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Sodium in Cu(In, Ga)Se, Solar Cells: To Be or Not

to Be Beneficial

Ava Karami, Marcin Morawski, Heiko Kempa, Roland Scheer,

and Oana Cojocaru-Mirédin*

In this work, the dual effect of Na in the copper indium gallium diselenide (CIGS)
absorber is studied. Na doping exhibits a drastic improvement of the cell effi-
ciency mainly by an increase in the open-circuit current and fill factor. However,
when the Na content is too high, it can deteriorate the cell properties and
performance. Nonetheless, it is still beneficial when compared with a cell without
Na inside. Here, we therefore use electron backscatter diffraction, atom probe
tomography, and admittance spectroscopy to understand why Na starts to
deteriorate the properties when inserted excessively. More exactly, it is shown
that a moderate addition of Na strongly decreases the open-circuit voltage (Voc)
deficit, whereas the opposite happens when the Na content is too high.
Interestingly, this cell with deteriorated Voc value and characterized by a very
high Na content exhibits a high density of not only grain boundaries and dis-
locations but also of Na-rich clusters. These clusters may host a high concen-
tration of deep defects and trap the electrons within the CIGS bulk. At this stage,
Na still has its beneficial effects, but the cell properties start to deteriorate
compared to the cell with a moderate content of Na, especially when found as
clusters in the bulk. In conclusion, this work clearly demonstrates the dual effect

1. Introduction

Copper indium gallium diselenide (CIGS)
based thin-film solar cells are now one of
the most promising absorbers to alternate
the conventional silicon-based modules.
This compound semiconductor with I-III-
VI, chalcopyrite crystal structure attained
interest due to its many favorable material
characteristics such as tunable bandgap
and high optical absorption coefficient
(>10° cm™"), achieved in layers as thin as
2 um.™M These thin polycrystalline absorber
layers contain many grain boundaries
(GBs), which are believed to be electrically
detrimental to the cell performance by act-
ing as active recombination centers for free
charge carriers!” and reducing the open-
circuit voltage (Voc).>™ Yet, the record
efficiency of 23.4%! of the polycrystalline
absorbers confirms their superiority to the

of Na in the CIGS absorber.
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monocrystalline counterparts”! and might
suggest that the GBs are not that harmful

to the device after all.®
Various studies have been conducted to
explain the benign effect of GBs on the CIGS cell efficiency. The
cause is mainly attributed to the passivation effect at GBs by the
incorporation of alkali dopants in the CIGS absorber layer.*'"!
Na-doping has exhibited a drastic improvement in the cell con-
version efficiency of CIGS thin-film solar cells steadily rising
from 8.8%!'" to 16.8%!'"! when Na is added. In particular, the
Voc and fill factor (FF) are strongly enhanced due to decreased
interfacial recombination.®'*'* Moreover, the short circuit cur-
rent (Jsc) increases because Na is not only found at the GBs but
also diffuses inside the CIGS bulk."*'*! This leads to an increase
in the acceptor density (p) and hence, to a higher conductivity of
the charge carriers in the bulk.**'”! The depletion region width
is also 3 times smaller in the presence of Na in the absorbers

compared to the ones without Na inside."®
Although numerous studies exist on the “Na effect” in CIGS,
they have been ambiguous when Na was inserted in too high
content. These few studies mentioned that when Na is found
in too high extent the cell performance is degraded.!'”*”! The
main reasons given were either the reduction of the In-Ga inter-
diffusion (stronger Ga gradient in the absorber with direct impli-
cations on the optoelectronic properties of the absorber) or the
formation of a new Na,COj; phase on the absorber surface lead-
ing to strong interfacial recombination (either the presence of a

© 2023 The Authors. Solar RRL published by Wiley-VCH GmbH
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Ga rich phase due to reduced Ga mobility or the formation of Na
rich phases on the absorber surface when Na is inserted through
the NaF post-deposition treatment).!'>*”! Hence, despite all the
numerous studies done to understand the Na effect,!'>*'7>%]
none of these studies mentioned to which extent Na must be
incorporated to reach an optimum performance and what exactly
happens when Na is inserted in too-high content.

Moreover, in most of the existing studies, the common strat-
egy to incorporate the Na was mainly post-deposition treatment
(PDT), in which Na is effectively supplied by evaporation of the
NaF precursor layer at a low-temperature Se ambient. Within this
incorporation method, no Na is present during recrystallization
and the exact dosage of Na in the absorber is ambiguous since
very often some of the Na remains at the CIGS surface either as a
NaF compound or as a new NalnSe, compound.[24’25]

Therefore, in this work, a new incorporation strategy is estab-
lished to supply a quantified amount of Na into the CIGS
absorber. In this investigation, NaF precursor layers with differ-
ent thicknesses are deposited before the absorber growth onto
the Mo back contact. This work provides a comprehensive study
of how Na affects the microstructure and electrical properties of
the absorber when found not only in moderate content but also
in very high content. Moreover, it provides an exact Na quantifi-
cation necessary for optimum cell efficiency. For that, atom-
probe tomography (APT) is used since it allows us to quantify
Na and elemental content in three dimensions and down to
the atomic scale. Moreover, the composition obtained by APT
is corroborated with the structural and electrical properties by
employing electron backscatter diffraction (EBSD) and admit-
tance spectroscopy (AS). Hence here we elucidate the possible
dual effect of Na in absorber layers of a CIGS solar cell.

2. Experimental Section
2.1. CIGS Solar Cell Fabrication

The NaF precursor layers with thicknesses of 0, 6, and 14 nm are
co-evaporated onto Mo-coated soda-lime glass (SLG) substrate
before the CIGS deposition at the nominal substrate temperature
of 25 °C. This variation in the thickness of the nominal precursor
layer is for adjusting the Na content in the CIGS absorber layer. A
110 nm thick SiN, diffusion barrier was deposited in between
Mo back contact and SLG substrate to prevent the diffusion of
supplementary Na, O, and K from the substrate into the absorber
layer. The CIGS absorber layers of 1.7 pm thickness are grown in
one identical process onto the NaF precursor layer using the
3-stage co-evaporation recipe invented by Gabor et al.*®! The
fabrication of the absorber layer has been conducted by
co-evaporation of Cu, In, Ga, and Se from elemental sources,
within a vacuum environment. The final compositional ratios
measured by energy dispersive X-Ray analysis (EDX) for
the CIGS absorber layers investigated in this work, were
[Cu]/([In] 4 [Ga]) = 0.92 and [Ga]/([In] + [Ga]) = 0.29. The sodium
concentration was determined by glow discharge optical emission
spectroscopy (GDOES) averaging the Na depth profile over
thickness.

The fabrication of solar cell devices was completed by
chemical bath deposition of a CdS buffer layer, an RF-sputtered
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Figure 1. Schematic layer stack of the CIGS solar cell. The CIGS absorber
layer with a thickness of about 2 pm is doped with Na by depositing a NaF
precursor layer onto the substrate, before CIGSe evaporation.

i-Zn0O/ZnO: Al bilayer front contacts, and finally, a Ni/Al front
contact grid to improve the current collection. Figure 1 shows a
schematic layer stack of the produced CIGS solar cell with
varying thicknesses of NaF precursor layer deposited onto a
Mo-coated substrate, to adjust the content of Na incorporated
into the CIGS layer.

The three cells that will be studied in this work are called Na-0
(no NaF layer was present between the Mo and CIGS), Na-6
(6 nm NaF), and Na-14 (14 nm NaF).

2.2. Characterization Methods

The fabricated CIGS films were analyzed using different charac-
terization techniques. The device performance was determined
by current—voltage (I-V) measurements under illumination with
AM1.5G simulated spectrum using standard test conditions. The
structure and composition properties of the CIGS thin films were
investigated by EBSD and APT.

From the minimum of the GDOES [Ga]/([In] + [Ga]) depth
profile, the CIGS bandgap energy was calculated. These bandgap
energy values were then confirmed by external quantum effi-
ciency curves evaluating the minimum of the first derivative
dEQE/dE. Note that due to the simultaneous deposition of
CIGS for all Na samples in this study, the band gap came out
identical within the typical error limits.

Samples for EBSD analysis were prepared using a dual-beam
focused ion beam (FIB)/scanning electron microscope (SEM)
mounted in FEI Helios NanoLab 650, with the EDAX detector
using a DigiView 5 camera. Before the EBSD measurements,
the coating layers including ZnO and CdS were removed by
FIB with a Ga™ beam to obtain a smooth CIGS surface, which
is essential for EBSD measurements. This avoids the appearance
of topographic artifacts and provides Kikuchi patterns with
higher qualities. The cleaned regions with the size of 15 x 15 pm
were obtained in two steps. At first, the surfaces are cleaned
using high voltage and current of 30kV and 2.5nA, and then
with lower voltage and current of 5kV and 43 pA, to reduce
the contamination and amorphization induced by higher current
and voltages. Then EBSD was performed with the SEM electron
beam at the voltage and current of 20 kV and 1.6 nA using 4 x 4
binning resolution, 0.05 pm step size, and a tilt angle of 70°.
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The results were processed by orientation imaging microscopy
(OIM) data analysis software.

To prepare the samples for quantitative APT measurements,
they need to be sharpened into a thin needle shape with a diam-
eter of less than 100 nm at the apex. The preparation method of
thin needles is done by the “lift-out method”,””! a very well-
established technique using a dual-beam FIB. The ion beam col-
umn allows Ga™ ion beam milling at an accelerating voltage of
16 kV. The CIGS lamella is placed on a Si coupon by Pt deposi-
tion in the FIB. The radii of the APT sample are decreased by
“annular milling” until the sample reaches a diameter of
<60nm. Finally, the sample obtains a tip shape and has to be
cleaned under a small voltage of 5kV to minimize the contami-
nation with Ga™. After the preparation procedure, these samples
are measured with the APT to reveal the 3D distributions of the
elements.

The APT measurements are performed at temperatures
between 20 and 50 K (cryogenic temperature), to avoid the migra-
tion of atoms to the surface of the needle-shaped specimen. The
UV laser pulses with the wavelength of 355 nm and the laser
energy of 3 pJ (250 kHz laser frequency) are applied to the tip.
This can generate local heating on the APT tip and increase
the temperature from 40 K (set temperature) to about 100 K.*®!

Admittance spectroscopy was conducted with an Agilent
E4980A LCR meter from 1 kHz to 1 MHz with AC signal ampli-
tude of 20 mV. The sample was bonded and mounted on a tem-
perature chuck in vacuum. The temperature has been varied in
10 K steps from 70 to 300 K using a closed-cycle helium cryostat.

3. Results

Figure 2 shows the [-V curves for the three CIGS cells studied in
this work. The difference between them comes only from the
difference in NaF thicknesses. An obvious change in the Voc
and Jsc values when adding Na-dopants is observed. The Na-6
sample is experiencing an increase of Voc and FF of about
120 mV and 6%, respectively (while Jsc stays almost the same
when going from Na-0 to Na-6) proving as expected the positive
impact of Na on the overall cell parameters and efficiency. Yet,

—
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Figure 3. Vo deficit as a function of the Na content in the CIGS absorber
layer. The moderate addition of Na-dopants into the absorber material
appears to yield a decrease of around 150 mV in Vo deficit, while with
higher content of Na-dopants, the Vo deficit experiences an increase
of around 50 mV.

with the further increase of the Na content in the absorber (from
Na-6 to Na-14), the Vo undergoes a decrease in all cell param-
eters, i.e., of 25 mV for Vo, of 1.75 mA cm ™ for Jsc and of 1.5%
for FF. This implies that Na starts to have a negative effect on the
overall cell parameters and, hence, cell efficiency when found in
too high content.

Figure 3 shows the Vi deficit as a function of the Na content
in the CIGS absorber layer. This Vo deficit is given by the dif-
ference between the theoretical maximum open-circuit voltage
Vocmax (at 0K) and the actual open-circuit voltage Voc.
Hence, the Vo deficit can be related to the band gap and the
actual open-circuit voltage Voc through the equation:

E
Voc deficit = ?g —Voc 1)

where g represents the elementary charge.

It is indeed well known that the actual Vo is strongly nega-
tively impacted by the presence of internal interfaces in devices
due to the GB recombination phenomenon.!”) Charged defects
are believed to act as active recombination centers that reduce
Voc and degrade the cell efficiency. Yet, the interfaces in
CIGS are characterized by a high degree of complexity, with a
wide range of material properties that can vary significantly from

(b)
| [Na0 [Na6 Na-14/

V. [V] 051 0.631 0.606
J, [mAfem?] 337 3325 315
FF [%) 66 72 706
N (%] 11.27 1521 13.45

02 00 02 04 06
Voltage [V]

Figure 2. -V curves for the three CIGS thin cells with different Na-amount in the absorber layer. a) As described in the experimental section the amount
of Na in the absorber layer, corresponds to the different thicknesses of the NaF precursor layers. An obvious tendency of the Voc and Jsc parameters
regarding the content of Na is shown. The sample with a moderate content of Na-dopants in the CIGS absorber is experiencing an increase in the Voc.
Whereas with the further increase of the Na content in the absorber, the Vo undergoes a significant decrease. b) Cell parameters of the three solar cells
for Na-0, Na-6, and Na-14.
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one region to another. For instance, the GBs can exhibit a wide
range of properties, such as chemical, structural, and electronic
properties (carrier concentration, recombination rate, and defect
density)®?°=*! which will strongly impact the Vo deficit. Hence,
the typical Vo deficit for high-performant CIGS solar cells val-
ues falls in the range of 0.3 to 0.5 V.1®

Here the minimum Vo deficit was registered for the sample
containing a moderate Na content in the absorber material
(0.5 V), while with a higher content of Na-dopants, the V¢ deficit
is experiencing an increase of around 35mV. Moreover, the
highest Vo deficit value of 0.65 V was registered for the Na-free
sample which proves again the necessity to insert Na- dopants to
reduce the recombination losses in the cell. Other experiments
showed that the Na-0 cell is indeed limited by interface
recombination which can be deduced from the typical effects
1) extrapolated Voc(0 K) < Ey/q** and 2) slope dVoc/dt < 0.1’
The two other cells Na-6 and Na-14 did show Voc(0K) =~ Eg/q
and dVpc/dt >0 which proves bulk recombination (and not
interface recombination) is the limiting process of these solar
cells.??

Besides Na-0, Na-6, and Na-14, there are other data points
shown in Figure 3, which are related to the samples with differ-
ent content of Na inside. These samples are not investigated and
not discussed in this work, due to the very time-consuming prep-
aration technique for the APT samples.

Figure 4 gives the admittance spectra at varied temperatures
for the sample Na-6 which is typical for the Na precursor series of
this study. One can identify several characteristic capacitance
densities C1-C3 marked by dashed lines. While C2 corresponds
to the space charge capacitance Cscg, C1 is the series connection
of the SCR with the back-contact barrier capacitance.*” The
capacitance increase from C2 to C3 is due to a deep defect level
which is crossed by the Fermi level in the SCR.®*! Since the
defect contribution will show up as a parallel capacitance
concerning the SCR capacitance, we will consider the quantity
AC = C3—C2 which we interpret as a measure of the deep defect
density.

Table 1 gives the data from the admittance evaluation for the
samples Na-0, Na-6, and Na-14. It can be seen that Cscr increases
monotonously which is interpreted as an increase in doping den-
sity Na upon Na doping. This CIGSe doping effect by Na is in
accordance with the literature and has been explained by a defect
model.’®) With higher Na concentration, also the AC increases.
This capacitance contribution, we interpret as an increase in deep

10° 104 10° 106
f(Hz)

Figure 4. Representative admittance spectra for different temperatures
(70-300K in 10K steps) for sample Na-6. C1-C3 indicate characteristic
capacitance values which are interpreted in the text.

Sol. RRL 2024, 8, 2300544 2300544 (4 of 11)

www.solar-rrl.com

Table 1. Evaluation of admittance spectra according to Figure 4. Cscr
equals C2 in Figure 4 and denotes the space charge capacitance. Ny is
the absorber doping which has been calculated from Cscr assuming a
one-sided junction. AC gives the capacitance difference C3-C2.

Sample Cscr Na AC
[nFem ™7 [em™?] [nFem ™7
Na-0 4.6 1.76E + 14 1.8
Na-6 16 212E415 5
Na-14 32 8.5E+15 14

defect concentration. Simulation points out that these defects are
located at around midgap, perhaps with some energy distribution
which is not resolved in the experiments. Due to their deep loca-
tion in the bandgap, the step in the C(f) plot is not complete.
Hence, an activation energy cannot be determined.

EBSD measurements are performed to investigate the Na
effect on the microstructure of the CIGS absorber layer. The
EBSD pattern quality map in Figure 5a shows that in Na-free
CIGS absorber 51% of the GBs detected in the blue-colored lines
are random high-angle GBs (RHAGBs) with the misorientation
angle greater than about 15° and 48% of the identified GBs
highlighted in yellow and green-colored lines are X3 twin bound-
aries (TBs), 60°-<221> and 71°-<110>. The presence of a mod-
erate amount of Na (sample Na-6) increases the fraction of
RHAGBSs to 58%, which further increases to 70% (Figure 5b)
for the Na-14 sample. Subsequently, the proportion of TBs
decreases as the content of Na increases. This is due to the
bulk-like behavior of the TBs, as claimed in most of the previous
studies. Despite the RHAGBsS, the X3 TBs exhibit a high degree
of symmetry, which prevents them from accepting Na elements,
while the RHAGBs contain a high density of gap states and can
adopt easily the Na-dopants.

The grain sizes are also impacted by the content of Na, as
shown in Figure 5c. The average grain size is reduced from
1.64 pm for the cell with no dopants to 1.17 and 1.06 pm for
the cells with moderate (Na-6) and high content of Na (Na-14),
respectively. These findings demonstrate that Na reduces the
grain size of the CIGS strongly. Yet, as mentioned previously
the Na reduces the fraction of twin boundaries too. This suggests
that contrary to the twin boundaries, the RHAGBs decorated by
Na are more rigid and less mobile during the growth of the CIGS
absorber layer leading to smaller grain sizes of the crystals.

The reduction of grain sizes by incorporation of Na-dopants
has been previously reported by various studies,*’ ! but our
findings regarding the lower fraction of TBs by adding more
Na dopants are novel and have not been mentioned in any litera-
ture before. Our previous works explain that most of the twin
boundaries do not show any variation in composition and no
alkali dopant segregation, which revealed their bulk-like behav-
ior.[B3149*1 N3 and the other alkali atoms are mainly discovered
at random GBs. The absence of Na at TBs could also be related to
the disability of the current techniques in measuring the Na con-
tent at very low levels.[*?

To investigate the effect of Na doping on the texture of CIGSe,
the pole figures of the three samples are plotted (see Figure S1,
Supporting Information). Figure S1 (Supporting Information)
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Figure 5. EBSD investigations revealed the microstructure properties of the GBs influenced by the presence of Na-dopants during the absorber growth for
the samples Na-0, Na-6, and Na-14 respectively. a) EBSD grain boundaries maps represent random high-angle (blue), twin 60° (yellow), and twin 71°
(green) grain boundaries. b) EBSD inverse pole figures maps reveal the position of the GBs and the distribution of grains. c) Grain size distribution of the
samples with no, moderate, and high Na-dopants inside, respectively from left to right.
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shows that a weak <112>-texture is present in Na-0 and Na-6
samples, as represented by the symmetric structure in their pole
figures. This weak <112>-texture vanished as Na content
increased further in the Na-14 sample, which indicates that
the grain orientation becomes random when the Na content is
strongly increased.

These results show that Na has a great impact on the CIGS
microstructure and texture, but what about the GB composition?

To answer this question, Na and elemental composition have
been investigated in each sample using APT. Figure 6a,b shows
the 3D APT elemental map of the analyzed volume and the 1D
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concentration profile of elements at the GB for the alkali-free
CIGS absorber (Na-0 sample). The GB is found in the middle
of the 3D map, where its position is highlighted (in blue) by
an iso-composition surface made using a Cu iso-composition
value of 19 at%. In agreement with our recent studies,[®>%71:4043]
the Na is mainly localized at the GBs of the CIGS absorber layer.
Moreover, linear defects decorated by Na and attributed to
dislocations!*? are found in the CIGS absorber (see 3D map in
Figure 6c).

The 1D concentration profile shows a strong Cu-depletion of
4.26 at%, in correlation with In and Se enrichment of ~3.1 and
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Figure 6. The chemical composition of GBs upon Na addition was determined by APT for the sample with No, moderate, and high content of Na from top
to bottom, respectively. a) 3D APT map of the analyzed volume of the sample with No Na showing the presence of a GB. b) 1D concentration profile
showing the composition of the grain and GB region (highlighted in gray). c) 3D elemental map of the sample with moderate content of Na showing the
presence of one GB in the middle of the map and 5 different dislocations. d) 1D concentration profile of the sample doped by a moderate amount of Na
showing a decrease in the magnitude in In-Cu anticorrelation, and Na accumulates at the GB position, in the range of 1 and 2 at%. e) 3D elemental map of
the analyzed volume of the sample with the highest Na-dopants showing an enhanced content of GBs, dislocations, and clusters. f) 1D concentration
profile of the sample doped by a high amount of Na showing a higher Na accumulation at the GB position, in the range of 1 to 2 at%.
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~ 2.5 at%, respectively (GB position highlighted in gray in the 1D
concentration profiles). This In-Cu anticorrelation can be
linked to the presence of Cu vacancies (Vg, ) and In-on-Cu
anti-site (Inc,”") defects.’”) Now by doping a moderate amount
of Na (sample Na-6) in Figure 6¢,d, the magnitude in In-Cu anti-
correlation lowers (Cu depletion in the order of 2.46 at% and In
and Se enrichment of 1.9 and 2.1 at%, respectively), and Na accu-
mulates at the GB position, in the range of 1 to 2at%.
Interestingly, by further addition of Na-dopants into the absorber
material (sample Na-14), besides the GB and dislocations, a high
number density of clusters emerge in the APT 3D map (as shown
in Figure 6e,f).

4, Discussion

4.1. Na Effect on Absorber Microstructure and Composition

A deeper analysis of the 1D concentration profiles shown in
Figure 6 suggests that a close composition correlation between
Na and Cu exists not only at the GBs but also in the grain interior
(GI). To highlight that, we plot in Figure 7a the Cu composition
at the GBs and in the GI for the NaF precursor series. A com-
parison allows us to identify ACu values for each sample where
ACu gives the concentration difference between GI and GB.
These ACu values are also given for CIGS solar cell samples with
and without applying a NaF post-deposition treatment (PDT, see
Figure 7b). It is visible that the ACu values are smaller when
Na is present in the film (decrease from —4.26 to —2.46/
—2.69 at% for the precursor films and from —8.49 to —7.51 at%
for the PDT films, see Table 2). Thus, it appears that the addition
of sodium reduces the Cu-depletion of the GBs.

If we consider the CIGS absorber a thermodynamically closed
system where no loss takes place, then we can state that the miss-
ing atoms at the GBs may have been pushed back inside the GI.
The change in the magnitude of ACu between Na-0 and Na-6
(and Na-14) suggests that interexchange exists between the
GBs and the GI. Therefore, we believe that the smaller ACu of
the sodium-doped films is the result of the migration of Cu
atoms from the GBs to the GI when Na is introduced into CIGS

www.solar-rrl.com

Table 2. Composition values for the Cu and Na elements inside the grains
and at the GBs for each sample.

Na Present during
Recrystallization

Na coming
from Na-PDT

Na-0 Na-6 Na-14 Alkali-free NaF-PDT

Cu[at%]  Grain Interior (Gl) 242 2258 243 2237 22.56
Grain Boundary (GB) 19.94 20.12 21.61 13.87 15.05
Delta (A) —4.26 —246 -2.69 849 —7.51

Na [ppm]  Grain Interior (Gl) 42 86 18
Grain Boundary (GB) 1699 9244 11225
Delta (A) 1657 9158 11207

thin films. This we attribute to the replacement of Cu atoms by
Na due to the relatively low formation energy of Nac,
(0.40-0.60 eV).P® Yuan et al.* as well as our recent results’®
explained that at temperatures T > 400 °C first the Na atoms dif-
fuse into the grain interior and replace Cu atoms. During the
cooling process, the Na concentration in the GI is thermodynam-
ically super saturated and Na atoms start to move back into the
GBs leaving behind Cu vacancies V¢, in the GI. Vice versa, the
accumulation of Na at the GBs then leads to the back-
diffusion of part of Cu atoms into the GI. The more Na accumu-
lates at the GBs the more Cu from the GBs will be diffusing back
inside the bulk (GI). This nicely fits with the findings from
Figure 7a,b where the Cu content in the GI is increasing with
increasing the Na content in the CIGS absorber layer for both
Na-insertion procedures (for the NaF precursor and NaF
PDT). Yet, interestingly we do not observe a gradual reduction
of Cu content at the GBs with the Na addition as one would
expect. This is because the Na effect at the GBs differs signifi-
cantly from that inside the GI. The CIGS bulk (GI) is a well-
ordered region with Na inserted either as an interstitial or as
a lattice atom. In the latter case, the Na atom will replace either
the Cu vacancy (but the content is generally low) or the Cu site,
given that Cu interstitials have a very low formation energy
within the CIGS bulk. However, the GB is a disordered region

(a) Na Present During Recrystallization (b) Na Coming from Na-PDT
—— Cu Concentration at Gl

—_ ++@+ Cu Concentration at GB
B

:‘-"; 25

- 5-\./:' -

S ACu=426 ACu=-269 ——————a

® i ACu=-246 .. ® ! |

- v Yo Leeertt . ! !

£ 20 PP pe i i

® ] ACu=-751

o ACu =-8.49 '

[ H 1

[« H i

o | i

3 151 S UUUPRROPPPRILE L]

(8] @t

Na-0 Na-6 Na-14 Alkali-free NaF-PDT

Figure 7. Copper and sodium compositional variations at the Gl and GB within the absorber layers with different levels of Na content. a) Comparison of

Cu-depletion magnitude in the CIGS samples grown under the presence of various Na content versus CIGS sample prepared using Na-PDT in b). Data in
(b) originate from the work given in ref. [55]. The solar cells here consist of a ZnO/CdS/CIGS/Mo/ZrO; stacking structure, and are fabricated at Zentrum
fiir Sonnenenergie- und Wasserstoffforschung (ZSW) Stuttgart. More details can be found in ref. [55].
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characterized by a much higher density of defects, such as Cu
vacancies (Vc,) and Inc, antisites, than in the GI. So, when
Na diffuses back to the GB region it does not only replace
Cu atoms as it is in the case of GI but it also passivates other
defects.

A very intriguing result in this work is the reduction of both
grain size and TB density with increasing the Na content in
the CIGS absorber. The reduction in grain size with increasing
the Na doping is explained by a slowing down of the GB migration
during grain growth. As explained earlier, the increase in Na
content implies that more Cu might be out-diffused from the
bulk towards the GBs and accumulate there (but Cu content is
not proportional with Na content, since Na can also passivate
the defects like vacancies and antisites available in the bulk).
The stronger Cu accumulation at the GBs may reduce the GB
mobility during growth given that the driving force for the GB
migration is to adopt a lower energy plane. This explains why
the average grain size in the CIGS absorber decreases with
increasing the Na content; i.e., with increasing the Cu accumula-
tion at the GBs during growth. Moreover, the TBs, which are low-
energy defects, are known to be formed when GBs are migrating
given that the number of twins produced, D is proportional to the
distance of migration d (D ~ d).[**! We do not exclude here that
Na might still be present at the GBs during grain growth (not
all Na atoms diffused inside the grain) and have a similar effect
as Cu: blocking the GB migration. Hence, the presence of Cu and
eventually Na at the GBs slow down the GB migration as well as
prevents the migration of steps on the GBs, thereby preventing the
nucleation of twins as observed for the B dopants in Ni
polycrystals.**!

—
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Cu - Se ~——In
S N e Pen e 8

Concentration (at.%)
w
o
=
Na concentration (at.%)

300
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4.2. Deep Defects of Na Clusters as Possible Promoters for
Charge Recombination

The CIGS absorber layer with a significant amount of Na dopants
shows an inhomogeneous distribution of these Na atoms with
significant GBs segregation and formation of Na-rich clusters
inside the grains. The cluster formation is possibly attributed
to the limitation in solubility of Na in CIGS and can be explained
by a phase separation model in the metastable region near the
solidus curve.*®) According to Rockett et al.,!*”) the presence
of defect complexes (VC{1 Inc2t VCufl)O with mutual attrac-
tion due to their dipole moments, can lead to the formation
of clusters. The potential of the Vi, ~* cluster’s occupation with
Na™ ions can explain the clustering of Na.

The formation of Na clusters at the CdS/CIGS interface has
been already observed in the past.*¥! Yet there, such a high quan-
tity of Na originated from an incomplete cleaning of the CIGS
surface before the deposition of CdS, especially in the connecting
regions of two grains (where the presence of voids is frequently
observed). Therefore, our work proves for the first time the for-
mation of Na-rich platelet-shaped clusters when Na is found in
too high quantity, due to the limited solubility of Na in the CIGS
bulk. The clusters are defined using the maximum separation
method of solutes,*”) by considering that the maximum distance
between Na solutes is 1.5 nm and the minimum number of Na
atoms in a cluster is 10. Then the average concentration of Na in
these clusters is calculated. The Na clusters range between 5 and
40 nm in diameter as shown in Figure 8. More exactly, Figure 8a
shows the 3D reconstruction map of only the Na clusters within
the Na-14 sample (with the highest Na content). These clusters

200

Z (nm)

o

5 4 3 2 4 0 1
Distance (nm)

80 60 40 20 0 20 40 60 80
X (nm)

Figure 8. Chemical composition of cluster upon further Na addition determined by APT for the Na-14 sample. a) The clusters are visualized by an iso-
composition surface made using a Na iso-composition value of 0.6 at%. b) The proxigram shows Na accumulation in the range of 2.5 at%, at the position

of the zoomed-in cluster.
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Table 3. The average composition of the Na and Cu, Ga. Se and In
elements for the clusters, grain boundaries (GBs), and dislocations for
the Na-14 sample. Note: The addition of the composition of all given
elements and Na deviates from 100at% since they represent the
average values.

Region Cu [at%)] In [at%] Ga [at%] Se [at%] Na [at%]
Clusters 18 223 6.2 51.7 3
GBs 215 21 5.9 50.7 1.1
Dislocations 21.8 21.1 5.3 51.2 1.9

are visualized by an iso-composition surface made using a Na
iso-composition value of 0.6at%. The Proximity histogram
(or proxigram)®” in Figure 8 shows the Na composition of
2.5at% in the zoomed-in cluster. Proxigram refers to a profile
of the local atomic composition as a function of proximity to
the cluster/matrix interface, where 0 nm represents the interface
position. The average Na content inside these Na-rich clusters is
about 3 at%, which is higher than the Na content at GBs (0.3-1 at
%) and dislocations (1.8-2.1 at%,; see Table 3). The average com-
position of In/Ga and Se are rather similar at Na-rich clusters,
GBs, and dislocations, while the average Cu content inside the
Na-rich clusters is much lower (18 at%) in comparison to the GBs
(21.5at%) and dislocations (21.8 at%). The composition of In,
Ga, and Se elements inside the Na-rich clusters is 22.3, 6.2,
and 51.7 at%, respectively.

The EBSD and APT results from Figure 5 and 6 show that the
fraction of RHAGB and dislocations is increasing with increas-
ing the Na content when going from Na-0 to Na-6. These struc-
tural defects are known to host a high fraction of both, acceptor
(Veu ) and donor (Inc,”") defects (sometimes even as complex
defects 2Vc, ™ + Inc,” ") and that Na may passivate these
defects. Yet, the Na content at GBs (average of about 1.1 at%,
see Table 3) does not fully compensate for the Cu depletion
(2.46 at%) and the In enrichment (2.1 at%), which implies that
these defects are still present at GBs in the Na-6 sample.
The same has been observed in our recent work where the Na
accumulation at the GBs does not fully compensate for the
Cu-depletion and In-enrichment. For these GBs we found a pref-
erential collection of the minority charge carriers (i.e., electrons)
through electron beam-induced current studies.?**" We con-
cluded hence, that these GBs are electrically charged and that
the GI-GB interface is behaving like weak internal p-n junctions
(weak recombination in agreement with Rau et al.P%). This
implies that GBs are positively charged dominated by the pres-
ence of donor defects such as Inc,>", which is the donor defect
with the lowest formation energy in the Cu-poor CIGS
absorber.”* Hence, one could also assume that the same behav-
ior takes place for the RHAGBs for the sample Na-6.

The same arguments as described earlier can be applied when
comparing the increase in defect concentration between the Na-6
and Na-14 samples; i.e., the increase in acceptor and deep defects
is mainly due to the further increase of the RHAGBs fraction in
the CIGS absorber as proved by EBSD. Yet, if the acceptor defect
density increases with almost similar magnitudes (= factor 10)
from one sample to the other (see Table 1), interestingly the
increase in AC - representing the deep defect density - between
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Na-6 and Na-14 is more than two times higher than the increase
in deep defect density between Na-0 and Na-6. Moreover, Kerr
et al.’” had proved using deep-level transient spectroscopy
(DLTS) measurements that Na enters the In site and substitutes
Cu to form Nay, defects, and therefore reduces the grain bound-
ary energy barrier and removes mid-gap states (deep states). This
implies that other hosts for the deep defects are present in the
CIGS absorber of the Na-14 sample.

In this work, the solar cell efficiency of the Na-14 cell is notice-
ably smaller than the one of Na-6 despite a moderate doping
increase (see Figure 2). This performance reduction originates
from a drop in all device parameters. The admittance spectros-
copy results show that the AC assigned to deep defects is increas-
ing with increasing Na content (see Figure 3 and 4). It may be
surmised that recombination via deep defects is responsible for
the device’s deterioration. At this point, we think that besides the
defects present at RHAGB there are other supplementary sour-
ces of possible Na-induced point defects, which are the defects in
conjunction with the Na clusters. These defects can in principle
trap the electrons and holes increasing the recombination in the
cell as demonstrated by admittance spectroscopy.

Hence, this work elucidates the dual Na effect in the CIGS
absorber. Na can segregate at GBs and act as a passivator reduc-
ing the recombination in the cell and, thus, being beneficial for
the overall cell performance. Yet, when found in very high quan-
tity in the bulk the Na starts to form clusters hosting a high con-
centration of deep defects and trapping the electrons within the
CIGS bulk. At this stage, Na still exhibits some beneficial effects,
especially in terms of bulk p-type conductivity, but at the same
time presence of Na clusters in the bulk deteriorates the cell
parameters proving its detrimental effect when found in too high
content.

5. Conclusion

In this work, we investigated the dual Na effect on the structural,
chemical, and electronic properties of CIGS absorbers by
employing different techniques such as EBSD, APT, and AS.
Previous works mainly studied the effect of Na alkali impurities
on CIGS properties, which are incorporated by PDT treatment
and after the deposition of the absorber layer. In this article, a
new incorporation method is applied to supply Na only in quan-
tified amounts and before the absorber layer growth by using
NaF precursor layers. Extra insertion of Na and other electrically
detrimental elements such as O and K is prohibited by a barrier
layer between the SLG substrate and Mo. Our results clearly
show that Na has a strong effect on the Vo and Vo deficit.
The Vo deficit strongly decreases as Na is added in a moderate
content into the absorber. However, further addition of Na to a
higher content increases the V¢ deficit. The structural analysis
shows that the presence of a moderate content of Na optimizes
the GBs properties through the Na passivation effect, while the
much higher content of Na reduces the fraction of twin bound-
aries and grain sizes. Our APT studies confirm the EBSD results
by showing a higher density of GBs, dislocations, and clusters
with the highest increase of Na. We propose that these clusters
are the main reason for the steep increase in deep defect concen-
tration and the Vo deficit in the samples.
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