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ABSTRACT: An effective encapsulation solution for flexible CIGS is urgently needed to ensure
a competitive market entry of the technology. In this work, we demonstrate the feasibility to
effectively encapsulate module-level (10x10 cm?) CIGS/glass solar cells by employing a thin
ADLOs3 barrier layer grown by atomic layer deposition (ALD). As determined by a direct
methodology, 10 nm ALD-AlL>O3 is proved to be sufficient in preventing electrical degradation of
the Al:ZnO (AZO) window layer upon exposure to damp heat test (DHT) and equally effective to
encapsulate 10x10 cm? CIGS/glass mini-modules by efficient blockage of moisture ingress. CIGS
mini-modules encapsulated by ALD-ALO3 barrier layer retain an average of 80% and 72% of
initial efficiency after 1000 and 2000 h of DHT, respectively. Whereas unencapsulated modules
drop to an average of 67% (1000 h DHT) and 22% (2000 h DHT) of initial efficiency. Thanks to
the presence of ALD-ALO; barrier layer, less electrical degradation occurred in AZO window
layer and P3 interconnection; also less shunting paths appeared — both led to a lower FF drop in
encapsulated CIGS mini-modules. However, an issue of Na migration out of the CIGS layer is

observed, which negatively impacts the module stability during DHT.
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1. Introduction

In the field of photovoltaics (PV), flexible thin film PV technologies have attracted tremendous
attention. Compared to their rigid counterpart, flexible thin film solar cells are light weight,
allowing a high specific power (kW/kg) which is of particular interest for space applications, and
a lower production cost by employing large-scale production techniques enabling high throughput
(e.g. roll-to-roll) and a low thermal budget [1]. Furthermore, flexible thin film solar cells can be

integrated with elements of various shapes and sizes (such as fabrics, tiles, tents, sails etc.) [2],



thus opening up possibilities for new energy-generating applications, such as the emerging
building integrated photovoltaics (BIPV) [3], and vehicle integrated photovoltaics (VIPV) [4].
Among the various flexible PV technologies, copper indium gallium selenide Cu(In,Ga)Se:
(CIGS) solar cell stands out promising. Tiwari et al. have reported a cell efficiency of 20.8% for a
CIGS solar cell made on polymer foil [5], which is very close to the record cell efficiency of 23.4%
for CIGS on glass substrate [6]. Miasolé has declared to have achieved an efficiency of 18.64%
for flexible CIGS at module-level (1.08 m? aperture) at the end of 2019 [7]. However, to ensure a
cost-competitive market entry for flexible CIGS technology, it is a prerequisite to develop an
effective encapsulation solution that can guarantee a module lifetime of >25 years and maintain
the flexibility and lightweight of the modules, which still remains a challenge. To evaluate long-
term stability without actual field data, it is common practice to expose solar modules to
accelerated ageing tests according to the standards of the International Electrotechnical
Commission (IEC). One of the most severe tests for thin film modules within the important and
widely accepted test protocol based on IEC 61215-2 is the damp heat test (DHT), during which
solar modules are exposed to 85 °C and 85% relative humidity (RH) for 1000 hours [8].

In order to retain flexibility, rigid and heavy cover materials (such as glass) are no longer
compatible. Instead, polymeric front/back sheets which are lightweight and flexible, are better
suited to encapsulate flexible CIGS solar cells. Nevertheless, polymeric materials are generically
quite sensitive to moisture ingress [9]. For example, ethylene-vinyl acetate (EVA) copolymers —
the most commonly used encapsulant in PV field — are found to decompose when exposed to
moisture producing acetic acid [10], which could further degrade the underlying window layer
(such as Al:ZnO in CIGS solar cells) [11,12]. The problematic EVA yellowing during outdoor

operation (UV and/or humidity exposure) is also a well-known issue [13]. One facile strategy is to



replace the polymeric encapsulant with better HoO-resistant inorganic thin layer between the
polymeric front/back sheet and the flexible CIGS solar cell. The use of inorganic thin layers (such
as AlbO3, TiO2, SnO; etc.) by atomic layer deposition (ALD) has been widely employed in OLED
industry[14,15] and to a less extent in photovoltaics[16—18] as efficient barrier layers. Indeed,
ALD is a robust technique enabling pinhole free and conformal deposition of thin films in large-
scale with fine control in thickness and material property [19]. Further, ALD can be well adapted
for low-temperature deposition and uneven/non-flat substrates [20,21], both of which are of
particular interest for flexible CIGS solar cells.

Consequently, ALD grown inorganic barrier layers appear as a promising encapsulation solution
for flexible CIGS technology. Among them, Al>O3 is one of the most studied candidates due to its
low water vapor transmission rate (WVTR) of < 107 g/m?*/day at room temperature for 25 nm
AL Os (grown on substrate of polyethylene naphthalate, PEN) [22]. Several large EU projects such
as Nanomend and CLEAN4YIELD have been devoted to developing advanced methodologies to
inspect, clean and repair the extremely thin nano-scale barrier layers (e.g. Al2O3). Despite a few
studies on encapsulating CIGS single cells with ALD-grown Al>O3 thin film [23-25], there is
barely report discussing the feasibility of this approach for upscaling (i.e. module level) CIGS
devices, which itself presents a critical issue towards commercialization of the technology.

In this work, we encapsulate 10x10 cm? CIGS/glass mini-modules by ALD-ALO3 barrier layers
and discuss the feasibility of this approach for module-level devices against damp heat test. First,
a direct methodology is proposed to determine the optimal thickness of ALD-AlO3, which
conventionally is considered as the minimum thickness required to achieve acceptable WVTR
value (e.g. ~6x10° g/m*day at room temperature as in ref. [24,25]). However, the WVTR

determination (by performing Ca test for example) often is not carried out at the desired



temperature and humidity relevant for the accelerated test of PV modules (i.e. 85 °C and 85% RH),
nor is it measured in combination with the polymeric front sheet to be applied in the final solar
device. Most of all, the WVTR measurement does not provide any information on the degradation
mechanisms of the materials composing the solar cell, whereas the direct methodology employed
in this work can reveal this issue. We found out that 10 nm ALD-AI>O3 barrier layer is sufficient
to protect Al:ZnO (AZO) from electrical degradation during DHT by effectively blocking moisture
ingress. This barrier of 10 nm ALD-ALOs also protects equally efficiently the 10x10 cm?
CIGS/glass mini-modules, particularly at longer exposure time up to 2000 h, when a single layer
of ALD-ALLOs protects the modules in a comparable way as glass-glass encapsulation.
Furthermore, advanced analyses have been performed to reveal the main degradation mechanisms

in both unencapsulated and ALD-AL>O3 encapsulated CIGS modules.
2. Experimental Section

2.1 Materials and device fabrication

Al:ZnO (AZO) films of ~ 350 nm were deposited on borosilicate glass substrates by radio-
frequency sputtering according to procedures described elsewhere [26]. The top Al,Os barrier
layers were prepared by atomic layer deposition (ALD) in a BENEQ TFS-200 reactor at deposition
temperature Taep = 160 °C, from trimethyl aluminum (Al(CH3)3, TMA, Optograde, Rohm & Haas)
and deionized water [27]. ALD-AL O3 of different nominal thicknesses, namely 2, 5, 10, 25, and
80 nm, were tested as barrier layer on AZO/glass. The actual thickness of Al2O3; grown on a control
Si wafer was measured by X-ray reflectivity and is tabulated in Table S1, where it is seen that the
measured thickness is fairly close to the nominal thickness. The areal homogeneity of Al,Os

growth over 15.6x15.6 cm? (ALD reactor size) has been controlled.



The monolithically interconnected CIGS mini-modules on soda-lime glass (10x10 cm?) were
fabricated in the following way. First, a 500 nm thick molybdenum (Mo) back contact was DC
sputtered inline, followed by laser scribing of the Mo back contact (P1), which defines the cell
size. The Cu(In,Ga)Se, absorber was deposited by co-evaporation of the elements in an inline
system (CIS4) at ZSW, which closely resembles an industrial production process. The Mo coated
soda-lime glass substrates were transported on carriers (30x30 cm?), starting from an evacuated
magazine. A continuous substrate flow was established and transported the carriers at a constant
speed through a long vacuum chamber with up to five evaporation units. In these units, self-
constructed evaporation sources deposited the elements in a line-shaped profile homogeneously
from the top in a typical multi-stage process. In, Ga and Se were deposited in the first unit, followed
by Cu and Se in the second unit to achieve a Cu-rich intermediate phase and then In, Ga and Se
until the final Cu-poor composition was attained. The substrate heater temperatures were
approximately 450 and 650 °C for units one and two, respectively. The 2.2 um thick CIGS layer
grew in approximately 26 minutes. After cooling down a 60 nm thick CdS buffer layer was grown
by chemical bath deposition (CBD). After the RF sputtering of a 90 nm thick undoped ZnO layer,
the P2 scribe was performed with a mechanical tool. The subsequent Al:ZnO front contact was
DC sputtered at a thickness of about 1100 nm. The final P3 patterning step was performed
mechanically. Module edge definition was done by sand blasting. Hence, 16 cells were
interconnected to one module on a 10x10 cm? glass substrate with an active area of 63.2 cm?. All
modules were at an efficiency level of >12%. To ensure a low contact resistance after the ALD-
AL O; deposition and damp heat test, a Ni/Al/Ni layer stack was deposited by electron beam
evaporation onto the ZnO contact bus bars.

2.2 Damp heat test



Damp heat test was performed in a SunEvent SUN/340/S climate chamber from Weiss
Umwelttechnik. Modules were first set to 85 °C under dry conditions for 30 min to avoid
condensation on the samples. Then the relative humidity (RH) was also increased to 85% RH with
the samples staying in the climate chamber until being removed for -V measurement. The same
procedures were then repeated until the total time period of 1000 and 2000 h were reached.

2.3 Characterization techniques

The Bragg-Brentano X-ray diffraction (XRD) patterns were collected on a PANalytical
Empyrean equipment (Cu Ka radiation) in the 2theta range of 10°-90°. The sheet resistance on as-
grown bare AZO thin film (without Al,O3 barrier layer) was measured using an in-line 4-point
probe (LucasLab Probe 4 apparatus). Raman spectra were measured in a backscattering
configuration through the specific probe designed in IREC using the Horiba Jobin Yvon FHR640
monochromator coupled with a CCD camera. The He-Cd gas laser with the 325 nm emission
wavelength was used as excitation source. The laser power density was about 10 W/cm? with the
spot size ~70 um. These conditions allowed to exclude any thermal effect on the sample surface
that could affect the experimental results. All spectra were normalized to the main peak of a single
crystalline Si which was imposed to 520 cm™. For each analyzed sample the Raman spectra were
measured over at least 20 points to control the lateral homogeneity of AZO layers and of
CIGS/glass module surfaces.

The current—voltage (I-V) characteristics of CIGS/glass mini-modules were measured at 25 °C
under 1000 W/m? simulated AM1.5G illumination (WACOM WXS-90S-5, Voss Electronic
GmbH, Kirchheim-Heimstetten, Germany). Before each measurement the samples were light
soaked for 10 min at 25 °C under open circuit condition. Such practice has been observed (see

Figure S1 for more details) to be sufficient to stabilize the modules as it gives the same result as



24 h light soaking at 40 °C (the standard long stabilization procedure required by the IEC 61215
protocol). Optical microscopy images were obtained using a Zeiss microscope with a digital
camera adapter and a Canon Power shot A620. The dark lock-in thermography (DLIT)
measurements were performed using an infrared camera system from Thermosensorik GmbH.
High-resolution scanning electron microscopy (SEM) images were taken in an XL30 SFEG system
(FEI Deutschland GmbH, Dreieich, Germany). The Time of Flight - Secondary Ion Mass
Spectrometry measurements (ToF-SIMS) were carried out in an Iontoff, Miinster. A Bi" liquid ion
source was used as a lateral resolution probe. Sputtered atomic and clustered ions were detected
by a time-of-flight detector. An oxygen gas source allowed to dig into deep for recording a depth
profile and to increase the sensitivity to measure cations. The analytic area was 300x300 um? and
the sputtering area was 450x450 um?. Alternatively, Cs ions were used to dig into the depth, in
which case the matrix effects are less pronounced compared to sputtering with oxygen. To ensure
the validity of comparing the Na SIMS depth profiles of different modules, the Cu signal has been
used as a reference signal. The Na depth profiles have been normalized in such a way that the Cu

signal of all modules is at the same level.
3. Results and Discussion

3.1 Determination of the optimal thickness of ALD-AL:O3

Extensive studies have shown that for the degradation of CIGS solar cells/modules, both by field
exposure and accelerated damp heat test (DHT), the primary failure mode occurs in the top
transparent and conductive window layer Al:ZnO (AZO). The sheet resistance Ro of AZO
increases due to moisture ingress [28—30], which deteriorates the fill factor (by increasing the
series resistance) and thus efficiency of the solar cell [31-35]. As such, by directly monitoring the

changes occurring to ALD-ALOs encapsulated AZO layers before and after DHT, the optimal



AL O3 barrier layer thickness required to protect the underlying AZO can be obtained. In parallel,
the degradation mechanism of AZO exposed to DHT can be simultaneously revealed.

Sputtered AZO thin films encapsulated by ALD-Al>Os barrier layers of 2, 5, 10, 25, and 80 nm
were prepared and exposed to DHT for 1000 h together with an as-grown AZO sample (without
ALD-AL O3 barrier layer). The Raman spectra in Figure 1 record the changes of AZO samples
before and after DHT. Use of ultraviolet (UV 325 nm) excitation wavelength leads to the condition
close to resonance for ZnO. Under this excitation condition, an intense LO-like peak located at
~570 cm™ together with a so-called defect band in the range of 350— 525 cm™ (shaded in
rectangular) is clearly present in Al doped ZnO thin films. The relative intensity of this defect band
has been found to correlate with the resistivity of AZO thin films: the more resistive of the AZO,
the lower intensity of this defect band [36,37]. This feature of the defect band is related to the
interaction of the phonons with the free electron plasma, otherwise called phonon-plasmon
coupling effect [38,39]. Note that additional small intensity peaks observed in the Raman spectra
are related to numerous multiphonon modes which become more pronounced in the condition of

high doping of ZnO [40].
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Figure 1. Raman scattering spectra (averaged over at least 20 points) recorded before (dark

curves) and after (red curves) 1000 h damp heat test (DHT) for (a) as-grown AZO, as well as

AZO encapsulated with ALD-AI>Oz barrier layers of (b) 2 nm, (c) 5 nm, (d) 10 nm, (e) 25 nm,
and (f) 80 nm.
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A close look on the Raman spectra of the as-grown AZO (without ALD-AI>Os barrier layer) and

ALD-AI>Os encapsulated AZO thin films reveals a clear dependence of the degradation of

electrical conductivity of AZO on the thickness of ALD-AI>Oz barrier layer. After DHT the defect

band intensity in the as-grown AZO decreases significantly, suggesting a strong degradation of the

electrical properties of AZO film (Figure 1a). Indeed, the sheet resistance Ro of as-grown AZO

increased from 33.1 Q/o to 62.9 Q/o after the DHT. On the other hand, for AZO encapsulated

with ALD-AIl203 barrier layer, one sees that with only 2 nm of Al,Og, the defect band intensity

drops to a much smaller extent (Figure 1b, to compare with Figure 1a). Note that slight increase

in the defect band intensity for ALD-Al>O3 encapsulated AZO compared to as-grown AZO before

DHT is likely due to a soft annealing of the AZO during the ALD process (at 160 °C for about 1h,

see also Figure S2). Further increasing the Al.O3 thickness to 5 nm leads to less degraded AZO,
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as evidenced by the even slower drop in the defect band intensity (Figure 1c). With 10 nm AlOg,
the defect band intensity remains basically unchanged after DHT (Figure 1d), suggesting that 10
nm Al>Os appears sufficient to protect the AZO thin films against DHT. As expected, with thicker
Al>O3 of 25 and 80 nm, the defect bands of AZO do not decrease in intensity after DHT. It should
be mentioned that the applied Raman methodology reveals mainly the degradation mechanisms
related to the intra-grain degradation, while the inter-grain degradation is not assessed. The
measurement of sheet resistance can help to reveal inter-grain degradation, which unfortunately is
not feasible due to the presence of highly isolating Al>Os barrier layer. Nevertheless, the effect of
inter-grain degradation is insignificant for the AZO layers with high crystalline quality, where
sharp parallel grain boundaries were found to have minimum effect on the electrical properties of
doped ZnO [28-30].

The XRD patterns of the as-grown AZO and AZO encapsulated by ALD-AI>Oz barrier layers
remain almost unchanged before and after DHT, as shown in Figure S3. Since the Al,O3 barrier
layer grown by ALD is amorphous, only the diffraction patterns originating from AZO thin films
can be seen. The dominatingly intense diffraction peaks of (002) and (004) suggest that the
sputtered AZO thin film is strongly textured. By calculating the interplanar distance d of (002) and
(004) planes, it was found that for as-grown AZO both d(oo2) and d(oo4) slightly increased after DHT,
implying that water likely penetrates into AZO film and expands the crystal planes. Therefore, the
ratio of the relative expansion of d(o2) and dos) after DHT with respect to the values before DHT
is plotted as a function of the thickness of ALD-AI>Oz3 barrier layer in Figure 2. With increasing
ALD-AI,O3 thickness, the relative expansions of doz) and dos) become smaller with respect to
the as-grown AZO sample (i.e. 0 nm Al>Oz). With 10 nm Al,Og, the relative interplanar expansion

approaches to zero, so do the cases of 25 and 80 nm Al,Oz. It is once again proved that 10 nm
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Al>O3z is sufficient to effectively protect AZO films from water penetration and subsequent
expansion of the crystal planes, consistent with previous Raman observations. Negligible changes
in optical transmittance before and after the DHT are observed for AZO thin films without and

with Al>Os barrier layer (see Figure S4), in accordance with the previously published results [35].
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Figure 2. The relative expansion Ad/d of (002) and (004) planes of AZO layers after 1000 h
damp heat test (DHT) as a function of the thickness of ALD-AI>Oz barrier layer. d is the
interplanar distance before DHT and Ad is the change after DHT. The sample with 0 nm Al.O3
refers to the as-grown AZO.

3.2 Encapsulation of 10x10 cm? CIGS mini-modules by ALD-AL:O3
In total, 14 CIGS mini-modules on glass (10x10 cm?) were prepared and encapsulated by ALD-
Al>Os3 of different thicknesses. Table 1 summarizes the nomenclature of these modules and their

treatments.

Table 1: Summary of 14 CIGS mini-modules on glass (10x10 cm?) and their treatments

Name # modules Remarks

Unencapsulated 4 Annealed in ALD reactor for 1 h

10 nm AL2O3 2 Encapsulated with 10 nm ALD-AL O3
25 nm AlLOs 4 Encapsulated with 25 nm ALD-AIO;
80 nm Al,O3 4 Encapsulated with 80 nm ALD-ALO;
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Since the growth of ALD-AIl,O3 barrier layer was carried out at 160 °C for about 1 h (total
duration for the whole ALD-Al,O3; deposition process of all thicknesses considered), the 4
unencapsulated CIGS mini-modules were also annealed in the ALD reactor at 160 °C for around
1h. As such, both unencapsulated and encapsulated mini-modules underwent the same thermal
treatment before DHT, making the comparison between the degradation of their performance
reasonable. The average initial efficiency of these modules is about 13.3%. The 14 CIGS mini-
modules were then placed altogether in a climate chamber and exposed to damp heat test (DHT).
In order to monitor the change of optoelectrical properties of the mini-modules, they were removed
from the climate chamber after a certain time to perform I-V characteristics. Typical I-V curves at
different damp heat hours are summarized in Figure S5 for selected modules. All modules were
exposed to DHT for 1000 h as required by IEC 61215-2 and half of the modules were further
exposed up to 2000 h. The relative change of efficiency (1)), fill factor (FF), open circuit voltage
(Voc), and short circuit current (Isc) as a function of damp heat time are summarized in Figure 3.
Here, two as-prepared CIGS mini-modules (without annealing in ALD reactor) were completely
encapsulated with a commercial ionomer (Juraplast) without edge sealant and an iron-free glass at

160 °C for 30 min (“glass-glass” encapsulation) and are also included for comparison purpose.
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Figure 3. Relative changes of (a) efficiency n, (b) fill factor FF, (c) open circuit voltage V., and
(d) short circuit current I for 10x10 cm’ unencapsulated CIGS/glass mini-modules and those
encapsulated by ALD-A1>Os barrier layer (10, 25 and 80 nm as indicated in the figures) as a
function of damp heat time. The modules with up to 2000 h DHT are shown in open symbols.
Two as-prepared modules completely encapsulated with “glass-glass” scheme are also included
for comparison purpose. The detailed datapoints are listed exhaustively in Table S2-S35.

Up to 1000 h DHT, the efficiency of the unencapsulated CIGS mini-modules drops to an average
of 67% of the initial value while those encapsulated with ALD-ALO; barrier layers maintain an
average of 80% of the initial efficiency. The glass-glass encapsulated CIGS mini-modules remain

about 90% of the initial efficiency. Compared to unencapsulated CIGS mini-modules, less
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degradation is observed in ALD-Al,O3 encapsulated ones although the efficiency drop is still
higher than the criteria set by IEC 61215-2 (95% initial efficiency after 1000 h). The effectiveness
of ALD-AIL>O3 encapsulation appears more significant with further exposure up to 2000 h, where
the unencapsulated mini-modules are almost completely degraded (with only ~22% of the initial
efficiency remained) and the encapsulated ones still retain ~72% of the initial efficiency. As a
matter of fact, with longer (>1000 h) damp heat time, the efficiencies of CIGS mini-modules
encapsulated with a single layer of ALD-AL,O;3 are fairly comparable to those of glass-glass
encapsulated bench mini-modules (~77% initial efficiency after 1800 h). It is thus reasonable to
conclude that ALD-AI>Os3 barrier layer is an effective encapsulant for CIGS mini-modules.

As compared to IEC 61215-2, one notices the following main changes up to 1000 h DHT:

1) Isc remains constant for both unencapsulated and ALD-ALO3 encapsulated mini-modules,
suggesting absence or insignificant changes in the recombination process and interface quality
upon exposure to damp heat.

2) FF drops significantly in the first 100 h of DHT, then the drop continues with similar slope
for unencapsulated mini-module while for ALD-ALO; encapsulated mini-modules the FF drop
becomes much smoother.

3) Voc drops by about 6% in the first 100 h of DHT, then gently decreases down by 10% at 1000
h of DHT for both unencapsulated and ALD-Al,0O3 encapsulated mini-modules.

Change in fill factor FF

The drop in FF can be either due to increased series resistance or decreased shunt resistance or
both. The electrical conductivity loss of the AZO top window layer due to humidity penetration
has been observed as one of the primary causes to the increase of series resistance (thus FF drop).

In order to probe how the humidity penetration affects the electrical properties of AZO layer,
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Raman measurements were performed directly on CIGS mini-modules, as shown in Figure 4. For
the unencapsulated module (Figure 4a), the intensity of the defect band decreases after DHT (both
1000 and 2000 h). This indicates a degradation of the conductivity of the AZO layer after damp
heat exposure due to severe moisture penetration. On the other hand, for the ALD-AlO;
encapsulated modules (Figure 4b-d), the defect band does not decrease after DHT. Thanks to the
blockage by ALD-Al,O3 barrier layer, less humidity penetrates into encapsulated modules
compared to the unencapsulated ones, thus the AZO window layer retains its conductivity.
Nevertheless, as mentioned in the section 3.1, Raman spectroscopy can assess only the intra-grain
conductivity, while the inter-grain conductivity is not evaluated. It should be mentioned that the
microscopically insignificant decrease of the (inter-grain) conductivity would have a pronounced
influence at the module level (e.g. large lateral distance for current transport in AZO layer before
reaching the metallic contact), resulting in a perceptible increase of the module’s series resistance.
Meanwhile, in modules, a slight reduction in the conductivity of AZO can lead to a significant
increase of the contact resistance in P2 interconnection [41-43]. Moreover, the electrical
degradation of AZO layer does not seem to vary linearly with damp heat time, as the defect band
intensities in the unencapsulated modules are quite similar after 1000 and 2000 h DHT (see Figure
4a). This suggests that the most degradation likely occurs in the first 100 h DHT; after 100 h, the

degradation becomes less significant.
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Figure 4. Raman scattering spectra (averaged over at least 20 points) taken before (dark green
curves) and after 1000 h (yellow curves), 2000 h (red curve) damp heat test (DHT) for (a)
unencapsulated CIGS mini-module, as well as CIGS mini-modules encapsulated with ALD-Al,O3
barrier layers of (b) 10 nm, (c) 25 nm, and (d) 80 nm.

In addition to the electrical degradation of AZO, degradation in the P3 interconnection was also
observed. As seen in the optical image in Figure 5a, for the unencapsulated module, the Mo back
contact in P3 shows severe degradation accompanied by the formation of needle-like structures.
The composition of needles formed on Mo is suggested to be rich of carbonate salts such as
NayCOs3 and is indicative of strong oxidation of the Mo back contact upon exposure to humidity
and oxygen [44]. The presence of Na is believed to be migrated from the soda-lime glass substrate.
It is clear that in unencapsulated modules, due to humidity penetration, severe degradation in the
Mo back contact occurred (at least at the P2/P3 interconnections), which would contribute to an

increase in series resistance, resulting in a lowering of FF. In ALD-Al>O3 encapsulated modules,
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however, due to less humidity penetration thanks to the presence of the Al,Os3 barrier layer, P3 is

only partially degraded without formation of needle-like structure (see Figure Sb).

Figure 5. (a) Optical image of P3 interconnection for unencapsulated CIGS module after 1000 h
DHT where the needle-like structure is seen to form on the Mo back contact, and for (b) 80 nm
ALD-Al>O3 encapsulated module where partial degradation (highlighted in dashed red line) in

P3 is seen. Objective, tube and ocular for the microscope image lead to a thousand-fold and
forty-fold optical enlargement in (a) and (b), respectively.

On the other hand, the reduction of the shunt resistance can also contribute to FF degradation.
In Figure 6, dark lock-in thermography (DLIT) images were taken before and after 100 and 1000
h DHT on an unencapsulated and encapsulated (with 10 nm ALD-Al:O3) CIGS mini-module,
respectively. When current flows through the cell under reverse-biased condition and without
illumination, current preferentially flows through locations with low shunt resistance leading to
localized heating [45]. These regions appear brighter (i.e. higher temperature due to more heating)

in the images taken with an infrared camera. For all analyzed modules, a few bright spots were
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visible already before DHT: shunting paths can occur in as-prepared modules due to imperfections
in the manufacturing process (e.g. P1/P2/P3 scribing processes for monolithic cell interconnection,
holes in the absorber or buffer layer etc.), although its influence on the module performance is
negligible. For both the unencapsulated and ALD-Al,0O3 encapsulated modules, after only 100 h
DHT, the number of bright spots are fairly similar to that before DHT, suggesting negligible
appearance of new shunting paths up to 100 h DHT. For the module encapsulated with 10 nm
ALD-AILOs3, the situation remains similar with further increase of DHT time up to 1000 h. The
same applied to the modules encapsulated with 25 and 80 nm ALD-Al>Os (see Figure S6). For
the unencapsulated module, however, up to 1000 h DHT, a significant number of new shunts
appear, most of which are along the patterning lines (P2/P3). The Mo in the P3 line is previously
shown to degrade severely with needle formations, which could provide shunting path.

(a) unencapsulated CIGS mini-module

before DHT = ° 100 h DHT 1608.RDRT. &
(b) CIGS mini-module with 10 nm ALD-ALQ,

before DHT ' 100 h DHT : 1000 hr DHT
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Figure 6. Dark lock-in thermography (DLIT) images taken before, after 100 h and 1000 h
DHT for (a) unencapsulated and (b) 10 nm ALD-A[>O3 encapsulated CIGS mini-modules. The
brighter spots indicate possible shunting paths.

To sum up, for the unencapsulated mini-modules, due to progressive humidity penetration,
severe degradations occurred on the top AZO window layer and P3 interconnection (e.g. oxidation
of Mo), consequently the conductivity loss in both AZO and Mo layer contribute to series
resistance, thus strong reduction of FF occurs at 100 h DHT. After 100 h DHT, the further
reduction of FF in the unencapsulated modules up to 1000 h DHT is mainly dominated by the
significant appearance of shunting paths (possibly along with continued but slower decrease of the
AZO layer conductivity). In contrast, for the encapsulated mini-modules, as ALD-Al,O3 barrier
layer effectively blocks humidity penetration, the conductivity of AZO layer did not show
detectable change in Raman spectra at any DHT exposure time. Nevertheless, the inter-grain
resistance is likely to increase, resulting in perceptible increase of lateral resistance of AZO layer.
Together with partial degradation in P3, both effects result in the FF drop at 100 h DHT, after
which the FF drops smoothly due to insignificant shunting contribution accompanied with possible
insignificant AZO degradation up to 1000 h. For the glass-glass encapsulated mini-modules, the
FF shows negligible drop in the first 100 h DHT suggesting that the humidity penetration is even
better slowed down owing to the complete encapsulation stacks. However, with increasing damp
heat time, the humidity seems to progressively penetrate into the module, resulting in FF drop
comparable to modules encapsulated with a single ALD-AI>,Os layer up to 1000 h DHT.

Change in open circuit voltage V.

We notice that after DHT, some dark spots as shown in Figure 7a appeared on certain modules,

which were even visible to the naked eye in some cases. First examination by EDS (not shown)

indicates that the dark spot is rich in Na (for example, on one dark spot about 5.2 at.% Na is
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detected while outside the dark spot the Na signal is negligible). Detailed ToF-SIMS
measurements in Figure 7b indeed confirm a higher quantity of Na inside such a dark spot. The
formation of spots rich in Na was indeed reported to occur in CIGS absorbers exposed to a few
hours of damp heat [46], or for several months in ambient atmosphere [35]. Here, inside the dark
spot, some additional quantity of Cd is detected in the top AZO layer together with a slight
deficiency of Zn and increased Al towards the AZO surface. This suggests that defects, such as
segregation of Al and depletion of Zn or thickness non-uniformities, are likely present in the AZO
layer, which could originate from imperfections during module manufacturing process. Such
defective regions evolved gradually during DHT, and eventually visibly appeared as dark spot.
One also notices that after DHT, the AlO signal (at the surface where the ALD-ALO; barrier layer
is located) inside the dark spot is lower than that outside the spot, suggesting that the Al>O; layer
on such a dark spot either becomes thinner or disappears. Unfortunately, in this case it is difficult
to tell whether it is due to imperfect ALD-ALOs3 deposition (e.g. pin hole defects [47]) or if the
Al>Os3 layer gradually degraded (e.g. delaminated) during the DHT. The Na migration should occur
during the CIGS growth from the glass substrate and it is strongly enhanced at such defective
regions (which later evolved into dark spots after DHT). As shown in Figure 7¢-d where 3D depth-
profile of Na through all layers is obtained on a different dark spot, a “channel” for Na migration
is clearly visible in the CIGS layer. We did not observe a hole in the Mo layer where the channel
is located (not shown), but the Si signal appears earlier below the channel (see Figure 7d). This
could be explained by an inhomogeneity of the composition of glass substrate. It appears that
during the growth of the CIGS layer, Na migrates via such channels from the glass through Mo to
CIGS and then reaches CdS, resulting in a high Na “channel” in the CIGS layer. Excess of sodium

can also harm the absorber [48]. For example, in potential induced degradation experiments where
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Na was forced into the absorber by an external applied voltage through the glass, the space charge
region was enlarged up to the Mo back contact and the doping density was lowered by the negative
external potential. The acceptor concentration decreased, which qualitatively explained a V. drop.
The formation of dark spots was also observed after high charges through the glass in this
publication. Further migration of Na also results in accumulation in the top 1-ZnO/AZO window
layer. The AZO film inside such dark spots appears less conductive (see the Raman spectra in
Figure S7). One should not be confused with Figure S where the Raman spectra were averaged
over more than 20 points, all of which were outside the dark spots. Such dark spots most likely
developed from defective regions initially formed during the module manufacturing process in
which Na from the soda-lime glass tends to preferentially migrate and accumulate, and eventually

become more degraded during DHT.
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Figure 7. (a) SEM image showing the dark spot on a 25 nm ALD-AI,Oz encapsulated CIGS
mini-module after 1000 h DHT where the SIMS measurements inside (point 1, solid lines) and
outside (point 2, dashed lines) the dark spot are presented in (b), the elements copper, gallium,

selenium and sulphur are omitted for clarity reasons. (c)-(d) 3D depth-profile of Na and Si
element (area = 300x300 pm?) as determined from ToF-SIMS measurement on a dark spot of a

10 nm ALD-AI203 encapsulated CIGS mini-module. The Si signal originates from the glass

substrate and the position of all the layers are identified as shown in the figure. A “channel” for
Na migration (marked by an arrow) is also indicated.

The influence of alkali elements such as Na or K are believed to play an important role in long-
term stability of CIGS solar cells [49-52]. As such, the depth profiles of Na (outside of previously

mentioned dark spots) were measured on the unencapsulated and ALD-A1,O3 (10 and 25 nm)
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encapsulated CIGS mini-modules after 1000 h DHT and are compared to that of an as-prepared
module without DHT in Figure 8. In both the unencapsulated and encapsulated CIGS modules,
after 1000 h DHT, the Na concentration is reduced in the CIGS layer. It is commonly
acknowledged that Na incorporation into the CIGS layer improves the device performance by
enhancing the p-type conductivity and passivation of defects, thus improving V. and FF [53]. In
contrast, the reduction of Na concentration in the CIGS layer observed here results in a lower V.

and FF.

AZO cds CIGS Mo
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| .,
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Figure 8. Na depth-profile as determined from ToF-SIMS measurement on as-prepared
(without DHT), unencapsulated and ALD-AI>O3 (10 and 25 nm) encapsulated CIGS mini-
modules after 1000 h DHT.
Therefore, we propose that the Na migrated out from the CIGS layer during DHT primarily

contributes to the decrease in V. by more or less the same magnitude for both unencapsulated and
ALD-ALO3 encapsulated CIGS mini-modules: V. drops most significantly in the first 100 h to
around 94% then slowly decreases to ~90% of the initial value up to 1000 h DHT. The Na
migrating out from the CIGS layer is likely also responsible for the Vo drop in glass-glass
encapsulated mini-modules (3 and 6% drop in Vo at 100 h and 1000 h, respectively). Besides the

influence on the Vo, the Na migrating into the Mo accelerates the degradation in the P3
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interconnection by forming needle-like structures upon exposure to humidity and oxygen, which
possibly reduces conductivity of Mo and also provides shunting path, thus decrease the FF — this
is the case for unencapsulated modules as in previous discussion. Moreover, the rich Na content
in the dark spots lowers the conductivity of AZO, which would locally lead to a higher series
resistance, thus is partly responsible for the FF lowering in these modules.
Longer damp heat exposure >1000 h

When further exposing the unencapsulated and ALD-Al>O3 encapsulated CIGS mini-modules
to damp heat from 1000 to 2000 h, the conductivity of AZO layer did not seem to further degrade
as evidenced by the Raman spectra (Figure 4). Nevertheless, for unencapsulated modules, one
could expect further degradation in P3 interconnection (e.g. Mo back contact) and potential
occurrence of more shunting paths as a result of further humidity penetration, which in return
severely lowers not only FF but also Ve and Isc. Whereas for mini-modules encapsulated with a
single layer of ALD-AL>O3, only FF drops slightly (due to possibly increased shunting path and
increase of inter-grain resistivity in AZO layer), thus the loss of relative efficiency remains small
and is comparable to glass-glass encapsulated modules, suggesting the high promise of using

ALD-AIL>Os3 barrier layer as encapsulation solutions particularly at longer exposure time.

4. Conclusion

To ensure a competitive market entry for flexible CIGS technology, an encapsulation solution
is necessary. In this work, we demonstrate the feasibility of employing Al>O;3 barrier layers grown
by atomic layer deposition (ALD) to effectively encapsulate module-level CIGS solar cells.
Instead of the conventional water vapor transmission rate (WVTR) measurement, we propose a
direct method to determine the optimal ALD-ALOs barrier layer thickness which simultaneously

reveals the degradation mechanism of the Al:ZnO (AZO) window layer. It was found that the
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ALD-ALOs3 barrier layer as thin as 10 nm is sufficient to protect AZO layers from electrical
degradation upon exposure to 1000 h of damp heat test (DHT). A thin ALD-AI>O3 barrier layer of
10 nm was proved equally effective in encapsulating 10x10 cm? CIGS/glass mini-modules to
maintain on average 80 and 72% of the initial efficiency after 1000 and 2000 h DHT, respectively.
Whereas unencapsulated modules showed stronger degradation, dropping to an average of 67 and
22% of the initial efficiency after 1000 and 2000 h DHT, respectively. Thicker ALD-Al,Os barrier
layers of 25 and 80 nm behave just as good as 10 nm ALD-Al>Os. Our results clearly suggest that
the ALD-ALOs barrier layer works as an effective encapsulant for CIGS modules, particularly at
longer damp heat exposure; instead of using thicker ALD-ALO3 of >50 nm as in previous works
[23-25], a layer as thin as 10 nm appears sufficient to encapsulate CIGS modules.

As a result of progressive humidity penetration into modules during damp heat exposure, the
unencapsulated CIGS/glass mini-modules show severe loss in FF: in the first 100 h DHT, it is
mainly caused by increase of series resistance due to conductivity degradation in the AZO window
layer and P3 interconnection (e.g. oxidation of Mo back contact) whereas after 100 h the FF loss
is dominated by increase in shunting paths. In contrast, for ALD-AlO3 encapsulated mini-
modules, thanks to the presence of Al>Oj3 barrier layer, less humidity penetration and thus less FF
degradation are observed. On the other hand, as evidenced by ToF-SIMS measurement, sodium
migration out of the CIGS layer during damp heat test negatively affects the performance of
modules. The reduction of Na concentration in the CIGS layer after DHT is assumed to lower the
hole concentration and hence is responsible for the Vo drop (~10% after 1000 h DHT) in both
unencapsulated and encapsulated modules. Also, the Na migrating into the Mo layer in the P3

interconnection accelerates the degradation of Mo by forming needle-like structures and further
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Na migration into the AZO layer results in local reduction of AZO conductivity, both of which
would degrade FF.

For the 10x10 cm? CIGS/glass mini-modules encapsulated with a single layer of ALD-ALO; in
this study, although the efficiency after 1000 h DHT (~20% drop) is still lower than that specified
by IEC 61215-2 (<5% drop), it is promising to note that a thin barrier layer of ALD- Al,O3 protects
the CIGS/glass mini-modules in a comparable manner to the glass-glass encapsulation, particularly
at longer damp heat hours of >1000 h. Overall, ALD-AI>Os barrier layer can be expected to serve
as a promisingly feasible approach to guarantee long-term stability of flexible CIGS solar cells on
the module level. Since the barrier is not only extremely thin, but is also applied directly on top of
the AZO layer, the flexibility of CIGS modules on thin films or foils is not affected in any way.

This could be of great advantage for certain applications.
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