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CuInSe2 (CIS) solar cells are promising candidates for thin film photovoltaic applications, one key lim-
itation in their performance is surface recombination in these thin films. We demonstrate that passiv-
ating CIS films with Trioctylphosphine Sulfide (TOP:S) solution increases photoluminescence (PL)
intensity by a factor of ~30, which suggests that this passivation significantly reduces surface recombi-
nation. X-ray photoelectron spectroscopy (XPS) reveals that TOP:S forms both eS and eP bonds on the
CIS film surface, which leads to a ~4-fold increase in the surface Na peak intensity. This value is signif-
icantly higher than what would be expected from high temperature annealing alone, which has been
linked to improvements in surface morphology and device efficiency in CIGS solar cells. We use Energy-
Dispersive X-ray Spectroscopy (EDS) to measure the solid-state transport of Na within CIS films with and
without passivation. EDS spectra on CIS film cross-sections reveals a saddle-shaped Na profile in the as-
fabricated films and a concentration gradient towards the film surface in the passivated films, with 20%
higher surface Na content compared with the unpassivated films. We employ Hybrid (B3PW91) Density
Functional Theory (DFT) to gain insight into energetics of Na defects, which demonstrate a driving force
for Na diffusion from bulk towards the surface. DFT Calculations with TOP:S-like molecules on the same
surfaces reveal a ~ 1eV lower formation energy for the NaCu defect. The experiments and computations in
this work suggest that TOP:S passivation promotes Na diffusion towards CIS film surfaces and stabilizes
surface Na defects, which leads to the observed substantial decrease in surface recombination.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

CuInSe2 (CIS) and Cu(In,Ga)Se2 (CIGS)-based solar cells are
among the most promising candidates for thin film photovoltaics
[1], with efficiencies over 21% recorded for CIGS cells on soda lime
glass (SLG) substrates [2] and over 18% on polyimide [3]. One key
factor that has been shown to improve the efficiency of such
compound semiconductor devices is passivating the top and
C 309-81, Pasadena, CA91125,
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bottom of the semiconductor surfaces, which can suppress mi-
nority carrier recombination near the surface [4e6]. An Improved
open circuit voltage (Voc) and an efficiency of up to 30% have been
reported for Al2O3 passivated CIGS thin film solar cells [5,7].

This work demonstrates that passivating the CIS surface with
Trioctylphosphine Sulfide (TOP:S) (SP(C8H17)3) provides dramatic
improvement in the minority carrier surface recombination. TOP:S
has been previously shown to be a viable material for passivating
surface flaws in nano-crystals [8], and TOP:S passivation has been
reported to protect scribed CIGS thin films from surface and edge
defects, which leads to up to 40� enhancement in photo-
luminescence (PL) intensity and ~25% improved device efficiency
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[9]. X-ray photoelectron spectroscopy (XPS) analysis on passivated
CIGS films revealed a greater than 3� increase in the Na peak,
which suggests higher Na content in the surfaces of TOP:S-coated
films [9].

Na plays an important role in the operation and performance of
CI(G)S solar cells, where incorporating less than 1.0 at.% Na can
increase both the Voc and the short circuit current density (Jsc) of
CI(G)S solar cells by up to 30%, improve device efficiency by up to
20%, govern grain growth during CI(G)S film deposition, and lead to
smoother surface morphology [10e14]. It is common for Na to
diffuse into the CI(G)S films from the SLG substrate, after which it
resides primarily within the grain boundaries. The mechanism for
Na incorporation into CI(G)S is not fully understood; reports on Na
distribution and its effect in CIS and CIGS films have been incon-
sistent [11,15]. For example, the higher Na concentration at the film
surface and at grain boundaries in CIGS revealed by energy-
dispersive X-ray spectroscopy (EDS) and atom probe tomography
measurements has been attributed to grain structure improve-
ments and efficiency enhancement by up to 25% [12,16e18]; other
studies using secondary ion mass spectroscopy (SIMS) showed a
negligible presence of Nawithin the CIS films and associated excess
surface Na content leading to deteriorating surface morphology
[19].

We combine experiments and theory to explore the effect of
TOP:S passivation on CIS thin films and on the incorporation and
diffusion of Na within the CIS system. We focus on CIS as a model
system in the experiments and in the density functional theory
(DFT) computational analysis. The similarities in themicrostructure
and lattices of CIS and CIGS lead to their nearly-equivalent material
properties [20]. Conventional Density Functional Theory is often
thought to predict inaccurate band gaps and band offsets for
semiconductors such as CIS [21], however we showed previously
that using the B3PW91 hybrid functionals predicts a band gap of
1.05 eV for CIS and systematically leads to band offsets within
0.09 eV of experiment [21,22], rendering this type of DFT most
useful in studying the surface passivation effects and Na diffusion.

2. Methods

2.1. Sample preparation

1200 nm-thick CIS filmswere deposited at National Nano Device
Laboratories (NDL) of Taiwan by the following procedure: (1)
500 nmmolybdenum back electrodes were sputtered on Soda Lime
Glass (SLG) substrate by a two-steps process (high working pres-
sure followed by low pressure) at room temperature. (2) Cu and In
metal precursors weremulti-layered sequentially onto theMo layer
and annealed without Se vapor at annealing temperature of 330 �C
(3) The annealed Cu/In mixture was processed via hydrogen
assisted solid Se vapor selenization (HASVS) with N2(85%)/H2(15%)
carrier gas at 550 �C [23,24]. This fabrication method was chosen
over other methods that yield higher efficiencies, such as three-
stage co-evaporation of CIGS thin films for its better scalability.
The total thickness of the CIS absorber layer was measured via
scanning electronmicroscopy (SEM) to be 1.2 ± 0.1 mm. At this point
the finished CIS wafer was cut in half, with one half immersed in
TOP:S solution for 24 h at 120 �C and the other left as-is.

For passivation of CIS thin films, the samples were immersed in
TOP:S solution in a glove box (O2 and H2O ~200 ppm) for up to 48 h
under different temperatures (RT, 80 �C and 120 �C), followed by a
10 min toluene rinse to remove the excess TOP:S [4].

Transmission electron microscopy (TEM) samples of CIS film
cross-sections were created by mechanical polishing followed by
low-angle Ar ionmilling using FischioneModel 1050 TEMmill. TEM
sample thickness wasmeasured under SEM (FEI VERSA Dual-beam)
to be 50e80 nm.

2.2. Experimental

SEM and TEM images are taken in FEI VERSA Dual-beam SEM/
FIB and FEI Tecnai TF-30 TEM respectively. Grain sizes were esti-
mated based on the SEM and TEM images in the following manner:
(1) multiple lines of the same length were drawn across the image
in both horizontal and vertical directions emanating from different,
randomly chosen points; (2) number of intersections of the lines
with the grain boundaries were recorded; (3) the average grain size
is taken to be the total length of the lines divided by the total
number of intersections. For PL measurements, the CIS samples
were excited by a 671 nm pumping laser and the photo-
luminescence signal was collected by amonochromator and InGaAs
photodetector connected to a lock-in amplifier. XPS measurements
were conductedwith a Kratos surface-science instrument and an Al
Ka (1486.7 eV) x-ray source under high vacuum (1 � 10e9 torr).
The ionization potential of CIS thin films under air wasmeasured by
a photoelectron spectrometer (AC-2, Riken Keiki). EDS analysis was
conducted using FEI Tecnai TF-30 transmission electronmicroscope
in scanning transmission electron microscopy (STEM) mode, using
an acceleration voltage of 300 kV and live acquiring time of 300 s
for each measurement. Quantitative atomic percentage (at.%)
analysis was carried out using Oxford INCA Energy EDS X-ray
Microanalysis System. Density of CIS films was taken as stoichio-
metric CuInSe2 as 5.77 g/cm [25]. Five measurements were taken at
each location: one measurement from a rectangular area
of~70nm � 70 nm, followed by point measurements at the four
corners of the rectangle. The size of the measured area is chosen to
minimize the effect of local inhomogeneity such as grain
boundaries.

2.3. Computation details

The DFT calculations used the Hybrid functional B3PW91 [26]
that we have shown to provides accurate bandgaps [21] and band
offsets [22] (average mean error of 0.09 eV) for chalcopyrite
semiconductors. Thus B3PW91 leads to a band gap of 1.05 eV for CIS
compared to 1.04 eV from experiment and <1 eV from typical DFT
methods (Perdew-Burke-Ernzerhof, PBE) [21]. To accurately
represent the small Na contents, we used periodic unit cells with 64
atoms. Hybrid B3PW91 calculations are not practical for DFT codes
(such as VASP and Quantum Expresso) that use standard plane
wave basis sets (1000s of times slower than PBE). Consequently we
use local atomic Gaussian-type basis sets that enables fast evalua-
tion of the HartreeeFock exchange terms [27]. As implemented in
the CRYSTAL09 [27] software package, B3PW91 is only 1.7 times the
cost of PBE, while about 2 orders of magnitudes faster than PBE in
VASP [21].

Optimized Cu, In, Se and Na basis sets and pseudopotentials
were taken from our previous work [22]. For each system we
relaxed the structure until the forces on each atom dropped below
4.5 � 10�4 Hartree/Bohr. For Cu, In and Se, we used the SBKJ rela-
tivistic angular momentum projected effective core potentials
[28,29] and associated basis set [30], while for Na atoms and the
SP(CH3)3 molecule we used a complete all-electron basis set.
Following Xiao et al. [22], we did not include Spin-orbit Coupling
(SOC) since all the systems considered here are closed-shell (no
unpaired spins). We used an extra-large k space grid to ensure
accurate integration, and we used the G-centered Monkhorst-Pack
scheme [31] to sample reciprocal space with a resolution of ~
2p � 1/40 Å�1.

We kept the number of Se atoms per periodic cell constant at 32
for all bulk (CuInSe2) and surface (CuInSe2 and Cu5In9Se16)
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calculations.
For surface calculations, free surfaces of CuInSe2 and Cu5In9Se16

were cleaved from respective bulk unit cells and relaxed prior to
introduction of Na defects.

Calculations with SP(CH3)3 molecules were started by placing
the molecule at 2 Å above the free surface with S atom adjacent to
the Cu substitution site, and S]P bond parallel to the surface
normal. The system was then fully relaxed before the atom on the
Cu site was replaced with Na, at which point the system was
allowed to relax again.

3. Results

3.1. Surface measurements of TOP:S passivated CIS films

Fig. 1 shows the PL intensity of CIS films with different passiv-
ation times (Fig. 1(a)) and different passivation temperatures
(Fig. 1(b)), each normalized by the PL intensity of as-fabricated
films. All PL peaks were found to be at ~0.96 eV without any
obvious spectral shifts. For the passivation temperature of 120 �C,
the normalized intensity increased with passivation time and
peaked after 24 h at ~29 times higher than the baseline. The in-
tensity remained relatively the same for longer passivation times,
reaching a 32.7 times increase over the baseline after 48 h. For the
fixed passivation time of 24 h, varying the passivation temperature
from room temperature (RT) to 80 �C and 120 �C led to factors of
2.5, 6.2, and 29 times enhancements in PL intensity respectively,
which demonstrates that PL response is a strong function of solu-
tion treatment temperature.

XPS measurements were conducted on CIS films with and
without the TOP:S passivation at room temperature to understand
Fig. 1. (a) Normalized PL intensity for unpassivated (baseline) CIS films, and films with passiv
and films for passivation temperature up to 120 �C. (c,d) Surface XPS spectra of (c) S 2s and (
24 h). (For interpretation of the references to colour in this figure legend, the reader is refe
the binding state of TOP:S on passivated film surfaces. Fig. 1(c)
shows the XPS peaks of S 2p (161.8 eV), Se 3p1/2 (166.1 eV), and 3p3/2
(160.5 eV); Fig.1(d) shows the XPS peak of P 2p3/2 (133.1 eV) and the
Auger peak of Se. These spectra reveal the emergence of a small S 2p
peak after passivation, which indicates that the sulfur from TOP:S
binds to the film surface, presumably by forming Cu2S and In2S3.
Fig. 1(d) shows an increase in the P 2p peak as a result of the P atom
in the TOP ligand interacting with dangling bonds on the film
surface. In contrast to the increases in PL intensity, the increases in
the intensity of S and P XPS peaks were independent of TOP:S
passivation temperature (see supporting information, SI), which
suggests that binding of TOP:S molecules to the film surface did not
cause the increase in PL.

Fig. 2(a) shows surface XPS measurements of the Na 1s peak
(1074 eV) intensity of the samples that were passivated for different
durations, normalized by intensity of as-fabricated films. It shows a
~4.5� increase in the Na 1s peak intensity for samples that were
passivated in TOP:S solution for 24 and 48 h, which indicates a
significantly higher surface Na content in passivated films. This
correlates well with the observed increase in the PL peak intensity
over the same passivation times; with the system reaching full
saturation after 24 h (Fig. 1(a)). Varying the processing tempera-
tures of the TOP:S treatment for the fixed time of 24 h led to a
monotonic increase in the same Na peak, which also correlateswith
the trends in PL enhancement (Fig. 1(b)). We treated some of the
samples with TOP:S and trioctylphosphine (TOP) at 120 �C for 24 h
in addition to annealing in Se free atmosphere at 600 �C for 12 h to
determine whether the surface Na content increase might have
been caused solely by the high-temperature annealing of the film
on the SLG substrate. The 600 �C annealing temperature mimic
typical high temperature selenization processes and was selected
ation times up to 48 h. (b) Normalized PL intensity for unpassivated (baseline) CIS films,
d) P 2p peaks for CIS thin films with (red) and without (black) TOP:S treatment (120 �C,
rred to the web version of this article.)



Fig. 2. Surface XPS spectra of Na 1s peak for unpassivated CIS film (baseline) and (a) films with passivation times up to 48 h, (b) films with passivation temperatures up to 120 �C,
and (c) SLG substrates treated with TOP and TOP:S at 120 �C for 24 h and annealed at 600 �C for 12 h. (d) Schematic of increased surface Na concentration from TOP:S passivation,
and the alteration of energy levels.
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to amplify potential temperature effect on surface Na content, as no
noticeable change was observed in reference samples annealed at
120 �C. Fig. 2(c) shows that the ~2.5x- and 3.5x-higher Na con-
centration in the TOP and TOP:S-treated samples was significantly
higher than that in the annealed samples, ~1.3�. It has been pro-
posed that Na concentration at CIS surface leads to shifts in surface
energy levels. Surface ionization potential (Fig. S4) show a distinct
energy level shift in TOP:S passivated films, which is in accordance
with our previous DFT calculations [22]. Fig. 2(d) shows Na con-
gregates at CIS film surface in TOP:S solution and the resulting
change in surface ionization potential.

3.2. Analysis of through-thickness Na concentration profile

Fig. 3 shows two scanning transmission electron microscopy
(STEM) images of (a) as-fabricated and (b) passivated CIS films
overlaid with quantitative EDSmeasurements of Na content at each
location. These images show that the TOP:S passivation did not
introduce visible changes to surface morphology of the films. Parts
of the passivated film (Fig. 3(b)) near the surface delaminated and
adhered to the epoxy layer applied during TEM sample preparation.
This is likely a result of residual stress introduced into the under-
lying film by the passivation process, a common side effect of thin
film passivation [4]. The STEM images show a non-uniform grain
size distribution in both films; transmission electron microscopy
(TEM) analysis revealed that the grain size in both films ranged
from 50 to 800 nm, with an average of 305 nm and a standard
deviation of 210 nm.Multiple voids were observed in both films at a
distance of ~100 nm above the Mo layer, consistent with previous
work on a similar material system [32]. EDS analysis indicates that
the average surface content of Na increased from 0.99 ± 0.20 at.% in
the as-fabricated films to 1.11 ± 0.11 at.% in the passivated films.
These concentrations are consistent with reports on atomic probe
tomography measurements of Na at grain boundaries within CIS
films [16,17], and are higher than some previously reported surface
measurements [11]. This discrepancy can be attributed to the
limited resolution of most surface techniques like EDS and sec-
ondary ion mass spectrometry (SIMS), and the high temperature
deposition steps such as the selenization process at 550 �C and the
annealing process at 330 �C, which have been shown to increase
surface concentration of Na [24]. We found a distinct concentration
gradient present in passivated films, with Na content of 0.41 ± 0.09
at.% at the Mo/CIS film interface and 1.11 ± 0.11 at.% at the surface of
the film. In the as-fabricated films (Fig. 3(a)), the Na content of the
film is higher at (0.78 ± 0.10 at.%) near the Mo interface, then de-
creases to 0.20 ± 0.06 at.% midway through the film, and increases
to 0.99 ± 0.20 at.% at the film surface. EDS area maps of Cu, In, Na
and Se for passivated and as-fabricated films can be found in
Figs. S2 and S3 in SI. The low overall concentration of Na and the
increased background noise from large area map measurements
render these concentration profile maps less useful for quantitative
analysis compared to point measurements.

3.3. Energetics of Na defect formation in bulk CIS

We conducted DFT calculations to investigate the energetics of
Na defects in CIS films. Fig. 4(a) shows a schematic of 4 different
types of Na defects in bulk CIS analyzed in this work: (1) Substi-
tutional Na on a Cu lattice site (NaCu), (2) Substitutional Na on an In
lattice site (NaIn), (3) Na in a tetrahedral interstitial site within the
CIS lattice (Natet), and (4) Na in an octahedral interstitial site within
the CIS lattice (Naoct). In the simulations, a single Na atom was
introduced into a 64-atom CuInSe2 unit cell, which corresponds to a
Na defect density of 1.3 at.%, a magnitude similar to the surface



Fig. 3. Representative cross-sectional STEM images with Na concentration profiles overlaid over the images for (a) as-fabricated and (b) TOP:S passivated CIS films. The intercepts
between the dashed lines with boxed regions show the actual location of the measurements. The x-axis shows the average Na content (at.%) based on 5 different measurements at
each location.
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concentration measured by EDS. All calculations in bulk CIS crystals
are performed in stoichiometric CuInSe2 systems. We did not
consider NaeNa “dumbbells,” where two Na atoms reside on the
same lattice site, in these simulations because their formation en-
ergy at various sites has been reported to follow the same trend as
their single-atom counterparts [33].

We represent and compute the total defect formation energy EF
by:

EF ¼ Edefect � Ebulk±
X

nimi þ qEFermi (1)

where Ebulk is the total energy of the bulk unit cell, Edefect is the total
energy of the unit cell that contains the specific defect, mi and ni are
the chemical potential and the concentration of species i, q is the
defect charge state derived from the differences in charge states for
individual species (þ1 for Cu and Na, þ3 for In), and EFermi is the
system Fermi level relative to the valence band maximum (VBM).
We calculated the product nimi for Cu and In as the energy of
removing one Cu or In atom from the bulk unit cell, respectively.
This product, nimi for Na as a point defect in the CIS system is not as
readily available because Na is extrinsic to the system. Previously,
Wei et al. and Oikkonen et al. approximated this potential by
extrapolating the potential for bulk body-centered cubic (BCC) Na
and NaeIneSe compounds [13,33]. We chose not to use this
approach because it is not able to capture the changes in the Na
potential with respect to Cu content, which is critical to our
investigation of NaCu defects. Instead, we calculated the total en-
ergy of different CIS systems with variable Na contents, where Na
atoms were introduced into the systems as NaCu substitution. We
investigated CIS systems with varying unit cell sizes: (1) 32-atoms,
(2) 64 atoms, (3) 128 atoms, and (4) 256 atoms; in each case 1 Cu
atom on the lattice was replaced with a Na atom. The systems were
relaxed in similar a fashion to the bulk calculations detailed above.
The nNamNa term in Eq. (1) that represents the energy difference of
NaCu substitution defect at various Na concentrations can now be
extrapolated from the plot of total system energy vs. NaeCu sub-
stitution content in Fig. S5. It is reasonable to assume that within
the same concentration range for Na, its potential in a Cu-lattice site



Fig. 4. (a): Schematic showing various Na defects in the CIS unit cell, Na atoms are shown in black, Cu in blue, In in red, and Se in green. (b): Formation energy (eV) of various Na
defects as a function of Fermi energy (eV) relative to VBM. Intercepts with the dashed line marks formation energies at intrinsic Fermi level. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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is comparable to that in an In-lattice or in an interstitial site. The
difference in energy for other forms of Na point defects can be
obtained by modifying the energy difference for NaCu with chem-
ical potentials of Cu and In in CIS system.

To account for different doping conditions in CIS films, the Fermi
level of the system was allowed to vary across the calculated
bandgap of 1.05 eV [22], which is consistent with experiments
[34,35] and simulations [33,36]. The calculated bandgap value is
used here to benchmark against previous calculations such as
Oikkonen et al. who reported NaCu formation energy ~ -1eV,
because absolute values for formation energy often significantly
depend on alignment of system Fermi level, whereas system
bandgap is a better representation of accuracy of calculation. Defect
formation energies as a function of Fermi level are plotted in
Fig. 4(b), where the intercepts with the solid vertical line marks the
mid-bandgap formation energy (0.52 eV from VBM). These results
indicate that Na at a Cu lattice site, NaCu, has the lowest formation
energy among all the defects types considered under most doping
conditions; Na at an In lattice site, NaIn, becomes favorable under
extreme n-type doping, where the Fermi level shifts to 0.9 eV above
VBM.

3.4. Calculation of NaCu energetics at the film surface

We used DFT to calculate the formation energies of Na defects in
the CIS film surfaces. It has been reported that CIS surfaces could
facet into polar [112] orientations from the non-polar [110] orien-
tation to minimize the surface free energy [37]. This is consistent
with experimental observations of faceted surfaces in CIS and CIGS
films in our previous work [32]. Surface Cu content has significant
impact on device performance of CIS thin film solar cells. An arti-
ficial Cu-deficient surface condition is often enforced as it has been
reported to improve device efficiency and open circuit voltage by
up to 25% [20,24]; while a higher surface Cu content has also been
shown to reduce surface defect and improve uniformity [38,39].
Here we investigated surfaces with both stoichiometric and defi-
cient Cu content. Similar to our previous DFT studies on CIGS [22],
we simulated the Cu-deficient condition with the Cu5In9Se16 unit
cells (Cu content 17 at.%, designated by Cu-poor) obtained by
removing some of the Cu atoms from the stoichiometric Cu1In1Se2
unit cells (Cu content 25 at.%, designated by Cu-rich) and inserting
additional In atoms in their place if needed to balance the charge,
while maintaining the total number of Se atoms constant. We
constructed all unit cells consistent with these compositions and
chose the geometry with the lowest DFT energy as the optimal
structure. We considered Cu rich and Cu-poor conditions for both
surface orientations, a total of 4 cases: (1) Cu-rich (110), (2) Cu-rich
(112), (3) Cu-poor (110) and (4) Cu-poor (112). Our calculations
demonstrate that of all possible defect occupancy sites, the sodium-
copper substitution, NaCu is the most energetically favorable defect
in bulk CIS (Fig. 4(b)). We postulate that it is also the preferred type
of defect at the CIS surface because the vicinity of the free surface is
unlikely to change the electron configuration of substitutional
point defects in the case of NaCu and sodium-indium substitution
NaIn, [22] while interstitial Na defects are significantly higher in
formation energy compared to substitutional cases. Based on these
findings, we restrict surface calculations to NaCu only; and the
defect charge state q in Eq. (1) becomes 0 because Na and Cu are
monovalent, and the term qEFermi vanishes.

To investigate the interactions between TOP:S passivation and
the surface Na defects, we conducted additional DFT simulations:
(1) A small organic molecule SP(CH3)3, used to represent the TOP:S,
was placed on top of the cleaved CIS surfaces with various Cu
contents and orientations (Fig. S6). The sulfur-phosphorus double
bonds (S]P) in the SP(CH3)3 molecules were aligned along the
surface normal, with the S atom adjacent to the surface. The
moleculewas placed 2 Å away from a Cu atom closest to the surface.
The model molecule, SP(CH3)3, has shorter carbon chains than
TOP:S (SP(C8H17)3), the additional carbon atoms in TOP:S have a
negligible effect on the electron distribution of S and P atoms, and it
is unlikely that the carbon chains interact directly with the CIS
surface. It is reasonable to consider SP(CH3)3 and TOP:S as equiv-
alent in their effects on surface defect energetics and will be
referred to them interchangeably from now on. (2) The systemwas
then fully relaxed, and some of the Cu atomswere replaced with Na
to form the NaCu substitution. (3) The Na-containing, “passivated”
films were then fully relaxed using DFT similar to bulk calculations,
and the formation energy of NaCu was calculated using Eq. (1). Fig. 5
shows a schematic for calculating the formation energy of NaCu in
the presence of SP(CH3)3 for stoichiometric (110)-oriented CIS films.

Fig. 6 shows the formation energies of NaCu for each of the 4
surface cases, with and without passivation. This plot reveals that
the formation energies of all unpassivated surfaces (blue bar) are
lower (more stable) compared to those energies in the bulk, with



Fig. 5. Left: Optimized CIS unit cell with one SP(CH3)3 placed on top. Cu atoms are shown in blue, In in red, Se in green, S in yellow, P in cyan, C in brown, and H in white. Right:
Optimized CIS unit cell with one NaCu substitution and one SP(CH3)3 placed on top of the Na atom. The Na atom is shown in black. In both schematics dashed line shows the
direction of the free surface, and the solid line shows the direction of fixed atomic layer. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

Fig. 6. Shaded: Formation energy (eV) of NaCu substitution in bulk CIS taken from
Fig. 4(b). Blue: Formation energy (eV) of NaCu substitution on different surfaces (Cu-
poor Cu5In9Se16, Cu-rich Cu1In1Se2, (110) and (112) orientations). Red: Formation en-
ergy (eV) of NaCu substitution on the same surfaces with one SP(CH3)3 placed on top.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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distinct differences among different surface conditions. Cu-poor
(110) surfaces have the lowest (most favorable) formation energy
at �0.05 eV, compared to 0.29 eV in the bulk. A comparison with
passivated surfaces (red bar) reveals that the formation energies
decrease for all surface configurations after passivation. Here sig-
nificant decreases up to ~1 eV were reached for Cu-rich (110) and
Cu-poor (112) cases. In all cases, the surface formation energies of
NaCu are lower compared to those in the bulk, suggesting the
presence of a driving force for Na diffusion towards film surfaces,
which is further enhanced by TOP:S passivation. Fig. 7 shows the
atomic-level configurations of the Na defect within each CIS film
surface studied, as well as the passivation molecule after surface
relaxation.
4. Discussion

4.1. Na distribution in the presence of TOP:S passivation

Surface passivation in semiconductors is commonly used to
eliminate surface defects and flaws, such as vacancies and in-
terstitials, which is often manifested by higher carrier density and
surface PL intensity [5,7,9,40]. Fig. 1(a) shows that the PL intensity
increases by ~29 times with passivation time up to 24 h and re-
mains relatively constant with longer passivation duration, which
suggests that the surface is fully saturated with the TOP:S molecule.
Such an increase is in accordance to previous reports on passivation
of CI(G)S samples from similar deposition conditions [9], and can be
attributed to the relatively poor surface uniformity and
morphology of the CIS samples tested. It shows that the TOP:S
solution treatment passivates the existing surface defects and leads
to a reduction in surface recombination, reaching full saturation
after 24 h Fig. 1(b) shows that the enhancement in PL increases
monotonically with higher treatment temperatures, which sug-
gests that the passivation effect may involve a temperature-
limiting process, such as solid-state diffusion [4]. XPS surface
analysis of the same samples (Fig. 1(c), d) reveals higher S and P
peaks on the film surfaces, likely caused by the formation of Cu2S
and In2S3 and the interaction between the phosphorus atoms and



Fig. 7. Optimized surface geometry for (a) Cu-rich (110), (b) Cu-rich (112), (c) Cu-poor (110) and (d) Cu-poor (112) with SP(CH3)3 molecule, showing parts of the surfaces containing
the NaCu substitution. Color scheme follows that of Fig. 4. Dashed lines show direction of the free surface. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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dangling bonds near the film surface. Additional measurements at
various passivation temperatures reveal that these peaks and the
binding state of TOP:S on film surfaces are independent of passiv-
ation temperature (Fig. S1), which implies that the adsorption of
TOP:S is not temperature-limited and is unlikely to fully account for
the increase in PL response after passivation.

XPSmeasurements of surface Na 1s peak follow trends similar to
the PL response after TOP:S passivation. Fig. 2(a) shows a ~4.5 times
increase in the passivated films compared with the as-fabricated
ones after immersion in the TOP:S solution for 24 h, which
remained relatively unchanged for longer passivation duration.
Changes in the Na peaks appear to depend on the passivation
temperature, with the enhancement from passivation at 120 �C
over twice than that from passivation at RT (Fig. 2(b)). Those films
that underwent only high-temperature annealing also show
increased surface Na content (Fig. 2(c)), similar to existing literature
reports [19,41]. However the improvement in Na content from the
TOP/TOP:S passivation is over twice compared to just from high
temperature annealing, and much higher than reference samples
annealed at 120 �C which showed no change in Na content. Films
passivated by TOP:S exhibit a higher Na peak compared to the TOP-
passivated ones, which can be attributed to the formation of Na2S,
an energetically favorable species that is most notably known to
passivate GaAs semiconductor devices [42,43]. Formation of Na2S
would also release the ligands within the TOP, which can in turn
adhere to the surface via P bonds (Fig. 1(d)) to serve as a protective
surface layer. This layer can be easily removed by solution rinsing
before the deposition of additional layers during solar cell device
fabrication [4,9].

Figs. 1 and 2 show that the PL and the XPS Na peak of CIS films
follow similar trends after TOP:S passivation; both increasing
monotonically with passivation temperature and passivation time,
which for the latter reaches full saturation after 24 h of solution
treatment. This suggests that the increase in surface Na content
after passivationmay contribute to the increased PL response. It has
been suggested that Na can create surface dipole on CI(G)S thin
films, which will lead to formation of depletion regions and
changes in energy levels [7,44]; while recent work using scanning
tunneling spectroscopy (STS) showed negative surface dipoles that
are independent of surface Na content and attribute the depletion
region formation to surface reconstruction [38], though it is
generally accepted that increased alkali metal content can signifi-
cantly alter CIS film surfaces. Our previous DFT calculations show
high Na (and K) concentration at CIS film surface leads to energy
level shifts [22], here we observed a decrease in the Fermi level of
CIS surfaces relative to vacuum from 5.17 to 4.69 eV by measuring
the ionization potential of the CIS films that were passivated at
120 �C for 24 h and the as-fabricated ones using a photoelectron
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spectrometer (Fig. S4). Such shifts in energy levels serves to reduce
surface recombination and to increase PL intensity, which would
follow the increase in surface Na content, as shown in Fig. 2.

We propose two potential mechanisms to explain the greater
surface concentrations of Na observed in the CIS films: (1) Na
within the SLG substrate is dissolved in the TOP:S solution, after
which it diffuses in the liquid state to re-deposit onto the film
surface; or (2) the TOP:S passivation layer on the film surface
provides the driving force for solid state diffusion of Na from the
SLG substrate towards film surface. EDS analysis performed on a
representative cross-section of each CIS film, shown in Fig. 3, re-
veals a “saddle-shaped” Na distribution in the as-fabricated films,
and a close to linear bottom-to-top concentration gradient in the
passivated films. Each measurement spanned an area
of~70nm� 70 nm, which is sufficiently large to represent the
characteristics of each film, whose morphology is inhomogeneous
and has been shown to cause significant variances in localized
spectroscopy measurements [11,45]. The overall increase in the
surface Na content measured by EDS is ~20%, a substantially lower
relative increase than the ~4� increase in XPS measurements. This
is likely caused by the fabrication process of TEM samples, which
exposes part of the surface Na in the Na2S form to the atmospheric
moisture and removes it. The Scanning TEM (STEM) probe can
provide information on the Na distribution along the film thickness
that cannot be obtained via surface measurements. The STEM-
generated Na concentration profiles before and after passivation
are shown in Fig. 3, their difference can be explained by the non-
ideal film morphology as a function of film height. We propose
that during the high temperature selenization process (550 �C), the
Na enters the CIS films from SLG substrate and migrates towards
the film surface via solid-state diffusion, which is impeded by the
voids observed in all CIS films ~200 nm above the Mo layer, as
shown in the STEM images in Fig. 3 and in our previous work [32]. It
is likely that the transport of Na atoms through the pore-containing
region is relatively sluggish and increases back to its original value
in the more homogeneous portions of the film. As a result, the Na
content is lower in the vicinity of the voids and, possibly, near other
microstructural defects within the film. At equilibrium, all Na atoms
entering the system are able to diffuse to the surface and through
the void regions, which would set up a concentration gradient to-
wards the surface, as shown in Fig. 3(b). The distinct change in the
Na distribution profile after passivation supports the hypothesis
that TOP:S passivation promotes Na diffusion towards film surface.
XPSmeasurements on passivated films revealed a higher surface Na
content (Fig. 2) compared to EDS, it is possible that the diffusion of
Na from SLG substrate through TOP:S solution to the film surface
also contributes to the increased surface Na concentration. The EDS
measurements imply that solution-based Na, potentially in the
form if Na2S, can be easily removed from the film surface before the
deposition of additional layers, which could be helpful since
excessive Na has been shown to have a detrimental effect on device
performance [15,18].

Altering surface properties via passivation has been shown to
have significant impact on the diffusion in CI(G)S thin films [46,47].
Na has high affinity for TOP [48] and easily forms Na2S [9] by
binding with the active sulfur atom in TOP:S, the presence of the
TOP:S passivation would likely enhance Na diffusion towards the
film surface, providing an additional driving force for the solid state
diffusion. During device fabrication, a CdS buffer layer is commonly
deposited onto the CIS top surface. Our previous DFT studies
showed that Na decreases conduction band offset (CBO) near the
contact between CIS and CdS [22], and a higher Na content at the
CIS surfaces would reduce the electron transport barrier across the
interface. This could lead to better efficiency and improved Voc of
devices containing TOP:S passivated CI(G)S films [13,49].
4.2. Formation energy of Na in bulk CIS

We performed additional DFT calculations to investigate the
effect of TOP:S on solid-state diffusion of Na along CIS film height.
We considered the formation energy of different types of Na point
defects in bulk CIS. The lower formation energy and greater sta-
bility of NaCu compared to other Na point defects shown in Fig. 4
agrees with previous calculations on CIS [22,33] and Cu-deficient
CuIn5Se8 systems [50,51], which suggests that at equilibrium Na
prefers to occupy Cu lattice sites in bulk CIS. This is corroborated by
the experimental observations that the enhancement in CIS device
performance from Na is more pronounced in Cu-poor CIS films
[18,52]. The charge neutrality of NaCu formation leads to its
insensitivity to the Fermi level. It has been suggested that the
charge neutral NaCu does not introduce deep sites into the bandgap
nor facilitates any other major alterations of the band structure
[33]. Indeed this is what we find in our previous DFT studies, that it
is more likely that populating the Na into Cu lattice sites will
change the intrinsic defect mobility [33] while decreasing the CBO
near the CISeCdS interface [22].

4.3. Effects of surface condition on formation energy of NaCu

We determined the intrinsic diffusion pathways along CIS film
height by calculating the formation energies of Na defects at the
film surface. Fig. 6 shows that for each of the 4 types of surfaces, the
formation energy for NaCu is lower than that in the bulk, with a
0.25 eV difference in the lowest energy Cu-poor (110) case. This will
generate a driving force for Na diffusion from SLG substrate to the
film surface, which corroborates the experimentally measured
diffusion profile shown in Fig. 3.

It has been suggested that in CIS, the Na would be more readily
incorporated into regions with lower Cu content [19,20], which is
supported by bulk DFT calculations [13]. Our results indicate that
both the surface concentration of Cu and the crystallographic sur-
face orientation drive the NaCu defect formation. For example, un-
der Cu-poor condition, the (110)-type surfaces have a 0.16 eV lower
formation energy than the (112) surfaces; while under Cu-rich
condition the formation energy for (110) surfaces is 0.03 eV
higher compared that for (112). As the system moves towards
equilibrium, Na will migrate towards the surface regions that have
the lowest defect formation energy at the particular surface
orientation and Cu content, which would lead to an inhomoge-
neous distribution of Na within the non-uniform film surface
characteristic of sputtered CIS films [7,20,32]. This proposed
mechanism agrees with previous reports [11] and is corroborated
by the variations in measured surface Na content (Fig. 3).

4.4. Effect of TOP:S on surface formation energy of NaCu

Fig. 6 shows changes in the NaCu formation energy near the film
surfaces in the vicinity of TOP:S molecules. We observed an overall
decrease in the NaCu formation energy for all four surface cases; the
formation energy decreased by 0.53 eV for Cu-poor (110) surface,
by 0.96 for the Cu-rich (110) surface, and by 1.33 eV for the Cu-poor
(112) surface with TOP:S treatment. This consistent lowering of the
defect formation energy in the presence of TOP:S suggests that
TOP:S passivation stabilizes Na defects in the vicinity of the surface,
including the Na that diffuses from SLG substrate towards the
surface through the film and the those that are dissolved in TOP:S
solution from the SLG substrate and re-deposited onto the film
surface. An important finding is that the reduction in NaCu forma-
tion energy in the presence of TOP:S passivation depends on the
surface conditions with no clear preference for a particular surface
orientation or Cu content. We found the largest drop in the
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formation energy of 1.35eV to occur in the Cu-poor (112) surfaces;
and the lowest such drop of 0.12 eV - for Cu-rich (112) surfaces.
Fig. 7 shows the optimized geometries for various surface condi-
tions and reveals a correlation between the defect formation en-
ergy and surface conditions. In all four cases, the surfaces were
cleaved along [110] or [112] directions, terminating at a minimum
energy surface. For the Cu-rich (110) and Cu-poor (112) surfaces,
the NaCu site is in the topmost atomic layer within the free surface,
which leads to its better positioning for interacting with the TOP:S
molecule. For the Cu-rich (112) and Cu-poor (110) surfaces, the NaCu
site is in the second atomic layer, buried by a topmost layer of Se
atoms, which inhibits its access to the TOP:S molecule. In the Cu-
poor (110) surfaces, the lattice is less densely packed due to the
removal of the Cu atoms, which enables the S atom in the TOP:S
molecule to penetrate into the surface, whereas in the Cu-rich (112)
case, the interactions between a Na defect and the TOP:S molecule
is hindered by surface geometry. This implies that Na defects in Cu-
rich (112) surfaces are the least stable after passivation compared to
all other studied surface conditions, which explains its lowest for-
mation energy reduction.
5. Conclusions

We investigated the effects of TOP:S solution passivation on CIS
thin films used in solar devices. The passivated films show a ~30�
enhancement in photoluminescence (PL), which increases with
passivation temperature to 120 �C and time up to 24 h. Surface XPS
measurements on passivated samples reveal the formation of eS
and eP bonds between the TOP:S and CIS and a >3-fold increase in
the surface Na concentration. This is significantly higher than the
increase from high-temperature annealing alone and follows the
same trend with temperature and passivation time as PL. EDS
analysis on the film cross-sections reveals a saddle-shaped Na
concentration profile along the film height in the as-fabricated
films and a bottom-to-top concentration gradient after passiv-
ation. We postulate that the higher Na content at the film surface
creates a surface dipole that shifts the surface energy level and
suppresses surface recombination in passivated films.

Our DFTcalculations on stoichiometric and Cu-deficient systems
reveal that.

(1) NaCu substitution is the most energetically favorable defect
type in bulk CIS,

(2) NaCu defect formation energy is lower for the film surface
compared with bulk and decreases after passivation,

(3) The defect energetics of Na before and after passivation are
related to both the concentration of Cu at the surface and the
crystallographic orientation of the surface, with Cu-poor
surfaces having the lowest formation energy after passiv-
ation. (most favorable).

The experimental and computational results of this work indi-
cate that TOP:S passivation introduces an additional driving force
for Na diffusion within the solid CIS films and stabilizes the alkali
metal defects, like Na and K, on CIS film surfaces, all of which lead to
a greater surface Na content and reduced surface recombination in
passivated films. This renders TOP:S a promising and effective
passivation material for CIS-based photovoltaics. These studies
provide fundamental insight and practical knowledge towards
understanding the role and distribution of Na defects within CIS
films and the effects of passivation, which will help create better
solar cell devices.
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