after the 1h anneal, in order to observe
any changes in the elemental distribution (see Figure S2,
Supporting Information). The resulting measurements gave
no clear indication of ionic redistribution after annealing; how-
ever, it is to be noted that this technique provides a laterally inte-
grating depth profile of the elemental distribution, so this result
does not rule out diffusion of ions in or out of the grain bound-
aries (GB) or OVCs. Considering the similar behavior of highly oft-
stoichiometric and close-stoichiometric samples, it appears that
OVCs do not play a key role in the mechanism of depletion width
modification that we observe. Consequently, as OVCs have been
seen to accumulate large quantities of Na,*? it also seems unlikely
that Na plays a critical role in the processes observed. In order to
fully exclude Na migration, devices with Na-free substrates, or sub-
strates containing heavier alkalis will be manufactured in the
future, and similar experiments performed.

A possible explanation for the contrasting results of a 1h and
24 h anneal could be that there is a maximum amount of ion
migration that proves to be beneficial for device performance,
with an optimum point that, when passed, leads instead to a neg-
ative effect on performance. Raghuwanshi, et al. showed that in
CIGS, benign GBs are Cu depleted and malign GBs are Cu-rich
and contain oxygen.!"* Thus it could be that through annealing,
the Cu content of GB is changed and oxygen given a passage into
the absorber. Indeed, the devices investigated were not encapsu-
lated, so the ingress of atmospheric elements is a possibility and
could have been aggravated through annealing. GDOES data
again indicate that this is not the case, with no discernible change
in oxygen content after annealing (see Figure S4 and S5,
Supporting Information). Deitz et al. also observed clustering
of deep defects around certain GBs in ACIGS, with the defect
region Cu rich and with sulfur suspected to diffuse from CdS
and substitute Se.*" The long anneal could cause Cu enrichment
and diffusion of undesirable elements into GBs. Ag, In, and
Ga have very similar ionic radii, so the diffusion of Ag could
lead to antisite defects.'”) Although OVCs have been deemed
rather unlikely to trigger the depletion width variation, it is to
be noted that even for nearly full absorber depletion, highly
off-stoichiometric devices never attain EQE spectra as high as
those of the close-stoichiometric devices, indicating that there
is perhaps a reduction in carrier collection caused by OVCs that
operate in parallel with the main observed effects.

We now turn to consider the role of phase stability.
Sopiha, et al. indicate that the thermodynamic stability of our
compositional window is low, even at 50 °C, indicating that phase
separation could begin at our annealing temperature of 85 °C.*?
At such low temperatures, however, this effect would be slow and
present on the nanoscale, rather than causing the large
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macroscale changes in performance that we see. Varying GGI
and AAC ratios throughout the material would effect the phase
separation probability and temperature threshold. However, the
kinetics would still be too slow in the investigated temperature
range for any phase to degrade so severely and so quickly.
Moreover, phase decomposition would be irreversible; however,
we observe that partial recovery can be achieved.

Finally we consider the presence of metastable defects, start-
ing with the well-known Lany—Zunger (LZ) model, which
explains how the (Vs. — V,) divacancy complex mediates the
improvement of device performance after LS and deterioration
following dark storage and/or annealing.”” It is claimed that
the divacancy complex has two configurations, one acting as a
donor and the other as an acceptor (paired with a deep defect).
[Mumination enables the conversion of donor-type configurations
to acceptor-type configurations, leading to an increase in Vo,
while dark annealing leads to relaxation from acceptor- to
donor-type configurations. Experimental works using ACIGS
devices with much lower Ag and Ga content than here (<0.2 and
0.4, respectively) appear to be consistent with this theory.?*?")
Erslev, et al. investigated LS effects on ACIGS using a broader
range of Ag and Ga compositions (0.16 < AAC < 0.76 and
0.29 < GGI < 0.83) and also yielded results consistent with
LZ theory.”) Our results are not consistent with the predictions
of the LZ theory, at least not those made for ACIGS with
much lower Ag and Ga content. It is possible that for much
higher Ga and Ag contents than originally considered in the the-
oretical work, the equilibrium distribution of divacancy configu-
rations is much more acceptor rich (through shifting of the Fermi
level), and the barrier to transition to the donor configuration
reduces, meaning that upon LS, there is a transition to a
donor-type-dominated configuration space. This could then cor-
respond to dark annealing increasing the acceptor-type configu-
ration population, also increasing the deep defect density, and
explaining the shrinking depletion width and stable Vo after
the prolonged anneal (two parallel yet opposing effects).

Alternatively, we may not have such a defect playing a critical
role, but rather another form of the photoactivated barrier, like
Czudek, et al. discussed with connection to the persistent photo-
conductivity effect in CIGS,?® or metastable defect, such as a DX
state (possibly In/Gac,),***” that is activated or somehow trans-
formed between states through LS and annealing. Indeed, a signifi-
cant trap state located at Ey + 0.59 eV and attributed to Cuyy, has
been observed in several studies and seen to reduce after anneal-
ing, perhaps through reduction of disorder in the material.l*'*¥
Igalson et al. investigated the dependence of metastable effects
on absorber composition and found that for CIGS absorber stoi-
chiometry between 0.8 and ~0.9, the typical metastable defect con-
centration exceeded 107 cm™>.*®! This range matches our most
reactive compositional region. Unfortunately, there is a dearth
of theoretical work dealing with the defect nature of high-Ga,
high-Ag ACIGS material, so further experimental and theoretical
studies are needed for a more comprehensive understanding.

4. Conclusion
To conclude, ACIGS samples with a narrow range of AAC and
GGI values, but with a large spread in I/III stoichiometry, were
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characterized using I-V, EQE, and C-V measurements to inves-
tigate their stability with respect to time, heat, and light. It was
determined that the key parameter for the material is the doping
and corresponding width of the depletion region. Variations in
these parameters are seemingly responsible for all other param-
eter changes that are observed, due mainly to the very low diffu-
sion length in the material. The ease with which the depletion
width can be manipulated suggests that treatment-induced per-
formance changes are at least partially reversible, though due to
uncertainty surrounding the driving mechanism of the observed
changes, it cannot be claimed that these fundamental changes
are reversed, in contrast to simply layering opposing effects.
Furthermore, as the age, light, and extended annealing treat-
ments led to severe deterioration of output current and voltage,
the suitability of this material for real implementation in the field
is questionable, unless the degradation can be somehow
mitigated. A second issue that became evident in the course
of this work is the lack of theoretical investigation into high-
Ag and/or high-Ga (A)CIGS devices, particularly with respect
to defect theory.

This work leaves several open questions; first among these is
what mechanism is acting to change the doping and depletion
width after the treatments? The primary candidates are ion
migration around GB and/or the presence of an undefined meta-
stable defect state. Second, the symmetry between close- and very
off-stoichiometric material (for annealing and storage responses)
is surprising, though it does indicate that OVCs are not the cul-
prit. Third, why do the 1 and 24 h anneals have opposite effects
(and of similar magnitude)? A fourth point of interest is to iden-
tify whether there is in fact a different mechanism mediating the
responses to annealing and LS treatments, as perhaps indicated
by relating responses to stoichiometry. Finally, the limited
response of Voc of off-stoichiometric devices to considerable
changes in doping and depletion caused by extended storage
and annealing remains unclear. These questions require the sup-
port of theoretical studies to answer, in addition to further experi-
ments to probe the defect character of the material.

5. Experimental Section

The devices were characterized by I-V, EQE and C-V measurements.
I-V and EQE measurements were performed using home-built setups, the
former used an ELH lamp for illumination and a water-cooled Peltier ele-
ment to keep the cell temperatures at 25 °C. C-V measurements were per-
formed with an Agilent 4284A Precision LCR Meter and Keithley 2401
Source Meter. The C-V measurement sweep frequency was determined
via admittance measurements, using the frequency that brought the phase
angle closest to 90° (=60 kHz, for all devices, see Figure S12 and S13,
Supporting Information for example data). Voltage bias was swept from
—0.5Vto a value near the individual cell’s Vo values (about 0.9 V for most
cells). The material permittivity was taken to be 10, as our previous work
revealed that a value of 12 was too large.?”! Some cells were also studied
with GDOES using a Spectruma Analytik GDA 750 HR system.

Each ACIGS processing run involved four samples, placed such that
there was a lateral I/1Il stoichiometry grading, due to the arrangement
of the elemental sources. The I/l variation across the run was ~=10%,
with much smaller variations in GGl and AAC (3% for each). For further
details, we refer the reader to the study by Keller et al.”®! The devices were
fabricated in January, February, and March of 2021, with initial measure-
ments performed at that time. Subsequent measurements were per-
formed in July 2021 to evaluate the effects of aging on the cells after
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roughly half a year of dark storage. After these measurements, all samples
underwent a dry anneal at 85 °C for 1 h. Then the samples were divided
into two groups, one receiving a 24 h dry anneal at 85 °C and the other
being light soaked for 7h under approximate AM1.5 illumination and
cooled via the Peltier element built into the sample stage. One sample,
with a stoichiometry value of 0.79, underwent both the 24 h hour anneal
and a 5h LS. It is important to highlight that the treatments were per-
formed in sequence, with no reference state established or referred to
(see the supporting information for more details).

Each device comprised a stack of the following layers: soda lime glass
(SLG)/Mo/NaF/ACIGS/CdS/i-ZnO/ZnO:Al. The Mo back electrode was
sputtered (DC) on the glass substrates and NaF (10-15nm) was then
evaporated on top. No alkali diffusion barrier was used, so Na in-diffusion
from the SLG was allowed. The ACIGS films were grown via a three-stage
(group-l poor, group-l rich, group-l poor) coevaporation process, the
Ag/Cu evaporation rate ratio was kept constant throughout. A higher
Ga and lower In rate were applied during the initial absorber growth to
facilitate the formation of a back-surface field. All ACIGS films exhibited
similar GGl depth profiles and the absorber thickness varied between
2.0 and 2.4 ym. The maximum substrate temperature during the second
and third stage was set to 550 °C. No alkali postdeposition treatment was
applied. Integral compositions were extracted from crosscalibrated X-Ray
fluorescence measurements on bare absorbers located at the outer posi-
tions of the deposition zone. After absorber formation, a 50 nm-thick CdS
buffer layer was grown by chemical bath deposition. The solar cell stacks
were finalized by sputtering i-ZnO (70 nm) and ZnO:Al (150 nm; sheet
resistance ~50Q[]7") on top. No antireflective coating was used for
any of the cells in this study. Each sample was divided into either
16 cells (each with an area of 0.1cm?) or 14 cells (each with an area
of 0.05 cm?).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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