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ABSTRACT We present systematic works in characterization of CIGS nanotip arrays (CIGS NTRs).
CIGS NTRs are obtained by a one-step ion-milling process by a direct-sputtering process of CIGS thin
films (CIGS TF) without a postselenization process. At the surface of CIGS NTRs, a region extending to
100 nm in depth with a lower copper concentration compared to that of CIGS TF has been discovered.
After KCN washing, removal of secondary phases can be achieved and a layer with abundant copper
vacancy (V,) was left. Such compositional changes can be a benefit for a CIGS solar cell by promoting
formation of Cd-occupied Cu sites (Cdc,) at the CdS/CIGS interface and creates a type-inversion layer to
enhance interface passivation and carrier extraction. The raised V¢, concentration and enhanced Cd
diffusion in CIGS NTRs have been verified by energy dispersive spectrometry. Strengthened adhesion of

Al:Zn0 (AZO0) thin film on CIGS NTRs capped with CdS has also been observed in SEM images and can explain the suppressed series resistance of the device

with CIGS NTRs. Those improvements in electrical characteristics are the main factors for efficiency enhancement rather than antireflection.
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ombustible fuel is an energy source
Cthat has always been heavily relied

on to power the world. Yet, a side
product, greenhouse gas, has been pro-
duced at the same time and now results in
hazardous climate change. Impacts of more
severe weather crises are possible if alter-
native replacements of clean, environment-
friendly, and sustainable energy sources
are not generalized. Renewable energy has
continually been dramatically expanded in
the past decade and is expected to grow
even faster in the future. Photovoltaics (PV),
namely, solar cells, is one of the primary
sources of renewable energy due to its adapt-
ability to different locations, which therefore
allows versatile uses. Compared to wafer-
based silicon solar cells, thin film solar cells
possess the advantage of low cost in raw
material, which gives them a prospective
cost-down scenario by manufacturing devel-
opment, which is very advantageous for
industry. Among all solar cells, chalcopyrite
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Cu(In,Ga)Se, (CIGS) thin film solar cell have
been regarded as one of the most promising
thin film solar cells due to their high effi-
ciency, low cost, and easy integration with
current Si-based processes.’

A recorded efficiency of CIGS solar cells of
up to 20.4% has been achieved by EMPA,
which gives CIGS solar cells a reputation as
a high potential candidate among energy
alternatives.? Much effort has been devoted
to develop various deposition methods for
the absorber layer in past decades, including
conventional co-evaporation,? sputtering with
postselenization processes,*  ink-printing,’
and electrochemical deposition® Except
for co-evaporation, almost all deposition
methods need the postselenization process,
which is a critical barrier for high throughput.
A method of direct sputtering from a quatern-
ary CIGS target without postselenization has
been demonstrated to address the tedious
obstructions of selenization and meet the
demands of large throughput and scale-up.’”
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Until a solar cell that accesses the theoretical efficiency
limit can be fabricated, reduction in Fresnel reflection
at the interface between air and the device is always an
essential approach to boost the efficiency. In order to
reduce reflection, a conventional way of depositing
a thin film onto solar cells to suppress reflectance,
namely, an antireflection coating (ARC) technique, has
been widely utilized. It yet has also resulted in trade-
offs, such as reliability degradation due to thermal
mismatch between the ARC layer and the device, as
well as significantly raising the cost due to the vacuum
fabrication process.®®

Astonishing nanoscale architectures that have a
perfect antireflection effect have been discovered.'®
Conical arrays are well known as the best morphology
to completely suppress Fresnel reflection at the surface
due to the concept of gradual refractive index, which
has been theoretically and experimentally demon-
strated by several research groups with tapered or
vertically conical-shaped structures."' To date, a great
variety of fabrication methods for different antireflec-
tance nanostructures have been well established.'*~"”
However, most of them need multiple processes,
which lower the throughput and yield, thereby raising
the cost. As a solution to this issue, a low-cost, tem-
plate-free, nontoxic, large-area, rapid-throughput, and
uniform CIGS nanotip array (CIGS NTR) generated
through a direct and one-step ion-milling process
on CIGS thin films (CIGS TF) has been demonstrated.'®
The particular technique not only brings remarkable
efficiency enhancement but also combines both high-
yield and low-cost benefits, which demonstrates a low-
cost nanostructure technology.'® CIGS NTR solar cells
have shown a magnificent efficiency enhancement
that is way beyond what most nanostuctured CIGS
solar cells have achieved." Yet, since the scheme of
CIGS NTRs is to embed a CIGS nanostructure inside the
device, by which a CdS buffer layer and transparent
conductive oxide (TCO) layer capping the top can
provide ARCs with step-decreased refraction indices,
the antireflection property of CIGS NTRs should be
quenched by ARCs as well as the high absorption at the
CIGS absorber layer and results in less enhancement of
efficiency by antireflection. What is more, by taking
CIGS solar cells without CIGS NTRs as a reference, CIGS
solar cells with CIGS NTRs exhibit enhanced open
circuit voltage (Voc) and fill factor (FF), which is what
antireflection alone has not been able to achieve.'*~"”
As a result, the actual mechanism of the great effi-
ciency enhancement by CIGS NTRs is still ambiguous
and has not yet been investigated. In this regard, the
enhanced efficiency mechanism of this new CIGS NTR
was systematically investigated by photoluminescence
(PL), time-resolved photoluminescence (TRPL), and en-
ergy dispersion spectrometry (EDS). Interestingly, the
results have exhibited that the efficiency enhancement
achieved by CIGS NTRs is NOT the main attribution to
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antireflection as the conventional scheme of the nano-
structure. It has ultimately been discovered that an
elemental concentration change at the surface of CIGS
NTRs caused by ion-milling is what has boosted the
efficiency, by which a decreased shunt leakage of the
device can be achieved. In addition, a better adhesion
of an Al:ZnO (AZO) thin film to CIGS NTRs capped with
CdS has also been observed. Suppression in series
resistance of the device with CIGS NTRs, hence en-
hancement in device efficiency, has also been observed
and discussed in -depth.

RESULTS AND DISCUSSION

Figure 1(a)—(d) show SEM images of CIGS TF and
CIGS NTRs before and after KCN solution treatment.
When a direct-sputtered CIGS TF was initially prepared,
secondary phases and copper-rich CIGS were formed
simultaneously due to copper segregation, which
could cause shunt leakage as illustrated in Figure 1(a);
therefore the conventional removal method of a sec-
ondary phase by immersing the CIGS in KCN solution
is an imperative step for a high-efficiency CIGS solar
cell. The KCN-solution-treated CIGS TF is shown in
Figure 1(b), in which no significant morphology change
was observed.

Figure 1(c) shows CIGS NTRs with a height around
200 nm after the one-step ion-milling process, by which
the Cu segregation and Cu-rich CIGS phases were
severely deformed; therefore coalescence between tips
can be seen. After KCN treatment, sharp CIGS NTRs can
be formed due to removal of extra secondary phases,
as shown in Figure 1(d). The corresponding TEM images
of the CIGS TF and the CIGS NTRs after KCN treatment
are shown in Figure 1(e) and (f). The inset in Figure 1(e)
taken from a rectangular area in Figure 1(e) shows
a high-resolution TEM image, with which an internal
spacing of 0.3 nm corresponding to a (112) plane
and selective diffraction pattern [201] zone axis can
be indexed. On the other hand, CIGS NTRs also exhibit
a single-crystal feature with the same lattice plane and
selected diffraction pattern, confirmed by the high-
resolution TEM image shown in Figure 1(f).

The CIGS NTR formation via the ion-milling process
can be understood through the theoretical interpreta-
tion of ion bombardment, indicating a surface atomic
diffusion taking place via a collision cascade, a process
of sequential collisions of atoms, ignited by external
jon bombardment while ion-milling.2°~%? Patterns
with high aspect ratio were initially regarded to be
hardly formed by ion bombardment due to the fact
that erosion at the surface should be suppressed by
surface diffusion and the surface morphology remains
at an equilibrium status. The following research has
shown that the self-assembled sacrificial mask formed
by phase segregation allows patterns of high aspect
ratio, resulting in formation of CIGS NTRs.'® Based on
the theory of spinodal decomposition in an alloy, there
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Figure 1. SEMimages of (a) CIGS TF before KCN washing, (b) CIGS TF after KCN washing, (c) CIGS NTRs before KCN washing, (d)
CIGS NTRs after KCN washing. Insets in (a) to (d) show the corresponding schematic illustrations of the samples. (e) TEM image
of CIGS TF after KCN washing. (f) High-resolution TEM image of CIGS NTRs after KCN washing. Insets in (e) and (f) show the
corresponding high-resolution TEM images and selective diffraction patterns.

has developed an adaptable explanation of phase
separation induced by ion bombardment in a multiple
atomic composition system.>>72> The theory shows
that a collision cascade has extended atomic diffusion
into the CIGS bulk by surface energy and brings
phase re-formation throughout the extended region.
In a Cu—In—Se system, a Cu-rich secondary phase has a
lower formation energy than that of the desired chal-
copyrite phase for solar cells so that a secondary phase
can stably exist under a rather lower growth tempera-
ture within a certain range of given Cu concentration.
Therefore a Cu-rich secondary phase is more likely
to be re-formed in the atomic diffusion region. This
explains the abundant Cu-rich phases at the surface of
CIGS NTRs. By taking phase re-formation at the CIGS
surface into account, considerable composition evolu-
tion is possible during ion-milling.

A demonstration of larger scale CIGS NTRs and
resultant devices are shown in Figure 2. Figure 2(a)
shows a photograph of a 4-in. direct-sputtered CIGS
wafer, in which CIGS NTRs were fabricated on the right
half of the wafer. An obvious antireflection effect can
be seen from the significant color contrast between
the two halves. Yet, the resultant CIGS solar cells show
otherwise. Figure 2(b) shows two direct-sputtering
CIGS solar cells, with the right one embedded with
CIGS NTRs. An antireflection effect can still be observed,
but is ambiguous. Reflectance of the CIGS absorber
layer and CIGS solar cells with and without CIGS NTRs
has been measured for clarification. Figure 2(c) shows
the reflectance spectra of CIGS TF and the CIGS NTR
absorber layer. As expected, CIGS NTRs exhibit a sig-
nificantly low reflectance spectrum, compared to that
of CIGS TF. However, such reflectance contrast was
diminished after CIGS TF and CIGS NTRs were fabricated
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into devices, as shown in Figure 2(d), in which the
reflectance spectra of the devices with and without
CIGS NTRs are similar.

Figure 3(a) and (b) show the J—V curves and external
quantum efficiency (EQE) spectra of CIGS TF and CIGS
NTR devices. An improved performance of the CIGS
NTR device has been verified by comparison to that
of the CIGS TF device. CIGS NTRs have achieved an
efficiency enhancement of 56.25% (from 2.88% to
4.50%) with enhanced V¢, FF, and Jsc, which are
boosted from 0.36 to 0.40 V in Vo, from 49% to 57%
in FF, and from 6.55 to 7.90 mA/cm? in Jsc, respectively.
Not only Jsc, but both Voc and FF are enhanced,
inferring a non-antireflection improvement mechanism.
To clarify the doubt, quantitative EQE enhancement
and reflection reduction of the devices are compared
to each other, in which the EQE enhancement
was calculated by [(EQEntrs — EQEr)/EQETE] x 100%,
and reflectance reduction is calculated by [(Rtr — RnTrs)/
Rre] X 100%. Interestingly, for the device with CIGS NTRs,
reflectance reduction is obviously much greater than
the enhancement in EQE, as shown in Figure 3(c). Note
that the EQE of the CIGS NTR device at wavelengths
< 550 nm is lower than that of the CIGS TF device. This is
attributed to the 100 nm thick CdS layer used in the
CIGS NTRs device, which is thicker than that used in the
CIGS TF (usually 50 nm thick CdS layer) device due to
efficiency optimization. It is now clear that the remark-
able efficiency boost is NOT mainly due to antireflection.
To shed light on the mechanism of efficiency boost,
energy dispersion spectrometry and photolumines-
cence of CIGS TF and CIGS NTRs are conducted.

Depth-resolved quantitative compositional distribu-
tions of CIGS TF and NTRs samples were performed by
EDS. The resultant elemental distributions of Cu, In, Ga,
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Figure 2. (a) Four-inch CIGS wafer with CIGS NTRs on its right half. (b) Direct-sputtering CIGS solar cells with (right) and
without (left) CIGS NTRs. (c) Reflectance spectra of CIGS absorber layer with and without CIGS NTRs. (e) Reflectance spectrum
of CIGS solar cells with and without CIGS NTRs.
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Figure 3. (a) J—V curve of CIGS solar cells without CIGS NTRs, which is presented as a black line and that with CIGS NTRs,
which is presented as a red line. Values of V,, Js, FF, and 77 before and after enhancement are also shown. (b) EQE spectra
of a CIGS TF solar cell and a CIGS NTRs solar cell. (c) EQE enhancement and reflectance reduction achieved by CIGS NTRs,
in which EQE enhancement is calculated by [(EQEnTrs — EQErr)/EQETE] x 100% and reflectance reduction is calculated by
[(Rrr — Rtrs)/Rrel x 100%.
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Figure 4. Quantitative analysis obtained by EDS for (a) Cu, (b) In, (c) Ga, and (d) Se in CIGS TF and NTR samples. Two different
positions are chosen for each sample, denoted as CIGS TF 1, CIGS TF 2, CIGS NTRs 1, and CIGS NTRs 2.

and Se are shown in Figure 4(a) to (d), respectively.
Two locations on each sample are randomly chosen in
the compositional distributions investigation for sta-
tistical information, by which 13 points distributed over
200 nm in depth were analyzed. The findings indicated
that the atomic concentration of Cu for CIGS NTRs
(below 20%) is lower than that of CIGS TF (20—30%)
within a depth of ~100 nm. For a region deeper than
50 nm, the atomic concentration of Cu in CIGS NTRs
recovers to be the same as that of CIGS TF. In addition,
In-rich and Ga-poor compositions were also measured
within a depth of ~25 nm for CIGS NTRs. This could be
due to the low sputtering yield of In and the high
sputtering yield of Ga."® The drop in atomic concentra-
tion of Cu observed in CIGS NTRs can be understood by
aregion with a lower Cu atomic concentration, namely,
a Cu-depletion region, formed after the ion-milling
process. The copper-rich secondary phases can be
shovelled out by KCN washing, resulting in copper-
depleted CIGS NTRs, in which an abundant copper
vacancy (Vc,) at the surface is expected.

The photocurrent in a CIGS solar cell is drained
from abundant point defects in CIGS; therefore defect
analysis is crucial for a high-efficiency CIGS absorber
layer, for which photoluminescence is the best choice
for defect examination.”®*” Figure 5(a) shows the PL
spectra of CIGS TF under excitation powers of 0.01 and
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20 mW at 10 K. Five well-resolved PL peaks at 0.84,0.93,
1.03, 1.11, and 1.14 eV, named p1, p2, p3, p4, and p5,
were observed under 0.01 mW at 10 K, while only three
PL peaks, namely, p1, p2, and p3, are resolvable under
an excitation power of 20 mW at the same excited
temperature. Temperature-dependent PL (TD-PL) was
also conducted in order to shed light on the activation
energies of p1, p2, and p3 via Arrhenius plots (see
Figure S1). As aresult, both p1 and p2 were assigned to
donor—acceptor pair (DAP) recombination. The sum of
energy levels of donors (Ep) and acceptors (E,) related
to band edge determines the activation energy at high
temperatures (E,;), while the shallower energy level
related to band edge determines the activation energy
at low temperatures (E»2).2® The two DAP recombina-
tions of p1 and p2 share the same shallow donor with
Ep around 10 meV and are distinguished by different
acceptors, among which one acceptor has a deeper
energy level with E; of ~140 meV, corresponding to
p1, while p2, which is the dominant recombination, has
an acceptor with an Ex, of ~60 meV. The dominant
shallow donor is most likely to be a selenium vacancy
(Vse) since the existence of Vs, reflects the fact that
a slight selenium insufficiency was detected in our
samples. Among the two observed acceptors, the one
related to p1 is an indium vacancy (V,,),>>3° while the
other one related to the dominant PL emission, p2, is a
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Figure 5. (a) PL spectra of CIGS TF obtained under a low excitation power of 0.01 mW and a high excitation power of 20 mW at
10 K. (b) Energy level diagram of CIGS TF. (c) PL spectra of CIGS TF and CIGS NTRs under 20 mW at 10 K. Change in (d) peak
position, (e) fwhm, and (f) PL intensity of p2 depending upon excitation intensity obtained by PL spectral deconvolution of the

CIGS TF. Insets show magnifications around 0.5 mW. The sa

intensity of p2 obtained from the CIGS NTRs. (f and i) Results of curve fitting based on / -

me analysis showing (g) Eeak position, (h) fwhm, and (i) PL
L", inwhich /is PL intensity, L is power

of exciting laser radiation, and k is a constant determined by the recombination mechanism.

copper vacancy (Vcu), which possesses the lowest
formation energy among all defects in CIGS.3"3? The
emission peak, p3, was related to free-to-acceptor
recombination, which has an activation energy Ea of
60 meV related to a transition from conduction band
to acceptor level of V. Figure 5(b) schematically
shows the band diagram constructed according to
experimental results. The emission peaks at p4 and
p5 under high excitation powers are unresolvable
and speculated to be related to a splitting of valence
band induced by the tetragonal distortion of the
chalcopyrite lattice.3® PL spectra of CIGS TF and CIGS
NTRs obtained under an illumination of 20 mW at 10 K
are shown in Figure 5(c). It is evident that the PL emis-
sion peaks are broadened after CIGS NTRs were pro-
duced through ion-milling. Full width at half-maximum
(fwhm) of p1 has been increased from 153.36 nm to
188.96 nm, and that of p2 has been increased from
92.34 nm o 101.63 nm. The photon energy of DAP
recombination emission can be expressed as eq 1,>

2

E(N = Eg — (En+Eo) +——

4grer (M
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where Eg is the band gap energy, e is the electronic
charge, and ¢is the dielectric constant. In particular, the
last term represents Coulomb interaction between
DAP and can contribute much as well. For impurity
atoms (in our case, point defects in CIGS) occupying
normal lattice sites, sharp emission peaks can be
observed in the PL spectrum due to the most probable
distance between DAP that concentrates the emis-
sion energy of each DAP or due to DAP recombination
emission irrelevant of DAP separation distance. When
the concentration of DAP increases, more distant/
closer DAPs or more donors/acceptors that deviate
from their original sites can participate in PL emission;
therefore the PL emission peak becomes broader due
to deviation of their emission energy from the center
energy of the PL emission peak. A fwhm expansion of
35.6 nm for p1 and that of 9.29 nm for p2 revealing a
higher concentration of DAP have been induced by the
ion-milling process, revealing compositional change at
the CIGS NTR surface.

DAP concentration can be quantified by power-
dependent PL to confirm the increase in DAP concentration.
A saturation effect of DAP under low temperature
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has been observed via PD-PL3>>3¢ and can be a method

for estimation of DAP concentration (see Supporting
Information, Figure 2Sa and b). Excitation power depen-
dence of PL emission obeys | o LK where | is PL
intensity, L is the power of exciting laser radiation,
and k is a constant determined by the recombination
mechanism.3” CIGS TF and CIGS NTRs were examined by
PD-PL with excitation power varied from 0.01 to 20 mW
for estimation of DAP concentration. Among four peaks,
p2 shows a distinct saturation effect at both samples.
Peak position, fwhm, and PL intensity of p2 for CIGS
TF and CIGS NTR samples are accordingly shown in
Figure 5(d)—(i). A saturation point has been found to be
0.5 mW, at which the peak position (Figure 5d) under-
goes a blue shift and then maintains a constant satura-
tion level after the excitation power reaches 0.5 mW.
Also, the fwhm of p2 (Figure 5f) keeps expanding until
the excitation power reaches 0.5 mW and then remains
constant. The PL intensity (Figure 5i) of p2 exhibits a
linear dependence on the excitation power of 0.5 mW
with k = 1.02 and eventually shows a sublinear depen-
dence after the excitation power exceeds 0.5 mW with
k = 040. In particular, under low excitation powers
varied around 0.01 mW, p2 maintains a constant value
in peak position (inset in Figure 5d), fwhm (inset in
Figure 5e), and PL intensity (inset in Figure 5f) before
both the blue shift and the fwhm expansion occur,
indicating that PL emission is independent of distance
of DAP separation under an excitation power of around
0.01 mW. These observations are in complete accord
with the interpretation of DAP saturation under high
excitation laser illumination. The PD-PL results of the
CIGS NTRs are shown in Figure 5(g), (h), and (i), respec-
tively. Clearly, the DAP saturation level of p2 was found
at ~5 mW. The peak position shown in Figure 5(g)
indicates that blue shift does not stop until reaching
a point at ~5 mW followed by maintenance at the
maximum level. fwhm of p2 as well eventually reaches
a constant value until the expansion of the fwhm is
stopped at 5 mW as shown in Figure 5(h). The PL
emission dependence of p2 stays linear before an
excitation power of 5 mW, while a sublinear PL emission
dependence was observed under excitation powers
beyond 5 mW (Figure 5i).

The transition related to the emission peak at p2,
according to the activation energy, is that of Vs to V¢,
Anincrease in concentration of DAP related to p2 infers
a higher concentration of Vs or Vc, obtained after
the ion-milling process. Since p1 emission, which is
also related to Vs, shows no DAP saturation effect, V¢,
is the defect whose concentration is raised after the
ion-milling process. In effect, p3, which is related to
transition of the conduction band to Vc,, also shows
the DAP saturation effect in PL intensity dependence
upon the excitation power. A breakpoint from linear
dependence to sublinear dependence has been raised
from 0.4 mW to 4 mW (Figure S3). Although the fwhm
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Figure 6. Schematic illustration of the formation mechan-
ism of the Cu-depletion region in CIGS NTRs.

ICu rich

Cu poor

and peak position of p3 cannot be extracted due to
poor deconvolution of p3 caused by its relatively weak
intensity and partial overlapping with p2, the evident
change in PL intensity dependence on the excitation
power, however, noticeably points out the saturation
effect of p3. With the presence of saturation effect
revealed from the two V¢,-related members, p2 and
p3, a raise in V¢, concentration is very likely, which is
consistent with the Cu-depletion region proposed
according to the EDS results (Figure 4). Additionally,
the Cu-depletion region should be formed via the
Mullins—Sekerka type of instability while ion-milling
driven by the diffusion of vacancies out of the bulk
alloy,33° thereby raising the concentration of V¢,
at the surface region. The scenario of the formation
mechanism of the Cu-depletion region is schematically
illustrated in Figure 6. During ion-milling, the surface
energy drives the phase segregation in the surface
diffusion region, in which V¢, is aggressively formed
due to segregation of copper-rich secondary phases
and then is driven to the surface (see the second graph
of the sequence in Figure 6). The resultant copper-rich
secondary phases at the surface had left a Cu-depletion
region behind after CIGS NTRs were formed. The
following KCN washing finishes the last step for fabri-
cation of the desired CIGS NTRs for CIGS NTR solar cells
(see the last two graphs of the sequence in Figure 6).

The existence of V¢, allows occupation of Cd atoms
on V¢, sites (Cdc,) as Cd atoms diffuse into the CIGS
layer after capping of a CdS layer by chemical bath
deposition (CBD).**~*? Although a detailed mechan-
ism of CIGS/CdS junction remains controversial, CdS
diffusion has been widely encouraged for enhancing
the device performance by a type-inversed Cdc, layer
and adjusting the electric field in the space charge
region.”*~* Since a CBD-CdS had been found to be
highly resistive so that no heavily doped n-type char-
acteristic has been observed, a buried homojunction
due to Cd diffussion at the CIGS/CdS interface that had
been reported was believed to be the very location of
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Figure 7. TEMimages of (a) CIGS TF and (b) CIGS NTR devices.
Brown, green, and blue shadows indicate CIGS, CdS, and AZO,
respectively. Depth-resolved elementary distribution of Cd
in a region extending ~200 nm from (c) the CIGS TF surface
and (d) the top of a tip of CIGS NTRs in their devices.

the p—n junction in a CIGS solar cell, by which recom-
bination of photogenerated carriers at the CdS/CIGS
interface can be avoided by the buried homojunction
in bulk***” Due to an intrinsic property of Cu-poor
CIGS, an ordered-vacancy compound (OVC), which
is related to a defect complex of 2 V¢, + Inc, such as
Cu,In,Se;, CulnsSes, and CulnsSeg, can be formed with
a~10nm thickness at the surface of CIGS. It behaves as
a buffer layer and a type-inversion layer so that a better
device performance could be achieved.”® 2 The Cdc,
layer is capable of playing the same necessary role of
type-inversion buffer layer as OVC does.>*** Unlike
the shallow distribution of OVC at the surface of a CIGS
thin film, the Cdc,, buffer layer can be thicker due to the
deeper penetration of Cd diffusion.>® Cd diffusion also
allows passivation at the CdS/CIGS interface. Therefore,
Cd diffusion is able to effectively reduce recombina-
tion centers by a buried p—n junction in CIGS bulk. The
buried p—n junction can also avoid factors affecting
the CdS/CIGS interface that weaken built-in potential
in the depletion region, such as impurities or weak
adhesion of CdS to CIGS. Such benefits can result
in enhanced Voc and FF of the CIGS NTR solar cell,
as shown in Figure 3(a). In CIGS NTRs shown here, the
increase in V¢, concentration encouraged Cd diffusion
and consequently enhanced the device efficiency.

To verify the difference in Cd diffusion, EDS was
performed on CIGS TF and CIGS NTR devices to check
the quantitatively depth-resolved compositional dis-
tributions of Cd. Figure 7(a) and (b) show TEM images
of CIGS TF and CIGS NTR devices at the CIGS/CdS
interface, in which brown, green, and blue shadows
indicate CIGS, CdS, and AZO, respectively. Figure 7(c)
and (d) show results of depth-resolved Cd distribution.
A depth around 200 nm in CIGS was investigated for
the two devices. For the CIGS TF device, only 4% at
maximum atomic concentration of Cd concentration

LIAO ET AL.

was detected in the CIGS TF and vanished at a depth
of ~80—100 nm. On the contrary, a maximum atomic
concentration of Cd up to ~45% was detected in
CIGS NTRs, and Cd diffusion has been found to extend
by a depth of ~180 nm into the bulk. The resultant
Cd diffusion length of ~180 nm is contributed from
both the ion-milling-generated Cu-depletion region of
~100 nm in depth and additional Cd diffusion extend-
ing ~100 nm further due to the intrinsic characteristic
of CIGS TF.

By taking advantage of an enhanced Cd diffusion,
the p—n junction with CIGS NTRs has better electrical
properties compared to that of CIGS TF. This can be
examined by time-resolved photoluminescence (TRPL).
TRPL measurements at 10 K were conducted at the
CIGS/CdS p—n junctions of CIGS TF and CIGS NTRs. Both
samples showed biexponential decay in PL intensity, in
which the values of lifetime for fast and slow compo-
nents, 7, and 7,, were 25.93 and 202.49 ns for the CIGS
TF, respectively, while those of the CIGS NTRs were
found to be 25.93 and 232.15 ns, respectively (see
Figure S4). This is a proof of a better built-in electrical
field profile due to a space charge region shifted into
the CIGS bulk. Through these improvements, less cur-
rent loss is expected in a direct-sputtered CIGS solar cell
with CIGS NTRs due to less recombination in the
depletion region compared to the one made of CIGS TF.

In order to confirm that the better performance of
the CIGS NTR device is due to non-illumination-related
benefits, the electrical properties of the CIGS TF device
and CIGS NTRs device are investigated by dark current
J—V measurements. Figure 8(a) and (b) show the dark
current J—V curves of the CIGS TF and NTRs at 25 and
120 °C, respectively. When under a lower forward bias
voltage (from 0to 0.4—0.5 V) at both 25 and 120 °C, the
forward current of the CIGS NTRs is evidently lower,
indicating less shunt leakage for the CIGS NTR device
compared to that of the CIGS TF device.>**’ It is due to
less recombination of photogenerated carriers in the
p—n junction. One common side effect of solar cells
with the nanopatterned p—n junction is deterioration
in electrical performance due to bad coverage and
adhesion of the capping layer onto the patterned
substrate. Yet, chemical bath deposition, the conven-
tional method for CdS deposition, possesses a good
adaptability to a rough surface. The advantage allows
the benefits of CIGS NTRs not to be overwhelmed by
deterioration in electrical performance but lead to the
further suppression of shunt leakage. In addition, the
forward current of the CIGS NTRs at both 25 and 120 °C
under a large forward bias (larger than 0.4—0.5 V) has
been found to surpass that of the CIGS TF (Figure 8(a)
and (b)). This reflects that a greater contribution of
diode current is dominant in the CIGS NTRs compared
to that of the CIGS TF and suggests a lower series
resistance.®® % It could be the enlarged area of the
p—n junction on the CIGS NTRs that boosts the
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CIGS TF solar cell and (d) its magnification images at the CIGS/CdS interface. (e) Cross-section SEM image of an NTR solar cell

and (f) its magnification images at the CIGS/CdS interface.

generation of diode current. In addition, the AZO thin
film shows better adhesion on the nanotextured CIGS
surface rather than on the nontextured CIGS surface.
Figure 8(c) and (e) show the cross section SEM images
of the CIGS TF and NTRs, while Figure 8(d) and (f) show
their magnified images of the interface between AZO
and CIGS, respectively. Obviously, a gap between AZO
and CIGS TF can be observed throughout the junction.
On the contrary, due to better adhesion of AZO on
the CIGS NTRs, no sign of such a gap can be found
(Figure 8(e) and (f)). The better adhesion of AZO in the
CIGS NTRs can be due to the conical-shaped textured
surface of the CIGS NTRs, which had tightly bonded
with the AZO thin film, resulting in the reduction of the
lower series resistance. The decrease in shunt leakage
and series resistance due to enhanced Cd diffusion
explained why Vo and FF of the CIGS NTRs device have
been enhanced,* as shown in Figure 3. It has revealed
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the main contribution of efficiency boost by the CIGS
NTRS scheme.

Usually, significant resultant surface defects behav-
ing as nonradiative recombination centers need to be
taken into account in micro/nanostructured device
fabrication. Luckily, point defects in CIGS exhibit as
donors and acceptors, which are crucial to provide
carriers; therefore the existence of point defects is
allowed. For the CIGS, most etching processes pro-
vide different elementary etching yields; as a result,
elementary concentrations in the CIGS, hence point
defect concentrations, can be changed and lead to
modification in surface carrier concentration of CIGS
and its device performance. Such factors need to be
considered and properly utilized. By the perspective
given in this work, a new approach to efficiency
enhancement in a nanopatterned CIGS solar cell has
been proposed.

VOL.7 = NO.8 = 7318-7329 = 2013 W}

Www.acsnano.org

J1D]Le

7326



CONCLUSION

We have presented a systematic work that examines
the effects of CIGS NTRs obtained via ion-milling on
direct-sputtered CIGS solar cells. Large-area CIGS NTRs
has been successfully fabricated, and characteristics
differing from CIGS TF have been investigated. After
KCN washing, a shallow region at the surface with a
lower copper concentration has been discovered in
CIGS NTRs via EDS results. This is a consequence of
surface diffusion ignited by ion-bombardment, which
causes copper-rich secondary phase segregation at the
surface. After KCN washing, removal of secondary
phases can be achieved, and a layer with abundant
Vcu was left behind. Examinations by PD-PL support
such an inference by exhibition of an increase in the
concentration of Vc,. Such a compositional change
can be a benefit for a CIGS solar cell by promoting
formation of Cdc, at a CdS/CIGS interface to enhance

EXPERIMENTAL METHODS

Device Fabrications. CIGS thin films were directly deposited
from a single quaternary CIGS target synthesized by sintering
a uniform mixture of Cu,Se, In,Ses, and Ga,Se; powders with
particle size less than 50 um at 600—800 °C and 300—400 bar
for 3 h. The CIGS thin films were deposited on a Soda Lime
Glass (SLG) coated with an 800 nm thick Mo layer at 500 °C.
The quaternary CIGS target is a chalcopyrite phase and contains
24.3% Cu, 18.7%1In, 7.8% Ga, and 49.2% Se, respectively. To form
large-area NTRs, the CIGS TF were sent into a vacuum ion-
milling chamber with a 4 in. working area and were bombarded
for one hour at normal incidence with Ar' ions under an
accelerated voltage of 0.3 kV at a vacuum pressure of 1.2 X
10~*Torr. Consequently, large-area and normally oriented CIGS
NTRs were produced. An immersion in 10% KCN solution for
10 minutes was applied to all samples. For examinations of
electrical properties, two samples with NTRs and without NTRs
were fabricated into devices. Device structures are Al:ZnO (AZO,
250 nm)/Zn0 (80 nm)/CdS (50 nm for CIGS TF device, 100 nm for
CIGS NTRs device)/CIGS (2000 nm)/Mo (800 nm)/SLG.

Characterization. For PL and TRPL measurements, a 635 nm
diode laser was used. During temperature-dependent PL, the
temperature was varied from 10 to 300 K under an excitation
power of 20 mW. On the other hand, power-dependent PL
was carried out at 10 K with excitation powers ranging from
0.01 to 20 mW. The PL signal emitted from the CIGS sample
was transferred to a monochromator with 600 groove/mm
grating and detected by an infrared photomultiplier tube. TRPL
was conducted by a pulsed semiconductor laser with a center
wavelength of 635 nm, fwhm of 76 ps, and frequency of 80 MHz.

For characterization measurements of the devices and thin
films, the following instruments were utilized. A UV—vis—NIR
spectrophotometer (Hitachi U4100) with standard mirror optics
and an integrating sphere was used to measure the specular
reflectance of CIGS solar cells in the 400—1200 nm range at
normal incidence. J—V measurements were performed, closely
following the procedure described in international standard CEI
IEC 60904-1. Both the solar cells and the reference cell were
characterized under a simulated Air Mass 1.5, Global (AM1.5G)
illumination with a power of 1000 W/m?. The temperature was
actively controlled during the measurements and was 25 + 1 °C.
The power conversion efficiency (PCE) measurement system
consisted of a power supply (Newport 69920), a 1000 W Class A
solar simulator (Newport 91192A) with a xenon lamp (Newport
6271A), an AM1.5G filter (Newport 81088A), a probe stage, and
a source-meter with a four-wire mode (Keithley 2400). In the
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interface passivation as well as carrier extraction.
Cdc, has also been verified by EDS. By TRPL at 10K, a
longer lifetime has been observed in the CdS/CIGS
junction with CIGS NTRs, indicating a better carrier
extraction. According to the dark current of direct-
sputtered CIGS solar cells with and without CIGS NTRs,
it has been found that the shunt leakage of the device
with CIGS NTRs has been effectively suppressed by
CIGS NTRs. The decrease in shunt leakage due to CIGS
NTRs accords well with the inference established on
the results of EDS and PD-PL. Series resistance has also
been found to be decreased in the presence of CIGS
NTRs. This could be due to the better adhesion of the
AZO layer on the surface textured by CIGS NTRs, which is
confirmed by cross-section SEM images. These systema-
tic analyses have shown the the main sources providing
enhancement in efficiency via CIGS NTRs and have
excluded antireflection from the major factors.

calibration report by Newport Corporation, the temporal in-
stability was 0.88% and the nonuniformity was 0.79%. The
spectrum of the solar simulator was measured by a calibrated
spectroradiometer (Soma S-2440) in the wavelength range
of 300 to 1100 nm. The external quantum efficiency system
employed a 300 W xenon lamp (Newport 66984) light source
and a monochromator (Newprot 74112). A calibration was per-
formed using a calibrated silicon photodetector with a reported
spectral response (Newport 818-UV). The EQE measurement
was carried out using a lock-in amplifier (Standard Research
System, SR830), an optical chopper unit (SR540) operated at
260 Hz chopping frequency, and a 1 Q resistor in shunt connec-
tion to convert the photocurrent into voltage.
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