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In Cu(In,Ga)Sez (CIGS) thin-film solar cells, interface recombination is one of the most
important limiting factors with respect to device performances. Therefore, in this study,
Metal-Insulator-Semiconductor samples are used to investigate and compare the passivation
effects of AlO3 and HfO: at the interface with CIGS. Capacitance-Voltage-Frequency
measurements allow to qualitatively and quantitatively assess the existence of high negative

charge density (Qrf ~ -10%2 cm) and low interface-trap density (Dit ~10** cm2eV1). At the
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rear interface of CIGS solar cells, these respectively induce field-effect and chemical
passivation. A trade-off is highlighted between stronger field-effect for HfO, and lower trap
density for Al>Os. This motivates the usage of Al.Oz to induce chemical passivation at the
front interface of CIGS solar cells but raises the issue of its processing compatibility with the
buffer layer. Therefore, an innovative Al.O3/HfO2 multi-stack design is proposed and
investigated for the first time. Effective chemical passivation is similarly demonstrated for
this novel design, suggesting potential decrease in recombination rate at the front interface in
CIGS solar cells and increased efficiency. 300°C annealing in N2 environment enable to
enhance passivation effectiveness by reducing Dit while surface cleaning may reveal useful
for alternative CIGS processing methods.

1. Introduction

Solar power is now widely accepted as a strong candidate in tomorrow’s cleaner energy
network, replacing conventional fossil fuel-based energies and reducing the emission of
greenhouse gases.[! With laboratory efficiencies approaching 25 % and the potential use of a
variety of rigid or flexible substrates, Cu(In,Ga)Se> (CIGS) solar cells are expected to largely
contribute to the development of building integrated photovoltaics.!*!

Still, active research needs to be undertaken in order to further increase the performance of
CIGS-based cells and more particularly reduce their voltage deficit.[*! Solving this issue
should inevitably consider the electrical losses due to non-radiative recombination
mechanisms, especially important at the interfaces. The solution investigated here relies on
applying passivation strategies similar to the ones pursued in the Silicon industry, e.g.
passivated emitter and rear cell (PERC).[>®! This method consists in integrating dielectric
layers at the interfaces most affected by carrier recombination so as to mitigate the impact on
performance.

Passivation has already been widely investigated and used at both interfaces in CIGS solar

cells and with different dielectric materials such as Al,03,[6-121 HfO,,[813-15] gnd Ga0,.[*! This
2



WILEY-VCH

strategy allows overall enhancements of electrical performance, and more generally
efficiency. Indeed, such metallic oxides enable to reduce the density of interface traps (Dit)
and the related recombination losses at the concerned interface, i.e. by 1 to 2 orders of
magnitude as compared to a full metal contact.[!”] At the same time, the surface density of
fixed charges (Qr) present at the oxide/CIGS interface produces an electrical field potentially
diminishing minority carrier concentration and hence recombination, depending on the charge
sign and the concerned interface.

The focus here is put on comparing the surface passivation effects of atomic layer deposited
(ALD) oxide layers made of Al.Os and HfO: at the interface with CIGS. This comparative
study is based on Capacitance-Voltage (CV) measurements realized on Metal-Insulator-
Semiconductor (MIS) structures involving both materials (Section 2.1 and 2.2). Such samples
allow a simple analysis of the interface effects between oxide and CIGS layers before
considering the influence of the buffer and window layers. In the view of integrating these
materials for front passivation of complete solar cells and increase efficiency, an innovative
Al>;03/HfO2 multi-stack design is similarly investigated in Section 2.3, along with the
influence of annealing treatments and surface cleaning.

2. Results

2.1. Field-effect passivation

2.1.1. Analysis technique

In order to quantify Qs in the Al,O3 and HfO2 layers, we inspect the measured CV curves in
comparison with the “defect-free” case.[*”*® This allows to determine the sign and magnitude
of Qr and thus assert the effectiveness of field-effect passivation depending on the interface
considered, i.e. negative (resp. positive) Qr is better suited to passivate the rear (resp. front)
interface. The reference point for that comparison is the flat-band voltage (Vi) which marks

the onset of the depletion regime.
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In the ideal situation without charged defects, Vi, equals the intrinsic potential difference (Vims)

between the metal contact work-function potential (Vm) and the Fermi level of the CIGS:

Vs = Vim — ; <XCIGS + Eg'gms + kq_T In (%)) [V] 1)
in which Vim=¢m/q, with ¢n the work-function of the Silver contact considered equal to 4.5 eV
in this work;% ycics and Egcics are respectively the electronic affinity and band gap of CIGS,
equal to 4.36 eV and 1.18 eV;?1! Na is the density of shallow acceptor dopants in the CIGS
layer to be determined with CV measurements; nj is the intrinsic density of carriers in the
CIGS layer and equal to 1.4x10° cm3;211 kT/q is the thermal energy.

In a real case, the charged defects induce a voltage shift of the CV curves. The magnitude and

direction of this shift respectively determine the value and sign of the density of charges

present in the oxide layer, as summarized in the following expression:

Qf = Cox (1) [em™?] 0
With Cox the oxide capacitance in F cm™2. Three different values of Cox are generally
considered: Coxgeo IS the geometrical capacitance determined by the dielectric permittivity and
thickness of the oxide. Coxmax IS the maximum capacitance measured in strong accumulation,
i.e. at high negative bias. Coxex is an estimation based on CV measurements.?? Since the two
former quantities are assumed more sensitive to frequency dispersion and carrier statistics, the
latter is expected to be the most reliable estimation, especially for the low dielectric
thicknesses used here.?2l Thus, only Coxext is used in the rest of this report and referred to as
Cox. The three unknown quantities in Equation 1 and 2 then are Na, Cox and Vi, which are all
estimated using CV measurements in the next section. Active field-effect passivation is
generally indicated by values of Qs of the order of 10'2-10% cm2.11-22]

2.1.2. Quantitative results

In Figure 1(a), the 10 kHz measured CV curves corresponding to two MIS samples with

either an Al203 or HfO> layer are depicted, along with their extracted oxide capacitance
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respectively equal to 0.25 pF cm™ and 0.81 uF cm™. An example of graphical estimation of
Cox for the AlOs-based sample is shown in Figure S1 in Supporting Information.’?? The
shown CV curves result from a correction of the raw data for series parasitic elements, i.e.
resistance and inductance.!?3! Both MIS devices exhibit a typical p-type CV behavior with the
accumulation plateau slightly below the extracted oxide capacitance at -1.5 V. The
accumulation to depletion transition is steeper for Al.O3 than for HfO2, suggesting slightly
poorer capacitive behavior for the latter device.

The extraction of Vi, and Na is here based on the slope of the linear part of (1/Cm)? vs. applied
voltage,?? where Cn, is the measured capacitance per unit area. It results in the values shown
in Figure 1(b) which, following Equation 2, in turn correspond to values of Qr of about -
1.4x10% cm™2 and -5.8x10*2 cm™2 for Al,O3 and HfO,, respectively. Then, it appears that both
materials present negative surface charge density as already reported,[6-81114-16.251 \wjth g
higher density for HfO2 as compared to Al203 due to both higher oxide capacitance and flat-
band voltage. Consequently, HfO2 would most likely induce stronger field-effect passivation

of the rear interface in CIGS solar cells and is our best candidate regarding this aspect.
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Figure 1. (a) Corrected CV curves measured at 10 kHz for MIS sample with an Al.O3 (blue)
or HfO2 (red) passivation layer (Caizos and Chfoz represent the extracted oxide capacitance of
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respectively the Al>Os- and the HfO,-based device). (b) Corresponding doping and flat-band
voltage extraction. The slope of the linear part of the (1/Cm)? curve with respect to voltage is
represented in dotted lines (10-fold scale-up in the case of HfO; for the sake of clarity). Na is
expressed in cm= and Qs in cm.

2.2. Chemical passivation

2.2.1. Analysis technique

In order to characterize chemical passivation effects induced by Al2Os and HfO; at the
interface with CIGS, we need to quantify the density of recombination centers (traps) at that
very interface. Since these trap levels are spread along the whole interface bandgap and
cannot be distinguished due to the negligible energy spacing between them, it is more
practical for experimental evaluation to consider a continuous equivalent interface-trap
density distribution (Dit) with a central energy level and expressed in cm? eV1.[l7]
Consequently to this approximation, only the magnitude of Di: can be experimentally
determined and not the type of interface defects (acceptor or donor).l"]

In practice, estimating the magnitude of Di: is based on the evolution of either the parallel
capacitance (C) or conductance (G) with both voltage (V) and frequency (f).[*"** The angular
frequency is here denoted w and equal to 2zf. In this work, we use the conductance method
(CM) because it is less affected by parasitic elements,® such as those for which the CV
curves in Figure 1 were corrected. The CM relies on the fact that, for a fixed bias in the
depletion regime (above V), the curve drawn by the evolution of G/ with respect to @
reaches a peak related to maximum energy losses induced by charge exchange with interface
states.l*”1% The height of this parallel conductance maximum is then a direct image of Di,

through the following simplified and straightforward expression:*°l

D; = A—‘“)m [cm™2 eV ™1 (4)
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in which (G/Aw)max 1s the height of the peak observed on the G/w vs. w curve, normalized by
the device area A and expressed in F cm™. One approximation in the formula used here is the
constant value of 2.5 used as correction factor for the peak width statistical fluctuations.™*l
Since the CM relies on G/w vs. w curves observed for voltages above flat-band (depletion), it
is important to reflect about which part of the interface bandgap is inspected for such bias.
Indeed, the occupation state of the interface defects depends on the interface Fermi level.[*7-1°]
Then, the energy band bending induced by varying the applied bias determines the depth of

the traps for which Dt is extracted (Figure 2).

Oxide CIGS CB

Energy

2 chosen
voltages

Figure 2. Idealized energy bands representation of defects characterization using the CM at
the oxide/CIGS interface, highlighting the influence of applied bias on the bandgap region
being inspected. VB and CB respectively stand for valence and conduction band. Er and
Efcics respectively correspond to the interface Fermi level and the CIGS Fermi level due to p-
type doping, located 0.28 eV above VB following Equation 1 and the extracted doping
concentration in Figure 1.

It is visible that voltages equal to, or more positive than, Vs, allow to characterize the density
of interface states closer to the midgap. In that region of the bandgap, interface defects induce
higher surface recombination as compared to band edges, and are thus more detrimental.[*”]

Therefore, we decide to estimate D;: at two different voltages: (1) V=V, for typical extraction
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in depletion (2) V=V#+0.5 V to assess the density of deeper traps, i.e. with a higher incidence
on recombination rate and thus electrical performance.

For our experiments, we use frequencies in the [1 kHz, 1 MHz] range, as it is typically done
in practice to evaluate Dir.' Interface-trap densities of the order of 10**-10*2 cm2 eV?
usually indicate effective chemical passivation.[6-8:11.15.25]

2.2.2. Quantitative results

The parallel conductance peaks related to interface traps are represented in Figure 3 for the
same samples as Figure 1 and the two different chosen voltages.

At V=V, Figure 3(a) shows an interface defect-related maximum around 10 kHz with a
magnitude close to 0.012 uF cm for the sample with Al.Os. This in turn corresponds to a Dit
value of about 1.8x10'! cm™ eV 1, indicating effective chemical passivation at the
Al,03/CIGS interface. 68111525 The increase of G/w at high-frequency is due to series
resistance effects.[?6271 The origin of this parasitic resistance may possibly be attributed to the
presence of border traps in the aluminum oxide layer,?®! or to a resistive potential barrier at
the back contact.?® For the same bias, the HfO peak is scaled up by about a factor 3 as
compared to Al>Ogz, sign of more prominent interface-trap response and density.
Quantitatively speaking, the conductance peak reaches 0.037 uF cm for a Dj; value of
5.8x10 cm2 eV L. In comparison with Al,Os, this suggests weaker but still active chemical
passivation effects at the HfO2/CIGS interface, given the orders of magnitude observed in
similar structures.™!

At higher bias and thus for trap states closer to midgap (Figure 3(b)), Ditis approximately 6
(resp. 8) times lower for Al,Os (resp. HfO2) and is reduced to an order of magnitude of 10*°
cm 2 eV L. The same trend is typically observed when comparing the density of deeper and

shallower interface states.1”]
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Figure 3. Parallel conductance peaks related to interface states, observed in depletion at
V=V, (a) and V=V#+0.5 V (b), for 20nm Al203 MIS sample (blue) and 30nm HfO2 MIS
sample (red). All the curves shown result from a noise-filtering of the raw data. The values of
Dit are expressed in cm2 eV 1,

The characterization of chemical passivation reported here tends to indicate that, over a large
part of the interface bandgap, Al>2Oz induces a more significant reduction of Di: than HfO> at
the CIGS surface. Al>Oz is then our best candidate for mitigating the interface-trap density
and related recombination losses at either one of the two interfaces in CIGS solar cells.

2.3. Multi-stack

2.3.1. Motivation

The promising passivation properties of both Al,O3 and HfO: at the interface with CIGS are
compared in our CV analysis of MIS samples. The negative densities of fixed charges and
low interface-trap densities observed in Al,03 and HfO> can be used to passivate the rear
interface of CIGS solar cells and enhance performance, as already reported.®-1013.251 Stjll we
suggest also investigating the potential efficiency improvements when used at the
CIGS/buffer interface. More precisely, the drastic reduction of interface-trap density ensured

by Al>Qs, i.e. down to the order of 101°cm™ eV for near-midgap states, can be taken

advantage of to guarantee chemical passivation of the front interface. However, this raises the
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question of processing compatibility between Al,O3 and typical buffer layers in CIGS solar
cells.

Indeed, Al,O3 can actually be etched by Ammonia-based solutions.% Such solutions are
standardly involved during the chemical bath deposition (CBD) of buffer layer in complete
CIGS cells. Then, we need a way to protect the front Al.O3 passivation layer from undesired
etching during the CBD step. The solution investigated here is to take advantage of hafnium
oxide compounds’ compatibility with Ammonia.°! In particular, we use an overlying HfO2
layer to prevent the bottom Al,Oz layer and possible contact openings pattern to be damaged
during CBD of buffer layers.

Our whole passivation layer then consists in two superimposed oxide layers of Al>Oz and
HfO2, which we call the Al2O3/HfO> multi-stack. This novel CIGS/Al>O3/HfO; configuration
has the advantage of keeping interesting chemical passivation effects at the Al,O3/CIGS
interface while being compatible with solar cells production.

In the next section, we also investigate two possible methods to optimize our new design.
First, applying a specific cleaning procedure on the CIGS surface before depositing the oxide
may improve the CIGS/AIl>Os3 interface quality. Up to this point, standard Ammonium
cleaning was used as surface treatment for single-stack samples.% In the following, we
compare its effect on multi-stack devices with another cleaning procedure based on
Ammonium Sulfide (AS) given the reported etching of undesired secondary phases,*! and
improved electrical performances in CIGS-based devices.*? Second, 300°C annealing
treatments in N2 environment have a demonstrated influence on the materials composition,
especially with respect to charge and interface trap distribution,®*223 and grain boundary.*4
Therefore, we aim at seeing potential improvements of our multi-stack devices after
application of such annealing processes.

2.3.2 Field-effect passivation

10
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The 10 kHz measured CV curves obtained for multi-stack samples are presented in Figure 4,
with a bias range extended to 2 V for observing a sufficient part of the depletion regime.
Regardless of CIGS pre-cleaning, Qs is negative and of the order of 10*? cm2 before
annealing. This results from the superposition of the negative charge densities intrinsically
present in both dielectric layers of the stack. There is a slight difference between Ammonium
and AS cleaning with respect to the measured capacitance at -1.5 V. This might be explained
by a small diminution of the effective oxide thickness due to the AS treatment applied on the

CIGS surface, thus affecting the actual value of Cox.

() 30nm Al,0,/20nm HfO, (Ammeonia) (b) 30nm Al,O,/20nm HfO, (AS)
0.35 0.35
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Figure 4. CV curves measured at 10 kHz for multi-stack samples, respectively pre-cleaned
with Ammonia (a) and AS (b). The results for non-annealed (NA) samples (resp. 300 °C
annealed samples) are represented in blue (resp. in red). The curves are shifted leftwards after
the 300 °C annealing due to the modification or charges distribution within the oxide layers.
The values of Qs are expressed in cm™,

Annealing treatments at 300 °C influence the charge distribution in the Al,0s/HfO; stack, as
well as the Cox value most likely due to structural modification of the oxide layers. More
precisely, the CV curves are shifted leftwards by respectively 0.16 V and 0.3 V for the sample
cleaned with respectively Ammonia and AS. This corresponds to about a 50 % decrease in Qx,

as shown in Figure 4. Increasing the annealing temperature to 400 °C induces similar changes

in Qr (Figure S2 in Supporting Information) so that, after either 300 °C or 400 °C annealing
11
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in N2, the global charge distribution in the oxide layers remains negative and of the order of
102 cm=2

Regardless of annealing, surface cleaning only has a slight impact on Qf, with a variation in
charge density magnitude by about 10 %. The Ammonium and AS treatment being applied on
the CIGS surface, they thus have a limited influence on the charge composition within the
oxide layers.

2.3.3. Chemical passivation

The conductance peaks at V=V, are represented in Figure 5, with the voltage shift induced by
annealing taken into account. The corresponding densities of interface traps Di: stay of the
order of 10 cm™ eV for multi-stack samples, indicating active chemical passivation as
expected with the high quality of the Al2Os/CIGS interface. This is especially the case of
Ammonia pre-cleaned sample with Di; = 2.9x10'* cm™2 eV before annealing, as compared to
the AS-treated device whose density of interface traps is about 3 times higher. Even though
the AS treatment does not provide the lowest value of Di; in our samples, it may prove
interesting to improve the quality of CIGS layers processed by one-stage co-evaporation or
sputtering.[31:32]

For both Ammonium and AS cleaning, 300 °C annealing tends to improve chemical
passivation by reducing the density of recombination traps at the interface by 30 to 40 %. An
opposite trend is observed in similar samples annealed at 400 °C (Figure S3 in Supporting
Information), for which Dit is increased by a factor 2 after annealing.

Contrarily to the single-layered devices, the G/w curves at V=V+0.5 V do not exhibit clear
peaks in the [1 kHz, 1 MHZz] range (Figure S4 in Supporting Information). Still, we expect
the same trend of decreasing Di: for deeper interface states to apply to multi-stack samples

too.

12
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Figure 5. Parallel conductance peaks related to interface states, observed in depletion at
V=V, for Al203/HfO> multi-stack MIS sample treated with Ammonia (a) and AS (b). The
results for NA samples (resp. 300 °C annealed samples) are represented in blue (resp. in red).
For both cleaning procedures, the 300 °C annealing treatment enhances chemical passivation,
i.e. Dit is decreased by about 30 to 40 %. All the curves shown result from a noise-filtering of
the raw data. The values of Di; are expressed in cm2 eV 2.

3. Conclusion

Our comparative characterization of aluminum and hafnium oxide highlights their interesting
and versatile surface passivation properties at the interface with CIGS (Qr ~ -10'2 cm and Dit
~ 10" cm2 eV, In particular, we highlight their complementarity as possible candidates to
support the development of both rear- and front-passivated CIGS solar cells.

Indeed, at the Mo/CIGS interface where negative charges create a beneficial back electrical
field, either Al,O3 or HfO2 can be used with a tradeoff between stronger field-effect for HfO>
and lower interface-trap density for Al2Os.

At the CIGS/buffer interface where positive charges would be more appropriate to reduce
minority carrier concentration, Al2Os is the best choice given its both lower negative Qr and
Dit. However, Al203 alone is not compatible with the typical deposition technique of buffer
layer involved in CIGS solar cells. Therefore, we propose and characterize an innovative

Al203/HfO2 multi-stack passivation design in which HfO; is used to protect the underlying

13
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Al>O3z layer from undesired etching during buffer processing. The very low interface-trap
density expected with Al>Oz3 is attested by our CV characterization of multi-stack devices.
This suggests likely improvements of electrical performance in CIGS solar cells using our
novel configuration as front passivation stack.

For the Al203/HfO2 multi-stack, Ammonium surface cleaning leads to lower values of Di: as
compared to AS treatment. Still, the latter procedure may reveal interesting to apply on CIGS
layers deposited and/or grown differently than for our samples. Regardless of CIGS cleaning,
N2 annealing treatments at 300 °C have the positive effect of decreasing Dit. Eventually, our
most effective multi-stack design regarding chemical passivation is the one with Ammonium-
based CIGS cleaning and 300 °C annealing in N2, for which Dit is about 2.2x 10**cm™2 eV 2.,
The proposed multi-stack structure may be further optimized with regards to the thicknesses
of the two oxide layers. Moreover, the potential association of this Al2Os/HfO> configuration
with the patterning of contact-openings is presently under investigation with encouraging
results.

4. Experimental Section

Samples processing: The general layout of our samples is depicted in Figure 6. The front
contact consists in a 200nm-thick square lattice made of thermally evaporated Silver, with a
contact area of 0.01 cm? per device. The oxide passivation stack is either single-layered (20
nm Al203 or 30 nm HfO2) or multi-stacked (30 nm Al203/20 nm HfO2). The Al>Oz (resp.
HfO,) layers are processed by the Savannah Thermal ALD tool at 300 °C (resp. 250 °C), with
Trymethylaluminium (resp. Tetrakis (EthylMethylAmino) Hafnium) used as precursor and
H>0 used as reactant for a rate of 0.13 nm/cycle (resp. 0.15 nm/cycle). The CIGS layers used
for this project are produced by 3-stage co-evaporation with typical thickness between 1.6 um
and 1.8 um. Their top surface is cleaned by default with Ammonia prior to the oxide
deposition, but Ammonia Sulfide (AS) is used instead for some multi-stack samples (see

Section 4.3). The diffusion of Na atoms towards the CIGS during its processing is ensured by
14
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an underlying NaF-based Sodium precursor layer (omitted in Figure 6). Below lies the 300
nm-thick DC sputtered Molybdenum back electrode, resting on top of the 2—3 mm-thick soda-
lime glass (SLG) substrate. The CIGS layers present a notch-type Gallium grading, with CGI
and GGl ratios respectively comprised within the [0.75, 0.9] and [0.3, 0.34] ranges. In this
work, we performed annealing processes with a duration of 30 minutes for the high-
temperature plateau at either 300 or 400 °C, and under constant N2 flow.[24133% The
annealing itself is performed inside the ATV PEOG601 fast ramping furnace, with the
following sequence:

1. Initialization: 2 minutes of hold time under N2 flow

2. Heating up: 10 minutes of heating up to respectively reach 300 °C or 400 °C under N2 flow
3. Annealing: 30 minutes of thermal annealing at 300 °C or 400 °C under N flow

4. Cooling down: 20 minutes of cooling down to respectively reach 300 °C or 400 °C under

N2 flow

200 nm

20-50 nm

1,6-1.8 um

Molybdenum

Soda-Lime Glass

Figure 6. Schematic representation of the MIS structures processed for this work
(approximate scale). The Sodium Fluoride precursor layer is not represented.
Capacitance-Voltage measurements: These experiments are performed on the Agilent

E4980A Precision LCR meter with a 4-probe configuration. Capacitance-Voltage
15
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measurements are realized at a fixed frequency of 10 kHz and over the [-1.5V, 1.5 V] or [-
1.5V, 2 V] ranges for respectively single-stack and multi-stack samples, with 61 and 71 data
points in linear voltage sweep. Capacitance-frequency measurements are realized at fixed bias
of either Vi or Vi+0.5 V and over the [1 kHz, 1 MHz] range, with 41 data points in
logarithmic frequency sweep. The amplitude of the AC small-signal is always equal to 50
mV.
Cleaning procedure: The CIGS layers in the samples studied here are by default cleaned with
Ammonia,® as commonly used in surface treatment of 111/V devices. Nevertheless, one
objective of this study is to compare the effect of Ammonia and Ammonium Sulfide cleaning
on the CIGS/oxide interface quality (Di) for the multi-stack samples.*%-321 Therefore, multi-
stack samples have been processed with the exact same configuration except from the CIGS
surface cleaning applied before the oxide deposition being made with either NH3-H>O
(Ammonia) or (NH4)2S (Ammonium Sulfide). The two cleaning procedures used in this study
are the following:
- NHz-H20 cleaning
e 6 minutes dipping into 30 % NHs-H.O solution
e 3 minutes rinsing into deionized water (2x)
- (NHa4)2S cleaning
e 5 minutes dipping into (NH4)2S solution with 6.5-7 % Sulfur concentration
e 2 minutes rinsing into deionized water (2x)
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