Article
pubs.acs.org/JPCC

Single Second Laser Annealed CuInSe2 Semiconductors from
Electrodeposited Precursors as Absorber Layers for Solar Cells
Helene J. Meadows,† Ashish Bhatia,‡ Valérie Depredurand,∥ Jérôme Guillot,§ David Regesch,∥
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ABSTRACT: Cu(In,Ga)Se2 (CIGSe) is a polycrystalline absorber layer in thin
ﬁlm solar cells with solar conversion eﬃciencies exceeding 20%. High
temperature annealing for periods of minutes to hours is currently required to
convert amorphous or nanocrystalline precursor material into high quality
Cu(In,Ga)Se2 absorber layers. In this work, we perform the critical annealing
step, using a 1064 nm laser, on electrodeposited precursor layers containing Cu,
In, and Se, for times of 0.3−60 s thus synthesizing CuInSe2 absorber layers. An
annealing time of 1 s is found to be suﬃcient to remove elemental concentration
gradients in the bulk of the layer and to increase the average implied crystallite
size (crystal coherence length, as determined by X-ray diﬀraction, XRD).
Therefore the rate-determining step in producing higher quality layers with short
annealing times is the rate of grain growth and not atomic diﬀusion.
Optoelectronic analysis of the absorber layers revealed p-type doping with
improved radiative recombination compared to the precursors. Laser annealed
CuInSe2 layers did not produce working photovoltaic devices. This is ﬁrst attributed to a loss of Se that occurs during laser
annealing, resulting in detrimental substoichiometric quantities of Se in the absorber. Second, the likely presence of a thick
surface layer of the CuIn3Se5 phase is expected to detrimentally impact device performance. These ﬁndings must be addressed if
annealing times of the CuInSe2 absorber layer are to be reduced to seconds.

■

INTRODUCTION
Cu(In,Ga)Se2 is an important absorber material for thin ﬁlm
photovoltaic devices which oﬀers similar power conversion
eﬃciencies when compared to polycrystalline silicon devices
while using less material. Typical heterojunction device stacks
consist of a 2−3 μm thick layer of Cu(In,Ga)Se2 on a layer of
Mo, which itself is on a substrate, such as glass or steel foil. The
heterojunction is typically formed by depositing CdS and
ZnO:Al on the Cu(In,Ga)Se2 absorber layer. Synthesizing
Cu(In,Ga)Se2 via a two-step process allows the deposition of
the elements to be decoupled from the high temperature
annealing step that is required to form a high quality
semiconductor with the necessary properties for photovoltaic
action. The annealing usually involves heating the substrate,
Mo, and precursor up to 500−600 °C, but the precise details
depend on the precursor’s composition and structure as well as
the substrate used. Annealing times vary from a few minutes to
several hours.1 Long annealing times result in large thermal
budgets which impact the cost of producing photovoltaic
modules and also lead to the requirement of several furnaces in
parallel for a higher throughput. Thus shorter annealing times
lead to a higher throughput, the possibility of roll-to-roll
© 2013 American Chemical Society

processing, and a reduced number of furnaces to maintain, all
potentially reducing the cost of photovoltaic modules.
The scientiﬁc challenge is to understand the rate-limiting
step in producing a high quality Cu(In,Ga)Se2 semiconductor
from a precursor. A high quality Cu(In,Ga)Se2 absorber layer is
deﬁned here as one capable of being used in a device with
greater than 15% power conversion eﬃciency. Such thin ﬁlm
polycrystalline absorber layers commonly have the structural
and chemical properties listed as follows. (1) Compact thin
ﬁlms have an average grain size of 1 μm in a 2−3 μm thick
ﬁlm.2 (2) The ﬁlm consists of a single phase through its depth,
although a thin ordered vacancy compound (OVC) layer (e.g.,
CuIn3Se5) at the surface (commonly found in Cu-poor
CuInSe2) can improve the p−n heterojunction with CdS by
spatially separating the electrical and metallurgical junctions.3
(3) There is a stoichiometric or slightly Se-rich (Se/metals >1)
composition in order to form chalcopyrite material with
minimal Se vacancies.4 (4) There is a Cu/(In + Ga) ratio
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between 0.80 and 0.95.5 Considering the optoelectronic
properties, it should achieve a quasi-Fermi level splitting of
greater than 600 mV under illumination6 and have a carrier
collection length of a similar size as the absorber layer itself.7
The annealing routine to form a high quality semiconductor
is dependent on the precursor type. Common precursor types
are (i) a layer of metals with a cap of elemental Se8 and (ii)
nanocrystalline/amorphous ﬁlms consisting of the metals and
the chalcogen mixed together.9 In this study, only simpliﬁed
precursors of type ii containing Cu, In, and Se are considered,
synthesized by room temperature electrodeposition.
Thermal annealing of the precursor is necessary to form the
semiconductor material, with the purpose being to drive (a)
chemical reactions, (b) atomic diﬀusion, (c) an improved
crystal coherence length via grain growth or removal of
structural defects, and also (d) to remove impurities and
electronic defects from the Cu(In,Ga)Se2 precursor. A brief
overview of steps a−c is given below. Step d is not the subject
of this paper and is therefore not discussed.
a. Chemical Reactions. The high temperatures applied
during annealing provide energy to overcome activation
barriers for reaction. In this case the electrodeposited precursor
may contain copper and indium selenides that may react with
one another:10
In2Se3(s) + Cu 2Se(s) → 2CuInSe2(s)

c. Improvement of Crystal Coherence Length. This
occurs either by the grain size increasing (coalescence of the
grains) or by the removal of structural defects, for example,
dislocations or stacking faults. Grain growth is governed by
grain boundary motion where the driving force is a
minimization of surface energy17 and thus the total energy of
the system. This involves a ﬂattening of the grain boundary
curvature,18 along with movement of the triple boundaries.19 In
nanocrystalline materials a large driving force for grain growth
might be expected due to the large number of grain
boundaries.20 However, grain growth in these materials is
shown to occur at a similar rate as in microcrystalline materials
and could be limited by the movement of the triple junctions.21
Grains with orientations that minimize surface area grow to
consume grains with other, higher energy orientations.22 Grain
growth is suppressed by reduced grain boundary mobility
related to the defect concentration and the presence of
secondary phases21 and can also be compositionally dependent.
Stoichiometry is known to impose restrictions on diﬀusional
growth;23 for example, in the CuInSe2 system, it is known that a
higher Cu or Se content results in increased grain size.24−26
Crystal coherence length is convoluted into the full width at
half-maximum (fwhm) of an X-ray diﬀraction peak. Peak
broadening occurs due to structural defects which cause strain
in the crystal lattice. Therefore, an improvement in the
coherence length can result from a reduction in the extent
and quality of lattice imperfections. Examples of these structural
defects include dislocations, stacking faults, and twinning.27
While the minimization of faults and promoting grain growth is
an objective of the annealing process, it must be noted that high
eﬃciency devices are still achievable with small grains, if the
grain boundaries are eﬀectively passivated.7
In order to investigate annealing times of less than 1 min, a
1064 nm continuous wave (CW) laser is used as the heating
source instead of the normal resistive or infrared lamp furnaces.
Lasers are able to supply a high power density, and the heating
is directional and can be localized to the front surface of the
ﬁlm. The radiation from a 1064 nm Nd:YAG laser used in this
work is attenuated to 1/e of incident radiation at a depth of
approximately 400 nm and thus heats the ﬁlm relatively
uniformly through its depth and with the maximum temperature reached within just a few milliseconds, as shown using
ﬁnite element modeling (unpublished). This decoupling of the
heating of the ﬁlm from the substrate relaxes thermal budget
constraints imposed by the use of substrates such as glass and,
thus, means that higher ﬁlm temperatures can be realized
during annealing and allows for the use of temperature sensitive
substrates. However, if there is a large diﬀerence in temperature
between the ﬁlm and the substrate, delamination of the ﬁlm can
occur due to the ﬁlm expanding faster than the substrate.
Additionally, a glass substrate may crack if the temperature
gradient from the front side to the back side is too steep.
The 1064 nm continuous wave laser annealing of CuInSe2
precursors has been reported by Jost et al. to improve the
crystalline coherence length of coelectrodeposited CuInSe2.28
However, the high ﬂuxes (>104 W cm−2) used resulted in the
CuInSe2 layer melting and dewetting from the Mo substrate,
thus preventing optoelectronic analysis of the absorber layers.
In a previous work we have demonstrated that continuous wave
low ﬂux (50 W cm−2) laser annealing improves crystal
coherence length but over exposure times of 15−60 s.29 This
improvement in crystallinity is shown to be better for

(1)

However, at high temperature, typically 450−600 °C, the
CuInSe2 solid phase is in equilibrium with a Se vapor phase,
given by reaction 2.11
2CuInSe2(s) ↔ Cu 2 − xSe(s) + In2Se(g) + Se2(g)

(2)

Therefore a combination of high temperatures and low
partial pressures of Se can result in the breakdown of CuInSe2
with the loss of Se and also of gaseous In species. The loss of Se
can result in a ﬁlm with a higher number of Se vacancies, VSe,
and also (In,Ga)Cu defects which are thought to impair device
performance.12 Hence, high temperature processing steps for
CuInSe2 require an elevated partial pressure of Se.
b. Atomic Diﬀusion. Atomic diﬀusion is required to
remove chemical concentration gradients within the absorber
layer. Diﬀusion coeﬃcients for the elements in CuInSe2 have
been measured, although there is a wide range of experimental
values. Subsequently, we list literature values measured at an
annealing temperature of around 400 °C. The most mobile
atom in the CuInSe2 compound is the Cu atom, with diﬀusion
coeﬃcients between 10−8 and 10−10 cm2 s−1 depending whether
the diﬀusion is within the CuInSe2 bulk or whether a
concentration gradient is created by a thin layer of Cu at the
surface of the CuInSe2.13 Se also has diﬀusion coeﬃcients of a
similar magnitude1.5 × 10−8 cm2 s−1 14in polycrystalline
ﬁlms, although this value drops to between 10−12 and 10−13 for
a single crystal.15 However, the diﬀusion coeﬃcient of In is
found to be much lower at 4 × 10−13 cm2 s−1.16 Assuming that
an atom would need to travel a root-mean-square distance of
500 nm to remove any unfavorable concentration gradient in a
1 μm thick ﬁlm within the 1 s annealing time, it would need a
diﬀusion coeﬃcient of the magnitude of 10−9 cm2 s−1. Thus,
from studying the diﬀusion coeﬃcients it appears that In
diﬀusion will be the restrictive factor in atomic rearrangement,
although by use of laser processing higher ﬁlm temperatures
than 400 °C are accessible.
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photoelectron peaks (Cu 2s, In 3d, Se 3d) were acquired in the
unscanned mode (snapshot) with a 160 eV pass energy, on an
analysis area of 100 μm in diameter. The relative sensitivity
factors (RSFs) were corrected so that quantiﬁcation was
calibrated to a stoichiometric, CuInSe2 reference sample
deposited via thermal evaporation. For depth proﬁling, the
samples were sputtered with an Ar+ ion beam (2 kV, 150 μA)
rastered over a 2 × 2 mm2 area.
Photoelectrochemical measurements were carried out in a
three-electrode cell using a platinum wire counter electrode and
Ag|AgCl reference electrode, and 0.2 M Eu(NO3)3 aqueous
electrolyte with an Ecochemie Autolab 302N potentiostat.30
The samples were immersed in the solution, connected to the
working electrode, and illuminated with white light from a light
emitting diode square wave modulated with 1 Hz and a 30%
duty cycle. Samples were etched with 5% KCN solution for 60 s
prior to measurement, to remove conductive secondary phases
at the surface.
Photoluminescence (PL) measurements were made on asannealed samples and on samples etched with 5 wt % KCN for
30 s subsequently coated with a 50 nm layer of CdS deposited
by chemical bath deposition (to stop sample aging and suppress
surface recombination during room temperature measurements). An Ar+ ion laser at 514 nm and InGaAs detector
were used for PL excitation and detection respectively, at room
temperature.
To fabricate complete devices, the CdS deposition was
followed by sputtering ZnO window layers and ﬁnally e-beam
deposition of Ni/Al front contacts. Current−voltage under
AM1.5 illumination and external quantum eﬃciency measurements were carried out at room temperature.

precursors which have been electrodeposited Cu-rich (Cu/In >
1).25
Building on these two results, we hypothesized that, by using
continuous wave laser ﬂuxes lower than 104 W cm−2, the
materials properties of a CuInSe2 precursor could be improved
on the time scales of single seconds without melting the
CuInSe2 and thus causing it to dewet from the substrate. This
hypothesis is tested in terms of the average crystallite size
(crystal coherence length) and the chemical grading through
the sample. Additionally, we investigated whether a Se
overpressure is required during annealing on short time scales
and whether this can be compensated for with the use of a Se
cap on the sample surface as opposed to H2Se gas, which is
commonly used in furnace annealing procedures.
The optoelectronic properties of laser annealed samples are
compared against precursors and furnace annealed samples in
terms of photoluminescence yield and ability to extract charge
carriers. A spectral response of a working device prepared from
a laser annealed precursor is presented.

■

EXPERIMENTAL SECTION
Precursor thin ﬁlms consisting of Cu, In, and Se were
coelectrodeposited at room temperature onto Mo coated
soda lime glass substrates in a manner similar to that used in ref
30. A standard three-electrode electrochemical cell was used in
which the substrate was ﬁxed horizontally, facing downward, to
form the working electrode. A large area platinum foil counter
electrode and an Ag|AgCl reference electrode were used. The
thickness of the deposited layer was approximately 1 μm and
was controlled via the charge passed. After electrodeposition, a
250 nm layer of Se was evaporated onto the surface of some of
the samples, providing a Se cap. The sample temperature is
kept constant during the Se capping by continual cooling, and
no observable changes in sample composition or crystallinity
were detected in the CuInSe2 precursor layer as assessed by
scanning electron microscopy (SEM), energy dispersive X-ray
spectroscopy (EDX), and X-ray diﬀraction (XRD). Laser
annealing was carried out using the irradiation of a CW 1064
nm beam of a Nd:YAG laser collimated, and passed through a 2
mm × 2 mm aperture. The sample was ﬁxed into a smallvolume chamber having a quartz window, and the chamber was
continually purged with Ar. For characterization measurements,
the samples were irradiated with a 2 mm × 2 mm beam in
single pulses and then manually translated in 2 mm increments
in both horizontal and vertical directions to form a 1 cm2 laser
annealed sample. For fabrication of the ﬁnal device, the sample
was mechanically scanned through the laser beam at 2 mm s−1
using a software controlled x−y stage.
EDX (Oxford instruments) and SEM on a combined Hitachi
SU 70 system were used to analyze ﬁlm composition and
morphology both before and after laser annealing. Crosssectional images were measured using a 7 keV acceleration
voltage, and planar images were measured using a 20 keV
acceleration voltage. Planar EDX measurements were made at
15 keV acceleration voltage to minimize the interaction volume
with the Mo substrate. XRD measurements were made using a
Pananalytical X’pert Pro system with Cu Kα radiation in a
theta−2 theta (θ−2θ) conﬁguration. Raman spectra were
measured using a Witec micro Raman confocal microscope
with 532 nm laser at 5 mW power and 1.3 μm beam size. The
X-ray photoelectron spectroscopy (XPS) experiments were
carried out in a Kratos Axis Ultra using a delay line detector
(DLD) with a monochromated Al Kα X-ray source. The

■

RESULTS AND DISCUSSION
Laser Annealing of Precursor Films without Se Cap.
We ﬁrst test the hypothesis that ﬂuxes below 104 W cm−2 from
a 1064 nm laser can improve the material quality of the
CuInSe2 precursor on time scales of seconds without inducing
melting. In order to do this, the precursor and laser annealed
samples are characterized side by side. Before examining the
optoelectronic properties, the basic material properties of
morphology, crystal structure, and composition through the
depth of the ﬁlms are investigated.
The appearance of the as-electrodeposited samples is
homogeneously gray and remains unchanged after laser
annealing.
Comparison of the surfaces of a precursor and a laser
annealed sample in Figure 1a,b suggests that no bulk melting
occurs during annealing (see Supporting Information for an
example of a dewetted sample). This is conﬁrmed by inspection
of the cross sections in Figure 1c,d. No signiﬁcant change in the
morphology of the sample is apparent with no clear evidence of
grain growth or recrystallization. The microstructure of the
sample appears to be independent of the ﬂux (50−1080 W
cm−2) and total ﬂuences used in this study. EDX analysis at 15
keV, probing the bulk of the ﬁlm, shows the precursor material
to be slightly Se-rich (Se/(Cu + In) = 1.05 ± 0.10) and Cupoor (Cu/In = 0.88 ± 0.10).
To investigate the changes in the crystal structure of the laser
annealed samples compared to the precursor samples, X-ray
diﬀractograms were measured. Figure 2 displays the X-ray
diﬀractograms of a sample laser annealed at 50 W cm−2 for 60 s,
and another at 945 W cm−2 for 1 s, in order to compare the two
1453
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fwhm is observed over that achieved with laser samples,
indicating higher material quality. The additional CuInSe2
peaks 103 and 211 in the furnace annealed sample are absent
from the laser annealed samples, which is most likely due to the
low signal/noise ratio of these samples, although possibly
indicating the sphalerite polymorph, as opposed to the
chalcopyrite polymorph, or a high degree of preferential
orientation. Furthermore, MoSe2 is only observed in the
diﬀractograms of the furnace annealed sample resulting from
selenization of the back contact. MoSe2 can increase adhesion
and cell performance due to forming an improved electrical
back contact with the CuInSe2, although if it is too thick it may
have a detrimental impact on device eﬃciency and adhesion.34
In order to correlate the fwhm of the XRD peaks with an
implied average crystallite grain size, we use the Scherrer
equation (eq 3). This formula is used to relate the breadth, Bhkl
(peak broadening originating from the sample), of a diﬀraction
peak (hkl) to “the mean size of the crystallite domains”, Dhkl.
This parameter is related to the average crystallite size of the
material, although absolute values depend on the material
under study and the peak modeling method.

Figure 1. SEM micrographs showing the typical (a) surface and (c)
cross section of an electrodeposited CuInSe2 precursor. (b) Surface
and (d) cross section of ﬁlm after laser annealing at 945 W cm−2 for 1
s.

Dhkl =

diﬀerent annealing regimes. Additionally, diﬀractograms of a
precursor and an oven furnace annealed sample are shown.
In Figure 2a considerable crystalline disorder of the precursor
is evidenced by its broad and asymmetric 112, 220/204, and
312/116 chalcopyrite peaks. This relates to its nanocrystalline
and multiphase nature31 which is due to the room temperature
deposition not providing suﬃcient thermal energy for the
deposited atoms to reach their equilibrium positions. Laser
annealing decreases the fwhm of these peaks as illustrated for
the 112 reﬂection in Figure 2b; thus there is an increase in
crystalline coherence length. It should be noted that some peak
asymmetry is maintained after laser annealing which could be
due to the presence of secondary phases, for example, InxSey
phases32 or the Cu-poor phase CuIn3Se5 often found at the
surface of CuInSe2 absorber layers.33 In order to relate this laser
process to conventional annealing techniques, a similar
electrodeposited precursor was annealed in a tube furnace at
500 °C for 30 min with a Se atmosphere provided by an
elemental source, heated to the same temperature. A narrower

Kλ
Bhkl cos(θhkl)

(3)

λ is the wavelength (Cu Kα radiation λ = 1.5406 Å); θhkl is the
Bragg angle. K is the Scherrer constant, also known as the shape
factor, and its value depends on the peak width determination
method, the size distribution, and the crystallite shape although
0.935 is used most commonly, which is applicable to spherical
particles.36 Figure 3 shows the correlation of the D parameter
with total laser ﬂuence for diﬀerent ﬂuxes.
The calculated crystal coherence length is related to the laser
annealing ﬂuence, the time-integrated ﬂux. Figure 3 shows that
the average implied size of crystallite domains increases with
annealing ﬂuence, with all samples giving a greater coherence
length than the precursor, although still to less than half the
levels of the furnace technique, and still below the scale to be
clearly visible via SEM. The 720 and 945 W cm−2 (high) and 50
W cm−2 (low) annealing ﬂux regimes give diﬀerent rates of
change of coherence length with total deposited ﬂuence, where,
when equal annealing ﬂuence is applied, a larger average
crystallite domain size is attained with the higher ﬂux annealing.

Figure 2. (a) XRD diﬀractograms and (b) detail of the 112 CuInSe2 peak of (i) the precursor and after laser annealing at (ii) 50 W cm−2 for 60 s
(green) and (iii) 945 W cm−2 for 1s (red). For comparison a furnace annealed sample is also shown (iv). Circles indicate the presence of a MoSe2
phase in the furnace annealed sample which is absent in the laser annealed samples.
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Figure 4. XPS elemental proﬁles showing the atomic composition
through the depth of the precursor (solid lines), compared to samples
laser annealed at 50 W cm−2 for 60 s (green circles) and 945 W cm−2
for 1 s (red triangles). Measurement uncertainty bands are shown in
short dashes about each data series. Long horizontal dashes indicate
the stoichiometric composition of CuIn3Se5. To convert the sputtering
time into an etched depth in the proﬁle, the thickness of the layer was
estimated from the SEM cross section and the sputtering rate was
considered constant throughout the whole layer.

Figure 3. Average crystallite coherence length (D) as function of total
photon energy supplied. Fluxes of 50 (green circles), 720 (black
squares), and 945 W cm−2 (red triangles), are shown for diﬀerent total
annealing energies with lines to guide the eye. Dashed horizontal lines
indicate D parameters for precursor and furnace annealed samples.

Temperature modeling, using ﬁnite element analysis, simulating
the power dissipation during laser annealing, indicates a higher
maximum ﬁlm temperature for higher laser ﬂuxes, which allows
the structural improvements in the ﬁlm to occur within faster
times via thermally activated rate constants for the processes
involved. Additionally, higher temperatures may allow larger
activation barriers involved in crystal growth to be overcome.
In this section we have demonstrated that laser annealing
with a 1064 nm laser and ﬂuxes between 50 and 1080 W cm−2
does not cause melting of 1 μm thick CuInSe2 electrodeposited
precursor ﬁlms. Structural changes have taken place within
annealing times from 1 min to 1 s. A greater total ﬂuence leads
to improved crystal coherence length, although this is
dependent on the applied ﬂux, and thus maximum ﬁlm
temperature, not on the total annealing time.
Evidence for Se Loss during Laser Annealing. In order
to investigate the eﬀect laser annealing has on the elemental
composition through the depth, XPS elemental depth proﬁles
were carried out on the precursor sample and after annealing at
50 W cm−2 for 60 s and 945 W cm−2 for 1 s. Figure 4 gives the
results of these analyses.
While EDX analysis of the precursor indicated that the
material was Cu-poor and Se-rich, the XPS elemental
composition depth proﬁle, shown in Figure 4 reveals that the
composition varies through the depth of the ﬁlm. The very
front surface has an increased level of Cu and is Se-rich,
perhaps related to the few scattered Cu−Se platelets visible in
the SEM image of the surface in Figure 1a. Just below the
surface, the Cu/In ratio drops below 0.25, substantially far from
stoichiometry, but increases to Cu/In > 1 at the Mo interface
(1000 nm). It must also be noted that the concentration of Se
near the surface is above stoichiometry but that it decreases
through the material depth, dropping to a value below
stoichiometry.
Comparing the XPS proﬁles of the electrodeposited
precursor and laser annealed samples, it is clear that both 60
s, low ﬂux, and 1 s, high ﬂux, laser annealing treatments lead to
homogenization of the composition throughout the ﬁlm
thickness. The Cu, In, and Se proﬁles become nearly depth
independent in the bulk and indicate the desired Cu-poor
composition necessary for high eﬃciency devices. However, the
bulk of the ﬁlms are Se-poor at 46.0 ± 1.0 atom % for the 50 W

cm−2 for 60 s sample and 48.5 ± 1.0 atom % for the 945 W
cm−2 for 1 s sample, and integration of the proﬁles gives Se/
(Cu + In) < 1. Having started from precursors with a nearly
stoichiometric level of Se, 49.4 ± 1.7 atom %, and coupled with
EDX measurements (not shown) and the observation of
condensed Se residues inside the laser annealing chamber, it
appears that even for annealing times of 1 s there is Se loss. The
Se concentration increases toward the ﬁlm surface, where a
changing metal composition is also observed through the ﬁrst
150 nm depth. This region of changing atomic composition is
similar for both ﬂux regimes and is signiﬁcantly wider than the
normal 50 nm or so observed in physical vapor deposition
(PVD) deposited ﬁlms.33 The composition of this Cu-poor
surface region matches the ordered vacancy compound (OVC),
CuIn3Se5 phase, which is normally found as a thin layer on
CuInSe2, which has been shown to be critical in forming the
low-recombination interface with the CdS buﬀer layer in solar
cells.37 The presence of this phase was corroborated using
Raman spectroscopy, the results of which are shown in Figure
5.

Figure 5. Raman spectra of (i) precursor and (ii) after laser annealing
at 50 W cm−2 for 60 s (green) and (iii) 945 W cm−2 for 1 s (red).
These are compared to (iv) a sample produced by furnace annealing.
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the surface and act to supplement any Se deﬁciency in the
original precursor. In Figure 6 SEM micrographs show the
appearance of this layer, which visually is observed as a darker
colored, smooth layer over the sample surface.

All samples show the presence of the main A1 mode and B/E
modes of CuInSe2. However, both laser annealed samples show
a shoulder to lower wavenumber on the A1 peak occurring at
150−160 cm−1. This is in the same range in which CuIn3Se5
gives a broad A1 vibrational mode.38 Raman spectroscopy at
this wavelength probes approximately the top 100 nm of the
CuInSe2 thin ﬁlm, so the observation of this mode thus
supports the suggestion of a surface OVC phase from the XPS
composition analysis.39 Alternatively, this shoulder could be
attributed to In2Se3, believed to be present in the codeposited
precursor,32 which displays a peak at 152 cm−1.40 Laser
annealed samples also show a shift of the A1 mode to higher
wavenumbers relative to the furnace annealed sample. This
could indicate CuInSe2 with a higher density of defects41 or a
tendency to Cu(Au) lattice ordering, both of which are known
to be detrimental to device performance.42 Both this shift in
peak position and the presence of the low energy shoulder are
known to be indicative of, and proportional to, a Cu-poor
composition.43 Thus, from these analyses it is diﬃcult to
determine the exact phase composition of the surface of the
laser annealed samples. The Raman spectrum of the furnace
annealed sample shows a narrower A1 peak and greater
deﬁnition of the B/E modes compared to the laser annealed
samples, reinforcing the observations made by XRD of a
reduced number of structural defects.
From the above results we are able to show that laser
annealing is capable of homogenizing the composition through
the ﬁlm thickness, driving atomic redistribution through the
bulk of the sample. It appears that diﬀusion of the metals ions is
feasible even within 1 s annealing time and is not limited by the
diﬀusion of In. From XPS elemental composition combined
with the shift in Raman spectra, the top 100 nm can be seen to
consist of a Cu-poor secondary phase. The thickness of this
layer, being signiﬁcantly greater than that seen in the highest
eﬃciency devices,33 is expected to be detrimental to any ﬁnal
device properties. Additionally, while the precursor starts with
near-stoichiometric levels of Se, the laser annealed samples in
this part of the study have a bulk Se level below 50%, which
would result in high concentrations of Se vacancies.
Interestingly, despite the greater improvement in D parameter
for the 1 s, high ﬂux samples, which reach higher temperatures
for shorter times, the Se content is lower in the 60 s, low ﬂux
samples. This demonstrates that the diﬀusion processes which
govern crystal improvement may not necessarily be linked to
the evaporation from the sample and thus there exists the
possibility of optimizing the process to suppress the latter.
The lower Se content of the absorber layer indicates Se loss
from the sample, and this phenomenon is exacerbated by
condensation of the evolving gaseous Se on the cold walls of
the sample chamber. This condensation prevents the formation
of a partial pressure of Se at the sample surface which would
tend to oppose further Se evolution via the reversible reaction
given in (2). The observation of Se loss suggests that this partial
pressure over the ﬁlm, provided by the supply of excess Se
during furnace annealing, is required to maintain stoichiometry
and thus to form absorber layers with suitable electronic
properties for photovoltaic action.
Laser Annealing of Precursor Films Capped with Se.
To overcome the Se loss during laser annealing, a 250 nm Se
cap was deposited onto the precursor of the type shown in the
sections Laser Annealing of Precursor Films without Se Cap
and Evidence for Se Loss during Laser Annealing. The Se
should provide a gas phase vapor pressure when evaporated oﬀ

Figure 6. SEM micrographs of electrodeposited precursor capped with
250 nm layer of Se. Cross sectional (a) and surface (b) images of the
ﬁlm are shown.

Due to the rough surface of the sample, the Se cap appears to
partially inﬁltrate the sample as shown in the cross-sectional
image in Figure 6a. From Figure 6b, it is estimated that 95% of
the precursor surface is covered by Se. The eﬀect of this Se
layer on the grain growth of samples during laser annealing is
determined by interpreting the fwhm of XRD spectra of the
samples and relating this to the average crystallite domain size
as before. Figure 7 illustrates a summary of these results.

Figure 7. Graph showing the approximate average crystallite
coherence size (D) plotted against total annealing energy. The
graph displays data for samples which are uncapped (unﬁlled symbols)
and capped with a 250 nm layer of Se (ﬁlled symbols) at 720
(squares), 945 (orange triangles, capped; red triangles, uncapped),
1080 (diamonds), and 50 W cm−2 (blue circles, capped; green circles,
uncapped) ﬂuxes.

A general trend toward increasing crystallinity with higher
total laser ﬂuence is again observed; however, no signiﬁcant
increase in crystallite size is achieved by adding the Se cap. As
observed previously, annealing at ﬂuxes greater than or equal to
720 W cm−2 gives larger D values than annealing at 50 W cm−2
for the same total annealing energy. Se capped samples do give
a small increase in D value over uncapped samples for ﬂuxes of
50 W cm−2 and with annealing times greater than 30 s. For this
low ﬂux, a large portion of the laser power is perhaps absorbed
in the cap before it evaporates. This means little power reaches
the precursor underneath, causing minimal increase in ﬁlm
temperature, and thus at times less than 30 s the average
precursor crystallite size does not grow. However, at high ﬂuxes
the D values of capped and uncapped samples are equal for the
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Figure 8. XPS elemental depth proﬁles after laser annealing of uncapped (unﬁlled symbols) at 50 (green) and 945 W cm−2 (red) and 250 nm Se
capped (ﬁlled symbols) at 50 (blue) and 945 W cm−2 (orange). Data from a furnace annealed sample is added for comparison (solid line). Data
relating to samples laser annealed at 50 W cm−2 are shown in (a) and those at 945 W cm−2 are shown in (b). Error bands are shown with short
dashes. Long horizontal dashed lines indicate the composition CuIn3Se5 at the ﬁlm surface.

same ﬂuence, which could be due to instantaneous vaporization
of the cap. For all ﬂuxes the D value does not plateau with
ﬂuence and therefore longer annealing times could further yield
large crystallite sizes.
After laser annealing, SEM measurements of Se capped
samples show no evidence of bulk Se on the sample surface. To
compare the eﬀect of the cap on the bulk Se concentration and
the atomic diﬀusion which takes place during the annealing,
XPS depth proﬁle measurements are shown in Figure 8.
By comparing parts a and b of Figure 8, it is observed that
the Se capped samples show an increased Se content near the
surface (200 nm) when compared to uncapped samples, but
the concentration drops to the same level (46% for 50 W cm−2,
60 s samples, 48% for 945 W cm−2, 1 s samples) through the
analyzed sample depth. A Cu-poor, Se-rich surface is observed
for all annealed samples extending 50 nm in the case of furnace
annealed or up to 250 nm in the case of laser annealed samples.
This interface region has a similar composition to CuIn3Se5.
For Se capped samples, the composition remains close to
CuIn3Se5 to a greater depth (over 100 nm from the surface)
than for uncapped samples, indicating that the layer of Se may
have promoted the formation of this In and Se rich phase. The
bulk of Se capped samples is still slightly Se-poor (as with the
uncapped samples), and this is likely to lead to poor
optoelectronic properties. Therefore, using a cap to mitigate
Se loss is not possible and either additional Se must be
provided inside the precursor or the annealing conditions be
changed.
To summarize the section Evidence for Se Loss during Laser
Annealing and this section, chemical and structural measurements have demonstrated that laser annealing is able to drive
atomic diﬀusion and as such cause a favorable atomic
redistribution and to increase crystal coherence length when
compared to the precursor. Therefore, we have determined that
the rate-limiting step in the laser annealing process is not
elemental diﬀusion. Se loss from the sample is also observed,
and while addition of a Se cap enriches the surface of the
sample with Se, the bulk Se content after laser annealing still
lies just below stoichiometry.
Additionally, the surface, up to 250 nm depth into the ﬁlm, of
laser annealed samples is very Cu deﬁcient. Both XPS and
Raman suggest the presence of a CuIn3Se5 phase, and this will
aﬀect the optoelectronic properties of the absorber layers due

to its n-type character, compared to the p-type CuInSe2.
Therefore, in the section Optoelectronic Characterization the
optoelectronic properties of laser annealed samples are
analyzed and their suitability as semiconductors for photovoltaic devices is assessed.
Optoelectronic Characterization. Photoelectrochemical
(PEC) measurements were performed on the annealed samples
to determine if excited charge carrier collection is possible, and
to establish the conductivity type. CuIn3Se5 has a wider band
gap than CuInSe2 (1.3 eV compared to 1 eV) and is an n-type
semiconductor. Due to the likely presence of CuIn3Se5 on the
surface of laser annealed samples, these could show either p- or
n-type conductivity. The absorber layers were placed in an
Eu(NO3)3 aqueous electrolyte under constant negative bias to
form a Schottky junction and illuminated with pulsed white
light, the results of which are shown in Figure 9.
The responses of a precursor, a Se capped laser annealed
sample, and a furnace annealed sample are compared under the
same conditions. All three samples show a negative photocurrent (decrease in the current when illuminated) indicative of

Figure 9. Measurement of the photocurrent response over time of
samples which have been etched for 60 s in 5% KCN. A −0.3 V vs Ag|
AgCl potential is applied and chopped white light is used to illuminate
the sample with a 30% duty cycle. The response of a sample which had
been capped with Se and laser annealed at 945 W cm−2 for 1 s
(orange) is compared to those of the precursor and a furnace annealed
sample.
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Figure 10. (a) Photoluminescence (PL) measurements performed at room temperature. The ﬁgure shows the precursor (gray), the results of a Se
capped sample laser annealed for 1 s at 945 W cm−2 (orange), and a furnace annealed sample (black). Also shown is a laser annealed sample
(uncapped, 1 s at 945 W cm−2) which has been etched with KCN (5%, 30 s) and upon which a CdS buﬀer layer deposited (purple). (b) External
quantum eﬃciency curve of a solid state device containing a laser annealed absorber layer (945 W cm−2, 0.3 s, uncapped).

bulk p-type character.44 Therefore, it appears that the
conductivity type of the laser annealed sample is not aﬀected
by the surface CuIn3Se5 layer. The furnace annealed sample has
a larger photocurrent response than the laser annealed sample.
In the PEC experiment the magnitude of the photocurrent
indicates how well charge carriers are generated, transported,
and collected by the redox electrolyte. Therefore, the decreased
magnitude of the laser annealed sample compared to the
furnace annealed indicates that at least one of these processes is
worse. Furthermore, the negative and positive sharp spikes in
the current when the light is switched on and oﬀ are indicative
of trapping and detrapping defects at the surface of the
semiconductor.44 Surprisingly, the precursor also shows a small
negative photocurrent in addition to the very large dark current.
The level of the dark current at negative bias contains
information about the size of the reverse saturation current and
the shunt conductance of the layer under investigation. Ideal
absorber layers have small reverse saturation currents and low
shunt conductances, both of which lead to small dark currents.
Therefore, a lower measured dark current generally correlates
to an absorber layer with potential for a more eﬃcient
photovoltaic device. As stated above, the precursor has a
signiﬁcantly larger dark current than either the laser or furnace
annealed samples. This is due to the precursor deposition
process, at room temperature, which means it is likely to
contain multiple degenerate semiconductor or highly conductive secondary phases.32 Laser annealing results in a
prominent reduction of dark current, when compared to the
precursor, indicating a higher quality material in terms of lower
saturation current or shunting. Laser annealed samples have a
slightly larger dark current than those produced by furnace
annealing and thus are of slightly lower quality.
In order to further evaluate the potential implementation of
laser annealed ﬁlms as absorber layers in thin ﬁlm photovoltaic
devices, photoluminescence (PL) measurements were carried
out, the results of which are given in Figure 10a.
The photoluminescence measured from the precursor is very
weak and displays a maximum at an energy of 0.83 eV, which is
below the band gap of CuInSe2 (1.04 eV45), indicating that the
dominant transitions are within the band and therefore relate to
defects or secondary phases. Laser annealing slightly improves
the PL yield and also causes a blue shift closer to the energy of
the band gap. The higher intensity indicates an increase of
radiative recombination (RR) with laser annealing from the

precursor. RR is proportional to the quasi-Fermi level splitting
and thus to the maximum achievable open circuit voltage of the
ﬁnal solar cell. Furnace annealing gives additionally a second
peak, correlating with the band gap of CuInSe2 which is not
observable for laser annealed samples. Therefore, the laser
annealed samples are dominated by deep defect recombination,
while the furnace annealed are dominated by band-to-band
recombination. Etching and deposition of the CdS buﬀer layer
on the laser annealed sample further improves signal intensity,
probably due to less nonradiative recombination at the absorber
interface.46
Given that the laser annealed samples gave better
optoelectronic properties than the precursor, a laser annealed
absorber layer was completed with a full device structure.
Current−voltage analysis showed the device to have diode-like
behavior with an eﬃciency of less than 0.04% (data not
shown). Figure 10b shows the external quantum eﬃciency of
the device. A maximum quantum eﬃciency of 46% at 2.75 eV is
achieved, showing that at this wavelength nearly half of the
incident photons gave rise to collectable current. However, due
to the poor collection at longer wavelengths, it is diﬃcult to
determine the band gap.

■

CONCLUSION

In this paper it is shown that a 1 s pulse from a CW Nd:YAG
laser operating at 1064 nm is capable of forming CuInSe2 from
a coelectrodeposited precursor with semiconducting properties
suﬃcient for a working photovoltaic device. This CW laser
annealing technique is capable of driving beneﬁcial atomic
diﬀusion as demonstrated by a substantial atomic rearrangement from a precursor which is highly inhomogeneous through
its depth. This indicates that, even with the short time scales
used, atomic diﬀusion is unlikely to be a rate-limiting step
during the annealing process. XRD crystal coherence length is
increased and is seen to be directly related to the total ﬂuence
input by the laser. It is also suggested that, as opposed to the
annealing time, it is the laser ﬂux and thus maximum ﬁlm
temperature which is important in increasing the crystal
coherence length. However, the average crystallite size does
not reach a plateau within the ﬂuxes or times investigated here
and thus is believed to be one of the limiting factors in our
rapid annealing process. Additionally, optoelectronic properties
of solely laser annealed CuInSe2 are demonstrated for the ﬁrst
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time, including a quantum eﬃciency measurement on a
completed device.
While material properties can be improved, it is also seen
that Se is lost from the material, under the investigated
annealing conditions, even within with short annealing times.
Therefore, while higher temperature or longer annealing times
may result in an increased average crystallite size, a low Se
content would result in a more defective ﬁlm. A precursor with
composition closer to stoichiometry would be expected to be
single phase. To reach stoichiometry, higher levels of both Cu
and Se are required, both of which are known to have a positive
eﬀect on crystallinity.24,25
Thus we have validated a conceptual method by using a laser
to rapidly anneal coelectrodeposited CuInSe2 layers for use in
photovoltaic devices. With the new insights gained into
annealing processes which take place on time scales of seconds,
developments can be made and the method improved. It is
envisaged that device eﬃciency could be signiﬁcantly improved
by stopping or reducing the detrimental Se loss that currently
occurs during laser annealing. Mitigating this Se loss is believed
to be key in the enhancement of optoelectronic properties.
Furthermore, improvements in the beam homogeneity and size
are certain to reduce the inhomogeneity in the annealing power
and time that each area of the sample receives.
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