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etal and chalcogenide components into a single hydrazine-based solution, spin
coating a precursor film, and heat treating in an inert atmosphere, to form the desired CIGS film with up to
micron-scaled film thickness and grain size. PV devices (glass/Mo/CIGS/CdS/i-ZnO/ITO) employing the spin-
coated CIGS and using processing temperatures below 500 °C have yielded power conversion efficiencies of up
to 10% (AM1.5 illumination), without the need for a post-CIGS-deposition treatment in a gaseous Se source or a
cyanide-based bath etch. Short-duration low-temperature (Tb200 °C) oxygen treatment of completed devices
roach for depositing CIGS (Cu–In–Ga–Se/S) absorber layers is discussed, with an
ation, interfacial properties and integration into photovoltaic devices. The process

is shown to have a positive impact on the performance of initially underperforming cells, thereby enabling
better performance in devices prepared at temperatures below 500 °C.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Low-cost processing techniques for photovoltaic (PV) device
fabrication—especially for the active absorber layer—are critically
needed to enable PV technology to become cost competitive with
conventional electricity generation [1]. Cu1− zIn1− xGaxSe2− ySy (CIGS)
represents one of the leading absorber layer candidates for achieving a
cost competitive (on a $/W basis) thin-film technology, primarily
because of the demonstrated potential for high power conversion
efficiencies (up to ~20%) and for incorporating relatively high levels of
device performance into a variety of useful form factors (e.g., building
materials and mechanically flexible devices) [2,3]. Despite offering
great promise, the complicated nature of this material generally
renders the deposition process quite complex and therefore time
consuming/costly. Most high-efficiency CIGS PV devices are deposited
using multistep vacuum-based deposition processes (e.g., sputtering
or evaporation) [4–6]. While reasonably low-cost CIGS solar modules
can be produced using the vacuum-based techniques, the high initial
capital investment for implementing these processes, coupled with
uniformity issues over larger-scale substrates, has triggered a growing
interest in developing potentially lower-cost solution-based CIGS
deposition approaches [6–15].

Several solution-based approaches have been demonstrated for
CIGS deposition, including electrochemical [7–9], spray or spin coating
of organometallic precursors [10,11], screen printing of CIGS or
component metal pastes [12,13], and printing of nanoparticle-based
precursors [14,15]. A number of processing issues arise in these
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approaches, however, including: 1) removing undesirable film impu-
rities that derive from the selected precursor and solvent (e.g., O, C, Cl),
2) getting rid of the need for a high-temperature post-deposition
treatment in a gaseous selenium source (e.g., H2Se) or in a cyanide-
based bath, 3) simplifying or reducing the number of steps required to
deposit high quality films, and 4) improving the compositional control
and quality of the solution-processed CIGS films so that higher
efficiency devices can be achieved. Here we focus on a new
hydrazine-based precursor approach for depositing CIGS and related
chalcogenide-based absorber layers [16]. Deposition involves dissol-
ving the elements in a hydrazine-based solvent, spin coating the
precursor solution into thin-film form, and heat treating the precursor
film in an inert atmosphere to yield the targeted CIGS layer [16–19],
with no need for high-temperature post-deposition selenization
treatment [4] or a cyanide bath etch step [20] to correct phase purity,
stoichiometry and grain size. In contrast to our earlier report [16],
which focused on initial PV device results for films processed above
500 °C, this report will provide more detailed characterization of the
CIGS films and interfaces, as well as demonstrate how low-tempera-
ture treatment in an oxygen atmosphere can improve the performance
of the solution-deposited CIGS devices with processing temperatures
constrained to Tb500 °C.
2. Experimental details

All CIGS film processing was performed in a nitrogen-filled glove
box with water and O2 levels maintained below 1 ppm. Note that
hydrazine is highly toxic and should be handled using appropriate
protective equipment to prevent contact with either the vapors or
liquid.
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Fig. 1. Schematic flow diagram for the hydrazine-based CIGS deposition process.

Fig. 2. Cross-sectional SEM image of a CIGS film, processed using 8 deposition cycles and
a final 45 min heat treatment at 450 °C. Nominal film composition, as measured using
RBS and PIXE, is CuIn0.7Ga0.3Se1.9S0.2. The experimental uncertainty in stoichiometry for
each element is ~0.05.

Fig. 3. Powder X-ray (Cu Kα radiation) diffraction from the solution-deposited CIGS film
shown in Fig. 2, with reflection indices indicated for the CIGS phase.

2159D.B. Mitzi et al. / Thin Solid Films 517 (2009) 2158–2162
2.1. Thin-film formation

CIGS (Cu1−zIn1−xGaxSe2−ySy) precursor solutions were prepared by
dissolving the components (i.e., Cu2S, In2Se3, Ga, S, Se) in hydrazine at
room temperature, as described in more detail in [16]. Extra Se was
generally included in the solution to improve film morphology and to
control theS:Se ratio in the resultingfilm.CIGSfilmswere spincoatedonto
molybdenum-coated 2.5 cm×2.5 cm soda lime glass substrates (0.1 cm
thickness) using the precursor solutions. The films were immediately
dried and partially decomposed for 5 min at 290 °C on a preheated hot
plate, followed by a final heat treatment at a selected temperature of
between 400 and 500 °C. When thick (µm-scaled) films were desired for
device structures, sequential layers were deposited using the same solu-
tion for each layer (typical film thickness per deposition layer is ~100 nm)
[16].

2.2. Device fabrication

The device structurewas formed onMo-coated (~700-nm-thick layer)
soda lime glass employing a ~1.3-μm-thick CIGS absorber layer, deposited
as described aboveusing12deposition cycles andafinal heat treatment at
490 °C for 30 min. The device was completed with ~50 nm of chemical
bath deposited CdS, 70 nmof sputtered intrinsic ZnO, followed by 200 nm
of sputtered ITO (indium tin oxide). The sheet resistance of the ITO layer
(on a glass slide without the other layers) was 50–60 Ω/sq, as measured
using a 4-point probemethod, and the transparency in the visible spectral
range was N80%. Finally, a patterned Ni (50 nm)/Al (2 μm) grid was
deposited on the top of the device to facilitate collecting the photo-
generated carriers. Each device (0.45 cm2 total area) was separated from
neighboring devices (four per substrate) by mechanical scribing. Selected
completed devices were further processed by annealing in a tube furnace
at 180 °CunderflowingO2 for between2and20min to examine the effect
of this treatment on device performance.

2.3. Characterization

For all device depositions, corresponding CIGS films deposited on
oxidized silicon using the same spin-coating solution and deposition
conditions were analyzed by a combination of RBS (Rutherford
Backscattering Spectrometry) and PIXE (Particle Induced X-ray Emis-
sion) to verify that the targeted composition was obtained. RBS was
performed using an NEC 3UH Pelletron, with a beam current of 20 nA at
2.3 MeV, while PIXE was performed using the same machine with
1.1MeVprotons. ThePVdeviceswere electrically testedusingaHewlett-
Packard 4145B semiconductor analyzer under ambient temperature/
atmosphere conditions. Simulated sunlight was applied using a 300 W
(Xe lamp) Oriel Solar Simulator with AM1.5 filter. The light source was
calibrated to 100 mW cm−2 using a NIST-calibrated Eppley thermopile,
as well as an Oriel reference solar cell (NREL calibrated).

3. Results and discussion

3.1. Hydrazine-based deposition process

The first step of the hydrazine-based deposition process (shown
schematically in Fig. 1) consists of dissolving each component metal



2160 D.B. Mitzi et al. / Thin Solid Films 517 (2009) 2158–2162
chalcogenide (e.g., Cu2S, In2Se3) or individual metal with chalcogen
(e.g., Ga and Se) in anhydrous hydrazine at room temperature. By
preparing separate solutions for each component, a range of film
compositions can be readily achieved by mixing appropriate quan-
tities of each component solution into the final all-inclusive spin-
coating solution. The flexibility to quickly and conveniently prepare a
full range of stoichiometries in the CIGS phase diagram facilitates the
optimization process for the absorber layer. Importantly, the precursor
solutions consist of only the elements found in CIGS (i.e., Cu, In, Ga, Se,
S), as well as the weakly coordinating solvent hydrazine (N2H4), and
therefore contaminants (e.g., C, O, Cl) are kept to a minimum in the
deposited films. Due to the reactive nature of hydrazine [21], all
processing must be conducted under inert atmosphere conditions,
further reducing the probability of contaminant incorporation.

In step 2 (see Fig. 1), the precursor solutions are spin-coated onto a
suitably prepared/cleaned substrate, with layer thickness being
controlled by solution concentration, spin speed and ramp rate.
Other solution-based thin-film deposition techniques (e.g., printing,
spraying, dipping) might also be employed to deliver and dry the
hydrazine-based solution onto a substrate to form the precursor film.
Step 3 consists of heat treating the deposited precursor film so that
excess hydrazine is removed from the sample and the resulting
hydrazinium-based precursor is decomposed into the desired CIGS
film. Drying begins during the spinning process and is completed
during a short (5 min) low-temperature (typically 290 °C) heating,
which is accomplished on a hot plate. During this low-temperature
treatment, some decomposition of the precursor film will have
commenced, but there is still a significant quantity of excess chalcogen
(S, Se) left in the film, which does not fully dissociate from the film
until temperatures of N300 °C [16]. The high temperature treatment
(typically performed at 400 °C≤T≤550 °C for a period of between
10 min and 45 min) completes the transition from the hydrazinium
precursor to single-phase CIGS and enables significant crystalline
grain growth. Note that if thick or compositionally graded films are
desired, multiple depositions are performed using either the same or a
different composition solution to reach the desired thickness.
Between the deposition of each layer, only the low-temperature
treatment is performed, with the high-temperature treatment being
used at the end after the deposition of all layers [16].

The simple hydrazine-based process offers several advantages over
previously described solution-based CIGS deposition techniques. In
contrast to nanoparticle-based techniques, in which nanoparticles of
the component metals or metal oxides are first synthesized and then
dispersed in solution [14,15] or the paste screen printing technique
[12,13], in which μm-scaled chalcopyrite particles are typically
dispersed in a solvent, the hydrazine-based approach relies on the
formation of a true solution. The components aremixed on amolecular
scale, thereby facilitating formation of a compositionally uniform CIGS
phase at moderately low temperatures. All of the required elements
Fig. 4. A) Cross-sectional TEM image of the CIGS film shown in Fig. 2. B) Higher magnification
with 0.8 mol of extra Se added to the precursor solution per mol of CIGS.
are containedwithin one precursor solution and the desired phase can
be achieved without the need to employ a post-deposition heat
treatment in a chalcogen- and/or hydrogen-containing atmosphere
[4,15], or the requirement to correct the film composition using
physical vapor deposition [22] or a cyanide-based bath dip [20].

3.2. Deposited CIGS films and interfacial properties

A typical spin-coated film, prepared using a maximum tempera-
ture of 450 °C and a targeted composition of CuIn0.7Ga0.3(Se,S)2, is
shown in Fig. 2. Micron-scaled film thicknesses and grain dimensions
are readily achieved, even at the relatively low processing tempera-
ture used (significantly less than 500 °C). X-ray diffraction from this
film is shown in Fig. 3 and demonstrates the single-phase crystalline
nature of the film, with the exception of peaks from the Mo undercoat
and an interfacial Mo–Se rich layer [23]. The interfacial phase shows
up in the diffraction pattern as two broad peaks at 2θ≈32° and 56°
(consistent with the (100) and (110) peaks from hexagonal MoSe2),
and is evident as a distinct layer between the CIGS and Mo layers
in the SEM cross section of Fig. 2. The refined tetragonal lattices
parameters for the CIGS phase, derived from the full diffraction pattern
shown in Fig. 3, are a=b=5.699(1) Å, c=11.421(1) Å and V=370.94 Å3,
consistent with the expected values [16].

The formation of a Mo–Se-rich layer at the Mo/CIGS interface can
provide an ohmic back contact as well as introduce a beneficial back
surface electric field, as a result of the larger band gap relative to CIGS,
and therefore represents an important factor for device operation
[23,24]. Fig. 4 shows a TEM image of the CIGS/Mo interface from the
same film depicted in Fig. 2, providing a clearer view of the interfacial
phase forming between the Mo and CIGS layers. An energy dispersive
spectroscopy (EDS) line scan, performed across the entire film
thickness of a similarly prepared CIGS film (Fig. 5), highlights the
compositional variation that occurs across this interface. The inter-
facial layer is rich inMo and Se (and some Cu), but is deficient in In and
Ga, consistent with this layer being MoSe2-related, as described in
[23]. Note that there is some tendency to form voids at the interface
between the CIGS and the MoSe2 phase, which might impact the
adhesion between the CIGS and the substrate. The thickness of the
interfacial layer can be influenced by the amount of extra S/Se added
to the precursor solution, the heat treatment temperature used and
the heat treatment duration. In Fig. 6a, for example, X-ray diffraction
patterns are shown for two films processed using the same deposition
conditions, but with different amounts of extra selenium added to the
spin-coating solution (0.0 vs. 0.8 mol of extra Se added per mol of
CIGS). Fig. 6b highlights the change in interfacial layer formation (as
indicated by the change in X-ray intensity for this phase) using the
same CIGS solution (0.8 mol of extra Se added) and 450 °C processing
temperature, but different heat treatment durations. The amount of
Na present in the CIGS layer has also previously been demonstrated to
image focusing on the interface region of the CIGS film. Note that this filmwas prepared



Fig. 5. Energy dispersive spectroscopy (EDS) line scans for Ga, In, Cu, Se and Mo,
performed through the full thickness of a CIGS film. The film was prepared similarly to
that used in Fig. 2, but with a final heat treatment at 450 °C for 20 min rather than for
45min (leading to a thinner interfacial layer). The approximate positions of both theMo
and interfacial layer (“I.L.”) interfaces are noted with dotted lines.
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influence the thickness of the interfacial layer for vacuum deposited
films and likely plays a role in the solution-processed films as well
[23].

Besides the interfacial layer, the grain structure achieved within a
given CIGS film depends sensitively on the thermal treatment (e.g.,
temperature, ramp rate, duration), the overall chemical composition
of the film (e.g., particularly Cu poor verses Cu rich) and impurities
introduced (either intentionally or not). Fig. 7a shows, for example,
the grain structure for a Cu-poor film (Cu0.92In0.7Ga0.3Se2 targeted
stoichiometry) processed at 450 °C. Note the significantly smaller
grain structure compared with the stoichiometric film in Fig. 2.
However, films processed using the same Cu-poor solution, but using
higher temperature (485 °C and 525 °C) for the final heat treatment,
demonstrate a significantly larger grain structure (Fig. 7b and c,
respectively), thereby yielding suitable films for device fabrication. In
addition to varying Cu content, we have previously shown that both
gallium content and sulfur/selenium ratio can be continuously varied
in Cu1 − zIn1− xGaxSe2− ySy (xb0.5, yb0.6 and zb0.15), with a progres-
sive change in structural and electronic properties in the solution-
deposited CIGS films [16]. Note, however, that while Cu, In and Ga film
stoichiometry can be controlled in a well-defined manner using the
stoichiometry of the starting solution, the relationship between excess
of S or Se used during the thin-film processing and the S:Se ratio in the
final film is not as well defined, given the volatility of these elements
during the heating process, and must be established empirically. By
carefully tuning the film composition, films with suitable grain
structure and composition can be tailored for PV device fabrication.
Fig. 6. Powder X-ray (Cu Kα radiation) diffraction from solution-deposited CIGS films
with a targeted CuIn0.7Ga0.3(Se,S)2 stoichiometry (RBS/PIXE confirmed), highlighting
the formation of theMoSe2 interfacial layer. In A) two films are deposited and compared
from solutions that either had no extra Se added (gray curve) or 0.8 mol extra Se added
(black curve) per mol of CIGS. In each case the films were heat treated at 450 °C for
40 min. In B) two films are compared, which were deposited using the same solution
(0.8 mol extra Se added) and deposition conditions, but with either a 20 min (gray
curve) or 40 min (black curve) final 450 °C heat treatment.
3.3. Thin-film device results

Recently, we reported initial solution-processed CIGS devices with an
external power conversion efficiency of 10.3% (0.45 cm2 total device area)
[16]. While these devices were fabricated with peak processing
temperature of 525 °C, here we consider glass/Mo/CIGS(solution-
processed)/CdS/ZnO/ITO devices prepared using a lower-temperature
final heat treatment of 490 °C, as well as the effect of post-fabrication
oxygen annealing. The CIGS layer in these devices has the composition,
Cu0.90(5)In0.69(5)Ga0.29(5)Se1.96(5)S0.13(5), as determined by RBS and PIXE
analysis. Light (i.e., under 1 sun illumination) current–voltage (I–V)
characteristics appear in Fig. 8 for all four as-deposited devices on the
1″×1″ substrate (dashed lines). The best device yields a short-circuit
current density (Jsc), open-circuit voltage (Voc), fill factor and total area
power conversion efficiency of 22.3 (21.2–23.1) mA cm−2, 560 (550–560)
mV, 0.64 (0.63–0.64) and 8.1 (7.5–8.1) %, respectively, with the range of
values observed over the four devices shown in parentheses. Presumably,
at least in part, the inferior operational parameters, relative to the
previously reported 525 °C-processed devices, result from a finer grain
structure in the 490 °C-processed structures.

Low temperature air annealing has been previously used to improve
the performance of CIGS-based PV devices, apparently as a result of
passivation of Se vacancies at the grain boundaries and at the film surface
[25,26]. In Fig. 8 (solid lines), the I–V curve for the same 490 °C “as made”
films previously described are remeasured after 15 min of annealing at
180 °C in a flowing oxygen atmosphere followed by an open circuit light
soak for 24 h (also know to improve device performance [27]). The best
device offers a Jsc,Voc, fill factor and total area power conversion efficiency
of 24.6 (23.8–24.6)mAcm−2, 590 (580–590)mV, 0.71 (0.69–0.71) and10.1
(9.8–10.1) %, respectively, with the range of values observed over the four
devices shown in parentheses. In this experiment, the improvement in Jsc
is essentially entirely attributed to the oxygen anneal, whereas a small



Fig. 7. Cross sectional SEM images of CIGS films with Cu0.92In0.7Ga0.3Se2 targeted
stoichiometry and final processing temperatures: A) 450 °C for 30 min, B) 485 °C for
30 min, or C) 525 °C for 20 min. The same scale bar applies for each panel.
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increase in Voc was noted after the light soak treatment. The oxygen-
annealed films in Fig. 8 have been remeasured after two months, with
essentially no degradation of the device characteristics (i.e., all devices still
operating in the 9–10% efficiency range). It should also be noted that the
effect of oxygen annealing on devices that already operate at a reasonably
high level of performance (i.e., power conversion efficiency of 9–10% or
better) is generally not as striking as that shown in Fig. 8 and can even be
detrimental. Oxygenannealing is therefore showntoprovide apathway to
improve inferior device performance and enable lower-temperature
hydrazine-processed devices to operate at a level comparable to those
prepared at higher temperature.

4. Conclusions

One of the key benefits of the hydrazine-based deposition approach is
the flexibility to tailor the composition/properties of the CIGS absorber
layer simply by weighing out the different components on a balance
Fig. 8. Electrical characteristics of PV devices (Air Mass 1.5 illumination; 100 mW cm−2;
0.45 cm2 device area), prepared using the hydrazine-based approach and a final heat
treatment at 490 °C. The dashed curves correspond to the results for four “as-prepared”
devices (same substrate), while the solid curves correspond to the same devices after
annealing in flowing O2 at 180 °C for 15 min and light soaking at 1 sun intensity for 24 h.
before preparing the solution (or measuring selected volumes of pre-
prepared solutions for each of the elements), enabling rapid testing over a
wide rangewithin themulti-component phase diagram. Composition not
only affects the electronic properties (i.e., conductivity, band gap), but also
the grain structure and interfacial properties of the spin-coated CIGS films
on Mo-coated glass substrates. Using film composition, heat treatment
duration/temperature, and post-deposition oxygen annealing/light soak-
ing, PVdeviceshavebeen fabricatedwith10.1%external power conversion
efficiency, usingprocessing temperatures constrainedbelow500 °C.Given
the early nature of this project, we believe that further efficiency
enhancement should be possible as the device and absorber layer
structure are further refined. Furthermore, as previously demonstrated
[16–19], hydrazine-based deposition of chalcogenides is quite versatile
and the process is expected to be extendable to the deposition of selected
other prospective metal-chalcogenide-based absorber layers.
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