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ABSTRACT: Chalcopyrite Cu(In,Ga)(S,Se), is one of the most promising photo-
voltaic candidates, presenting huge potential in future flexible and tandem solar cell
applications. Ag alloying was recognized as an effective strategy to improve the
efficiency of selenide Cu(In,Ga)Se, solar cells, enabling record efficiencies. However,
the fundamental mechanism underlying these remarkable performance enhancements T3St 7 ..o Ay ~ Slow
. . . . . . )
remains elusive; especially, how Ag alloying alters the properties of point defects and the
corresponding nonradiative recombination is still unclear. Here, we perform rigorous
first-principles calculations to systematically investigate the native point defects in
CulnSe, and CulnS, in comparison with those in AgInSe, and AgInS,. We find that
anion vacancies are critical deep-level defects that may act as nonradiative
recombination centers, limiting the photovoltaic performance. We show that Ag
alloying can effectively passivate these deep-level defects in both CulnSe, and CulnS,, shallowing their charge—state transition levels,
which is due to a band gap widening effect as a result of lattice expansion induced by Ag alloying; this beneficial effect is more
pronounced in CulnS, than in CulnSe,, which has been further verified by experiments on Cu(In,Ga)$, solar cells with and without
Ag alloying. Our insights will guide the optimization and design of Cu(In,Ga)(S,Se),-based solar cells, pushing their performance
toward the Shockley—Queisser limit.
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1. INTRODUCTION

Chalcopyrite Cu(In,Ga)(S,Se),-based solar cells have shown
remarkable potential in the field of flexible and tandem
photovoltaics due to their favorable optoelectronic properties,
high efficiency, lightweight nature, and tunable band gap. Early
developments in Cu(In,Ga)(S,Se), solar cells focused on the
introduction of various compositional and structural mod-
ifications to improve the photovoltaic efﬁciencgr, such as
compositional grading within the absorber layer"” and alkali
metal postdeposition treatments.”~” These strategies have
gradually increased the power conversion efficiencies of
Cu(In,Ga)(8,Se), solar cells to be greater than 20%.""
Recently, alloying Cu(In,Ga)Se,(CIGSe) with Ag was found
to be an effective approach to further enhance the power
conversion efficiency, contributing to the recent record
(23.6%) efficiency.” The effectiveness of this approach was
well-recognized. However, the underlying mechanism is still
unclear. Some researchers attributed the enhancement to the
fact that Ag alloying can effectively enlarge the grain size and
large grain facilitates the carrier transport.'”'" Others ascribed
the enhancement to band-structure change in which Ag
alloying lowers the valence-band maximum (VBM), thus
reducing the interface recombination by enhancing the
interface injection recombination barrier. Nevertheless, the
carrier recombination is intimately related to the point defects
in the CIGSe layer; however, the defects that act as
nonradiative recombination centers are still unclear. Therefore,
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elucidating the chemical nature of the point defect of
chalcogenide before and after Ag alloying is interesting and
of great significance for understanding the role of Ag alloying
for CIGSe.

In order to throw light upon this issue, we perform accurate
first-principles calculations using the Heyd-Scuseria-Ernzerhof
(HSE)" hybrid functional (which gives a better description of
the band gap compared to (semi)local exchange—correlation
functionals'®) to systematically evaluate the native point
defects in Culn(S,Se), in comparison with those in Agln-
(S,Se),. It has been reported in the literature'*™'® that defect
clusters are relevant for CIGSe. But, we note that they usually
become critical in heavily doped semiconductors™ or at the
Cu(In,Ga)Se,/buffer interface and line/planar defects.'® In
this work, we focus on the situation with dilute defect
concentrations where defect clusters are less likely to form. We
find that anion vacancies are deep-level defects in Culn(S,Se),,
which may mediate strong nonradiative recombination. Ag
alloying effectively passivates the anion vacancies by shifting
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Figure 1. Thermodynamic stability of (a) CulnSe, and (b) AgInSe, as a function of the chemical potentials. Formation energies of the native point
defects in (c) CulnSe, and (d) AgInSe, as a function of the Fermi level for Se-poor synthesis conditions, as determined in panels (a,b), respectively.

the (2+/+) transition level from midgap toward the
conduction-band minimum (CBM), becoming a shallow
level. The introduction of Ag with a larger radius leads to an
expansion of the Culn X, lattice, which causes the VBM and
CBM to move toward lower energy levels simultaneously.
However, the energy reduction of the VBM (characterized by
p-d coupling) is greater than that of the CBM, which is an
antibonding state between S/Se p and In s; these shifts result in
an increase in the band gaps, converting deep-level anion
vacancies to shallower ones. In addition, Ag alloying in CulnS,
will not introduce a new transition level approaching midgap
like CulnSe,, which makes it more efficient to enhance the V,
in Cu(In,Ga)S, cells. In this way, Ag can effectively mitigate
the nonradiative losses caused by the anion vacancies. This
insight reveals how Ag alloying reduces the nonradiative
recombination and enhances the power conversion efliciency
from the perspective of point defects, which is critical for
understanding and further improving the performance of
Cu(In,Ga)(S,Se), materials and devices.

2. METHODS

All first-principles calculations in this work are based on the
density functional theory using the HSE hybrid functional."”
We use project augmented-wave pseudopotentials'” as
implemented in the Vienna ab initio simulation package
(VASP).”® A plane-wave energy cutoff of 400 eV and a 1 X 1 X

1 Monkhorst—Pack”" k-point grid are used for the supercells of
CulnS,, AgInS,, CulnSe,, and AgInSe, with 288 atoms. In our
work, we consistently perform HSE relaxations for all defect
configurations. Using a mixing parameter of 0.29 for the HSE
functional, we obtain band gaps of 1.5 eV for CulnS,, 1.86 eV
for AgInS,, 1.05 eV for CulnSe,, and 1.26 eV for AgInSe,, in
good agreement with the experiment.”””>*

Taking CulnS, as an example, we illustrate how the chemical
potentials are determined. When CulnS, is formed as a stable
phase, the chemical potentials of the host species should follow

Hey + My, + 24 = AH(CulnS,) = —2.52 eV 1)

where AHf(CulnS,) is the formation enthalpy of CulnS,
calculated from first principles. The chemical potentials are
referenced to the calculated energies of the pure bulk species.
The formation enthalpies of the competing phase (CuS, Cu,S
and CuS, etc.) provide additional bounds to the chemical
potentials, that is

He, + Mg < AH'(CuS) = —0.51 eV @)
2Ug, + Hg < AH'(Cu,8) = —0.88 eV 3)
Mo, + 24 < AH'(CuS,) = —0.20 eV 4)

https://doi.org/10.1021/acs.jpcc.5c02431
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02431?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02431?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02431?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c02431?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c02431?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
a Cc - d AglnSe,
1.2 Conduction Band
(+/0)
= (2+1+) 25
Q
20 / +
S
&’/ 2+
>
g’ 1.5 0 VSe
04 VCu Vln VSe CuIn InCu GC)
c
b AginSe, S 101
©
’ Conduction Band §
@+ o 05
0.0
2)
(or) 05
0.0 0.5 1.0 0.0 0.5 1.0

VSe Ag\n

INpg

Fermi level (eV) Fermi level (eV)

Figure 2. Charge-state transition levels of intrinsic defects in (a) CulnSe, and (b) AgInSe,. Formation energy of V. as a function of the Fermi level

in (c) CulnSe, and (d) AgInSe,.

With eqs 1—4, we can determine the phase diagram and
bounds of uc, and piy, as shown in Figure la.

The formation energy (EY) of a point defect D with charge
state q is given by”’

Ef(Dq) = Ei(D?) — Eyy(bulk) — Z np, + qEp + A

(8)
where E, (D7) is the total energy of a supercell of CulnS,
containing the defect D in charge state q. E,(bulk) is the total
energy of the pristine CulnS, supercell with 288 atoms. The
parameter 7, is the number of atomic species i added to (n; >
0) or removed from (n; < 0) the supercell to create the defect
D; p; is the chemical potential of atomic species i; Eg is the
Fermi level (the chemical potential of electrons) referenced to
the VBM; AT is a finite-size correction term for charged
defects.”

Metal precursors with a thickness of approximately 600 nm
are prepared by cosputtering either CuGa (atom ratio: 70%
Cu, 30% Ga) or CuAgGa (atom ratio: 56% Cu, 14% Ag, 30%
Ga) targets onto Mo-coated glass substrates using a magnetron
sputtering system. The samples are then subjected to a
prealloying process at around 150 °C and then transferred to a
rapid thermal processing (AS-One 100) to anneal at 600 °C
for several minutes in a sulfur atmosphere with a ramping rate
of 60 °C/min. The details of CdS deposition can be found in
ref 27. After that, a window layer consisting of S0 nm high-
resistant zinc oxide and 240 nm indium tin oxide (ITO) with a
sheet resistance below 30 €2/sq is deposited via sputtering.
Finally, metal grids are thermally evaporated as the top contact,
and the total area of the fabricated cells is defined as around
0.1 cm® through mechanical scribing.

3. RESULTS AND DISCUSSION

It has been shown in the existing literature™® that the defect
formation energies in CuGaSe,/CuGas$, are similar to those in
CulnSe,/CulnS,. This trend applies to the transition levels as
well. To make our computational modeling more tractable, we
focus on In-based compounds without Ga alloying. Hence, in

the present study, we assess the defect properties in both
CulnSe, and CulnS,.

We first evaluate the thermodynamic stability of selenide
chalcopyrite CulnSe, as a function of the chemical potentials
of Cu (uc,) and In (py,), as shown in Figure la. CulnSe, is
stable in the orange-shaded region against decomposition or
transformation into its competing phases, which allows us to
determine the bounds of the chemical potentials. We mainly
focus on the set of chemical potentials marked “Se-poor” in
Figure la, which corresponds to the equilibrium limits of the
experimental synthesis conditions.

Using the chemical potentials determined, we calculate the
formation energies of the native point defects in CulnSe,,
including two antisite defects (Cuy, and Ing,) and three
vacancies (Vg, Vi, and Vg.) as depicted in Figure lc. We
found from the literature*®* " that the interstitial defects (e.g,
Cu,) in these materials are shallow,”® unlikely to cause
recombination losses. Hence, we exclude the interstitial defects
from our present study. Meanwhile, we noticed that V,
V(inGa) and two antisite defects have been frequently studied,”
but the anion vacancy Vi, has been rarely investigated for its
high formation energy.’’ Thereby, we pay particular attention
to the formation energies and transition levels of anion
vacancies to assess their impacts on efficiency. Under Se-poor
conditions, Vi, has the highest formation energy: the formation
energy of Vy, is 4.4 eV, followed by Cuy, and then V. This is
because the chemical potentials of Cu and In are high under
Se-poor conditions. Compared with the other three defects,
Vs, and Inc, have relatively low formation energies. The
formation energy of V¢, is only 1.0 eV, which means that under
Se-poor conditions, Vg, is particularly easy to form.

In order to investigate the impact of Ag alloying on the
formation energy of native point defects in CulnSe, we
substitute Cu with Ag in CulnSe, and then calculate the
formation energies of defects in AgInSe,. As shown in Figure
1d, there are two interesting observations: (i) After the
incorporation of Ag, the overall formation energies of these five
kinds of point defects increase, which means that the
incorporation of Ag could reduce the defect concentrations;
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Figure 3. Statistical box plot of device performance parameters for
Cu(In,Ga)$, solar cells with and without Ag alloying. The ratio of Ag
alloying is [Ag]/([Agl+[Cu]) = 0.2. The box plot denotes median
(central line), mean value (dots), 25th percentile (bottom edge of the
box), 75th percentile (top edge of the box), 95th percentile (upper
whisker), and fifth percentile (lower whisker). The sample size in each
column is 8 devices. The red star denotes the efficiency of the
champion cell.

(i) the order of formation energies of the five types of defects
is consistent with that in CulnSe,, but the positions of the
transition levels are altered, especially those of V..

In addition to the impact on the formation energies of point
defects in CulnSe,, the introduction of Ag also changes the
relative position of the transition levels in the band gap. To
intuitively probe the changes of the transition levels in
CulnSe,, we summarize all the transition levels within the
band gap in Figure 2a. To act as a nonradiative recombination
center, a prerequisite is that the defect has charge—state
transition levels in the band gap.”””” In addition, it is highly
unlikely that defects capture two electrons or two holes at
once. As a result, charge—state transition levels between
nonadjacent charge states such as (2+/0) is not active for
nonradiative recombination.”* For V, in CulnSe,, there is a
(0/—) transition level but not within the band gap (located at
the VBM). Therefore, V., cannot be a nonradiative
recombination center in CulnSe,. In the case of V, the
formation energy of Vi, is so high under Se-poor and In-rich
conditions that it is difficult to form, which is thus not critical.
It is noteworthy that Vg, has a (2+/+) transition level in the
band gap. Moreover, the (2+/+) transition level is deep in the

band gap, which means that Vs, may efficiently capture
electrons and holes, simultaneously. Vg, is potentially an
efficient nonradiative recombination center. As for the two
antisite defects, Cuy, has a relatively deep (—/2—) transition
level within the band gap. Both the (+/0) and (2+/+)
transition levels of Inc, are very close to the CBM. Ing, is
highly unlikely to be an efficient nonradiative recombination
center.

To investigate the effect of Ag alloying on the transition
levels of the five defects within the band gap, we plot the
transition levels of AgInSe, in Figure 2b. Other than the (2+/
+) transition level of Vg,, the relative positions of the transition
levels of the other four defects within the band gap do not
change significantly. It is noteworthy that the (2+/+) transition
level of Vg, shifts from 0.44 eV above the VBM in CulnSe, to
0.07 eV below the CBM in AgInSe,. The introduction of Ag
causes Vg, to transform from a deep-level defect to a shallow
one. It also increases the formation energy of Vg, reducing the
probability of Vg, generation and mitigating the negative
impact of nonradiative recombination induced by Vg, on the
efficiency of CulnSe, solar cells.

We note that Ag substitution introduces a new (+/0)
transition level of Vg, in the band gap. The (+/0) transition
level is 0.3 eV above the VBM in AgInSe,. The corresponding
(2+/+) transition level of Vg, in CulnSe, is 0.44 eV above the
VBM. The difference in the absolute values does not seem to
be that significant, but the band gaps of CulnSe, and AgInSe,
are also different: 1.05 eV for CulnSe, and 1.26 eV for
AgInSe,. This means that the (2+/+) transition level is 0.61 eV
below the CBM in CulnSe,, and the (+/0) transition level is
0.96 eV below the CBM in AgInSe,. It is highly unlikely for the
(+/0) transition level to efficiently capture electrons from the
CBM to complete a nonradiative recombination cycle, which
means that the (+/0) transition has a very limited impact on
the capture coeflicient and device efficiency. Based on the
discussion above, we can now better understand from the
perspective of point defects why high-concentration Ag
alloying can enhance the performance of Cu(In,Ga)Se, solar
cells, enabling a certified efficiency of 23.64%.° High-
concentration Ag alloying pushes the deep transition level of
Vg, toward the band edge, suppressing the resulting non-
radiative recombination. This is because replacing Cu with Ag
in In-based chalcopyrites pushes the band edges to lower
energies relative to vacuum, with the valence band undergoing
a larger downward shift than the conduction band.*>*° This is
associated with the orbital character of the band edges and the
strength of the p-d coupling. The CBM is an antibonding state
between S/Se p and In s, while the VBM arises from an
antibonding state between S/Se p and Cu/Ag d.”” Due to the
smaller radius of Cu compared to Ag, the lattice parameters
increase when replacing Cu with Ag, thereby weakening the
antibonding interaction and lowering the CBM and VBM
simultaneously but with different extents. The downward shifts
are smaller in the s-derived band than in the p-d derived band.
These shifts lead to wider band gaps for both AgInSe, and
AgInS, compared to their Cu counterparts. One positive
outcome is that the deep-level anion vacancies in CulnX, (X =
Se and S) become shallower in AgInX,.

The promoting effect of Ag alloying on V. of CIGSe has
already been reported in the literature.'”*® With high-
concentration Ag alloying, around [Ag]/([Ag]+[Cu]) = 0.2,
the V,. increased from 741 mV>? to 767 mV” (i.e., by 26 mV).
However, it is still unclear if Ag alloying can also enhance the
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V,. of the sulfide-based solar cells and to what extent can V. CIGSe, we perform experiments*’ to investigate the impact of
be improved. Motivated by the observations in the CulnSe,, Ag alloying on the V. and photovoltaic performance of the
the effectiveness of Ag alloying in the elevation of V. of wide-band gap sulfide Cu(In,Ga)S, (CIGSu) solar cell. After
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Ag alloying with an [Ag]/([Ag]+[Cu]) ratio of around 20%,
the average efficiency increased from ~8.5% to over 10% [see
Figure 3d]. The average V.. of (Ag,Cu)(In,Ga)S, cells is
significantly improved from ~800 to around 883 mV, with a
notable increase of 83 mV. Our experimental results show that
Ag alloying is an effective means to improve the efficiency of
Cu(In,Ga)$, solar cells with the champion efficiency above
12.5%. However, the underlying mechanism is still unclear.
How does Ag alloying affect the properties of point defects in
CIGSu and thus change the V2 In particular, why does Ag
alloying have an even more pronounced enhancement in the
V.. in CIGSu compared to that in CIGSe? These questions
need to be answered.

Hence, we further examine how Ag alloying influences the
formation energies of native point defects in CulnS,. We
employ the same approach to calculate the phase diagrams of
CulnS, and AgInS, to determine the chemical potentials in the
synthesis conditions. Similarly, under S-poor conditions, we
calculate the formation energies of two antisite defects (Cuy,
and Inc,) and three vacancies (V,, Vi, and V), as depicted in
Figure 4c. Figure 4d shows the formation energies of the five
kinds of point defects after Cu is replaced with Ag. The
incorporation of Ag into CulnS, can also increase the overall
formation energies of the defects. This means that Ag alloying
could reduce the defect densities in both CulnSe, and CulnS,.

CulnS, and CulnSe, share a similar structure with the same
tetragonal phase in the I-42d space group. The only difference
between them is the anion. Thereby, CulnS, and CulnSe, have
similar defects, and the properties of these defects are also
alike. As shown in Figure 5, the transition levels of the point
defects in CulnS, have a distribution similar to that in
CulnSe,. The incorporation of Ag in CulnS, has a similar
effect as the one in CulnSe,. The relative positions of the
transition levels of the two vacancies (Vg and Vy,) and two
antisites (Agy, and In,,) within the band gap do not change
much. In contrast, the introduction of Ag has a significant
effect on the relative positions of the transition levels of Vg
within the band gap. We can see from Figure Sa that there is
only a (2+/+) transition level close to the midgap. However,
after Ag-substitution, the (2+/+) transition level shifts from
midgap in the CulnS, to 0.01 eV below the CBM in AgInS,.
The introduction of Ag makes the (2+/+) transition level of Vg
in CulnS, become shallower than that in CulnSe,, which can
efficiently mitigate the nonradiative recombination caused by
this transition.

Unlike the situation in CulnSe,, the substitution of Ag for
CulnS, does not introduce a new (+/0) transition level of Vg
in the band gap. In other words, Ag alloying should have an
even more pronounced positive effect on enhancing the
efficiency of CulnS,. This also has been demonstrated by the
experimental results, in which the increase of V. in CIGSu is
around three times higher than that of CIGSe, as we
mentioned before. Ag alloying suppresses nonradiative
recombination caused by anion vacancies, which serves as
one of the key factors that enhance V. and efficiency by
elongating the charge carrier lifetime and enhancing the carrier
mobility.

The charge carrier lifetime, along with carrier mobility,
defines the diffusion length, which reflects whether the
photogenerated charge carrier can reach the respective
electrode or not. Deep-level defects in CIGS, such as Vg,
and Vg, are expected to decrease the charge carrier lifetime
through nonradiative recombination.*' Ag alloying pushes the

transition level of the anion vacancies from midgap toward the
CBM, meaning that the probability of anion vacancies
capturing holes from the VBM will decrease. Thus, the total
nonradiative recombination rate decreases, elongating the
carrier lifetime. In addition, Ag alloying will expand the lattice,
which decreases the coupling between charge carriers and
defects, reducing the probability of carriers being scattered or
trapped by defects.*” The overall carrier mobility will thus be
enhanced.

4. CONCLUSIONS

In summary, we have performed first-principles calculations to
examine the native defects in chalcopyrite CulnSe, and
CulnS,, in comparison with those in AgInSe, and AgInS,.
We uncovered that Vg and Vg, are deep-level defects that may
act as detrimental nonradiative recombination centers that can
be effectively passivated by Ag alloying through shallowing of
the transition levels. This is due to a band gap widening effect
as a result of lattice expansion induced by Ag alloying. The
passivation effect is stronger in CulnS, than in CulnSe,, which
has been experimentally verified in our fabricated devices with
Ag alloyed Cu(In,Ga)$S,, showing significant V. enhancement.
Our results suggest that to further enhance the performance of
chalcopyrite Cu(In,Ga)(S,Se), solar cells, future research
should focus on composition engineering (e.g, keeping a
high concentration of chalcogenide during the annealing
process) and optimizing the chemical synthesis conditions to
suppress the formation of deep-level defects (e.g, anion
vacancies) or turn the deep-level defects into shallow defects
through Ag or other cation alloying.
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