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ABSTRACT

Light confinement strategies play a crucial role in the performance of thin-film (TF) silicon solar cells. One way to
reduce the optical losses is the texturing of the transparent conductive oxide (TCO) that acts as the front contact. Other
losses arise from the mismatch between the incident light spectrum and the spectral properties of the absorbent material
that imply that low energy photons (below the bandgap value) are not absorbed, and therefore can not generate
photocurrent. Up-conversion techniques, in which two sub-bandgap photons are combined to give one photon with a
better matching with the bandgap, were proposed to overcome this problem.

In particular, this work studies two strategies to improve light management in thin film silicon solar cells using laser
technology. The first one addresses the problem of TCO surface texturing using fully commercial fast and ultrafast solid
state laser sources. Aluminum doped Zinc Oxide (AZO) samples were laser processed and the results were optically
evaluated by measuring the haze factor of the treated samples. As a second strategy, laser annealing experiments of
TCOs doped with rare earth ions are presented as a potential process to produce layers with up-conversion properties,
opening the possibility of its potential use in high efficiency solar cells.

Keywords: Up-conversion Laser annealing, laser texturing, thin film photovoltaics, laser processing, light management..

1. INTRODUCTION

Laser technology has been thoroughly used in manufacturing of photovoltaic devices based on standard cell technology.
The laser cutting of crystalline and polycrystalline silicon, the edge isolation techniques and laser buried contacts are
usual in production processes. Amongst the technologies based on thin film (CdTe, CIGS or a-Si:H), laser techniques
acquire a more relevant and clearly strategic role. More specifically, laser ablation techniques in thin film modules (laser
scribing) have proven to be the most effective, and most industrially favorable for the monolithic interconnection
processing of these devices [1,2]. With the laser technology there is still room for improvement in the efficiency of these
devices, by leveraging the light management to increase the performance of TF solar cells. This light management
consists of light scattering, light trapping and the effective use of the solar spectrum. In TF technology light management
is mainly developed at the front contact TCO that collects the light that is led to the absorbent layer [3]. In this sense,
laser technology can help to improve the light scattering by texturing the TCOs and can increase the effective absorption
of the active layer (in this work a-Si:H) by laser annealing of rare earth (RE) doped TCOs, in order to enhance the
photon absorption by up-conversion processes, where low energy photons of the solar spectrum are converted into higher
energy ones.

1.1 Laser texturing

Use of textured and conducting front contacts in thin film silicon solar cells enhances photon absorption in active layers.
Light scattering and trapping at the textured front surface leads to an increase of the optical path and consequently to an
enhancement of the light absorption of the solar cell. . Different textured TCOs such as ZnO:B grown by LPCVD [4],
SnO,:F grown by APCVD Asahi-U type [5], or HCI etching of sputtered ZnO:Al (AZO) [6] have been already widely
studied. Currently there are two conventional processes for texturing TCOs, a crater-like texture when sputtering and
etching or a pyramid-like structure when using LPCVD [7]. Laser texturing has the ability of designing customized
patterns in a cost effective way introducing shaper surface geometries. In this work, sputtered AZO samples have been

Laser Processing and Fabrication for Solar, Displays, and Optoelectronic Devices lll, edited by Edward W. Reutzel,
Proc. of SPIE Vol. 9180, 918006 - © 2014 SPIE - CCC code: 0277-786X/14/$18 - doi: 10.1117/12.2061712

Proc. of SPIE Vol. 9180 918006-1

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/13/2015 Terms of Use: http://spiedl.or g/terms



textured with different patterns and roughness by means of laser-processing and the morphological, optical and electrical
properties of the resultant textures have been measured.

1.2 Laser annealing for up-conversion

Effective absorption of amorphous silicon-based solar cells is not able to absorb photons coming from energies lower
than its band gap (1.74 eV). One way to enhance photon absorption could be to convert these low energy photons into
higher energy ones by using RE ions such as Er and Yb. Rare earth materials were widely studied due to their
photoluminescence properties, which occur as a result of their intra 4f-4f shell transitions [8]. In particular, Er and Yb
co-doped systems [9-11] have the capability to work together to convert infrared radiation into visible light, because of
the matching of their energy levels for A = 980 nm [12]. YD species act as the absorber ions due to their higher absorption
coefficient, thus absorbing the incoming low-energy photons (980 nm), whereas Er species act as the emitter ions,
releasing higher-energy photons (480 nm, 550 nm, 660 nm) (see Fig. 1). However it is known that Er local surrounding
is critical to allow its 4f-4f transitions to occur, Er ions need to be surrounded by oxygen (ErO4) forming a pseudo-
octahedral structure to act as optically active centers and often annealing treatments or O, incorporation are required to
change Er local structure in the form of ErOg clusters [13]. In this work, ZnO was chosen as the host matrix and doped
with Er and YD ions in order to create a transparent and conducting up-converter material that could be used as the
transparent conductive oxide (TCO) of the back contact and, therefore, exploit the up-conversion mechanism to enhance
the efficiency of the solar cells. This TCO is normally used to improve the back reflector optical properties and act as a
diffusion barrier, but in this work it will also act as an up-converter. Hence, ZnO:Er:Yb thin film has been deposited onto
a glass substrate by means of RF magnetron sputtering and in order to optically activate the Er ions, a laser annealing
treatment was performed, to be compare with conventional thermal treatment.
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Figure 1. Generic representation of Er/Yb energy transfer; the full lines represent the radiative decay, the dashed ones represent energy
transfer and the curly lines indicate multi-phonon relaxation. 2S+1L notation according to Russell-Saunders to refer the f states: spin
(S), orbital (L) and angular momentum (J) quantum numbers.

2. EXPERIMENTAL
2.1 Preparation of TCOs samples

For laser texturing experiments two samples of ZnO:Al (2%) of different thicknesses (500 and 1000 nm) were
grown onto 10x10 cm” Corning 1737F glass substrates by means of DC magnetron sputtering at a power of 200 W
and at a working pressure of 0.4 Pa (Ar) . The substrates were kept at 300°C during deposition.

For laser annealing tests a ZnO:Er:Yb thin film of 800 nm thick, was deposited onto a 10x10 cm® Corning 1737F
glass substrate by means of RF magnetron sputtering. ZnO:Er,0;:Yb,03 (89:1.2:9.8 wt%) target with 99.99% purity
and a diameter of 3 inches was used for the deposition. The film was deposited without any intentional substrate
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heating, using a RF power of 120 W, at a working pressure of 0.4 Pa (Ar) while the substrate rotation was kept at 10
rpm and the target to substrate distance was 12 cm. Nine pieces of 10x10 mm? were cut from the central part of the
sample, the first piece was kept without any annealing treatment (AS DEP) for comparison purposes; the second one
was annealed in air atmosphere (AIR) at 800°C during 1 hour, and the seven remaining samples were irradiated with
532 nm CW laser.

2.2 Laser systems
Two different laser sources were used to carry out this work. (Table 1)

For laser texturing of the AZO, a diode pumped Q-switched laser with Nd:YVO, (Vanadate) lasing media crystal
(HIPPO SPECTRA PHYSICS) working at its third harmonic 355 nm of wavelength was employed. The beam was
delivered to the working area via steering mirrors, which direct the beam to a scanner head (Hurrycan II 14 SCANLAB)
via the power attenuator AT4040. Before the entrance of the scanner head an iris is placed in order to remove the
diffraction and aberration defects of the laser beam. The scanner head directs and focuses the beam onto the target via a
lens with a focal length of 250 mm.

For laser annealing experiments a CW (continuous wave) DPSS Nd:YVO, (Vanadate) laser system (MILLENNIA PRO
SPECTRA-PHYSICS) was used. The beam delivery was performed in the same manner than for the HIPPO system.

LASER SYSTEMS
355 nm HIPPO 532 nm CW MILLENNIA
Average Power 5 W at 50 KHz Average Power 15W
Repetition rate 15-300 KHz Mode TEMyo
Pulse-width nominal < 12 ns at 50 KHz
Mode TEMyq

Table 1. Laser system specifications.
2.3 Characterization techniques

The crystalline nature of the ZnO:Er:Yb films was analyzed using the X—ray diffraction (XRD) technique used in Bragg-
Brentano geometry (0-20 scans) and the diffractometer was a PANalyticalX’Pert PRO MPD Alphal powder system,
using Cu K, radiation, A =1.5406 A..

The optical properties of the samples such as total transmittance (7) and diffused transmittance (7,) were measured with
a Perkin Elmer lambda 950 spectrophotometer equipped with a 150 mm integrating sphere. To evaluate the light
scattering properties of the laser textured samples, the haze (H) values were calculated following Eq.1

—_Ta
H=-%-100 (M

The up-conversion PL measurements of the ZnO:Er:Yb samples were performed using an EKSPLA PG122 optic
parametric oscillator (OPO) with an output range of 420-2300 nm, which was pumped by the third harmonic of a
Brilliant 5-ns-pulsed Nd:YAG laser (the peak power density was ~ 10° W-cm 2, for a spot diameter onto the sample of
100 pum). Using the OPO output at 980 nm, aiming to excite the *I1» and *Fs, levels of Er"and Yb*" ions. The resulting
luminescence spectra obtained in the visible range were acquired using a GaAs PMT. The excited PL study was carried
out tuning the OPO output in the range from 950 to 1200 nm, while monitoring the 660 nm emission line of Er with a
monochromator, corresponding to the transition of the up-converted energy level.

The sheet resistance (Rs) of all the samples (laser textured and laser annealed) was measured by using a four-point probe
system (Jandel RM3). In some of the textured samples, the Rs have been measured in two positions, placing the probes
horizontal and also vertical (rotation of 90°) over the sample. Different measures have been done in every position, and
an average of the Rs is presented.

Morhological characterization of the samples was measured employing a confocal microscope Leica Sensoscan from
which the o,,,s values were extracted.
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3. RESULTS AND DISCUSSION
3.1 Laser texturing results

Two sets of tests were performed over two AZO samples with different thickness, 500 and 1000 nm. The first test
execution was carried out on the 500 nm sample, where four different patterns (Fig. 2) were assessed.

Different patterns tested
S
X
3
N 4

Parallel Rhombic Triangular Combined parallel

Figure 2. Sketch of the patterns tested in AZO 500 nm of thickness.

Laser process was carried out at 355 nm, speed process 85 mm/s, 50 kHz, 130 mW and peak fluence of 0.626 J/cm’. The
beam size on the sample was 23 um in diameter. Laser parameters remained constant for all the patterns assessed. The
as-deposited film,500 nm thick, had a Rs of 7 Q/0 and an integrated transmittance (7) in the range 400-800 nm of
83.83%. The electrical and optical characterization of the tested patterns, the as-deposited sample and the commercial
textured Asahi-U are shown in Table 2. The results demonstrate that the integrated 7" of all the patterned samples is
higher than that of the Asahi-U substrate and similar to the as-deposited sample indicating that the texturing did not spoil
it. However, the Rs for the rhombic and triangular patterns clearly increases with respect to the as-deposited sample due
to the ablation occurred during the texturing, the lack of material results in lower Rs values. Best results appear for line
patterns where the Rs and the integrated 7 were not compromised. In order to maintain a low sheet resistance but also a
high haze factor, fundamental properties in the performance of TF solar cell technogies, a new batch of experiments was
designed for a thicker film, The chosen patterns for this sample were parallel lines, with different pitch between them.

Patterning Integrated 7T (400 ey (M) Average Horizontal| Average Vertical
nm-800 nm) (%) Rs (Q/o) Rs (Q/o)
Parallel 81.89 53 30 30
Rhombic 83.54 138 9.5k 2.6k
Triangular 80.52 94 8.4k 83k
Combined parallel 84.25 55 22 20
ASAHI U 78.26 31 9.2 9.2
As Deposited 83.83 11 7

Table 2. Optical and electrical characterization of texturing patterns over sample AZO 500 nm of thickness.

The as-deposited 1000 nm thick film had a Rs of 8 /0 and an integrated transmittance within the range 400-800 nm (7)
of 82.80 %. Laser processes were performed at 355 nm, speed process of 85 mm/s, 50 kHz and at different powers.
Results for parallel patterns over 1000 nm thickness film are shown in Table 3. In this case, the pitch between lines and
the laser parameters were varied. Additional haze measurements at 600 nm were performed over the irradiated samples,
considering good values of haze those above 9% (value for Asahi-U).
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Rs (average value
Laser peak Integrated T of horizoytal and
Pitch f 2, | (400 -800 nm) |Haze @600 (%) Orms (NM) vertical
uence (J/cm”)
(%) measurements)
(Q/o)
10 um 0.361 77,76 12,7 76 11
10 um 0.481 81,87 18,6 151 60
15 pm 0.481 79,08 20,1 192 16,5
20 um 0.481 78,51 11,7 183 11,7
20 um 0.635 81,54 37,1 284 110

Table 3. Optical and electrical characterization results of parallel patterns over sample AZO 1000 nm thick for different laser
irradiation conditions.

Results shown in Table 3 demonstrated that haze values improve with higher values of G,,, albeit with higher laser
energy the material ablated is more and the sheet resistance is increased.

3.2 Laser annealing for up-conversion results

Laser annealing experiments were carried out working just above the damage threshold of the film in order to avoid as
much as possible the ablation and the loss of material that results in worst electrical characteristics of the film. The
processes were performed at 532 nm CW by scanning 10x10 mm? areas with parallel lines and varying the gap between
them. The beam size on the sample was 29 pum in diameter. Laser parameters are presented in Table 4.

Speed process Laser peak . Number of
Power (W) ’ (mlII)l/S) fluence (pJ/cmz) Pitch (um) scans
LAS1 1.5 50 8.12 10 1
LAS2 3.1 400 4.12 10 1
LAS3 2 75 7.65 60 1
LAS4 1.5 25 11.48 10 1
LASS 2.4 50 10.27 30 1
LAS6 1.2 75 5.93 10 2
LAS7 1.2 75 5.93 10 4

Fig. 2 presents the XRD patterns and the up-conversion PL spectra for the laser annealed samples that show lower up-
conversion intensity (LAS1, LAS2, LAS3), the as-deposited and air annealed samples-. All samples presented the most
intense diffraction peak at around 26 = 34.4°, indicating a hexagonal wurtzite structure of ZnO with the c-axis
perpendicular to the substrate and oriented preferentially along the [001] direction. Just in the air annealed sample a peak
raised at 20 = 29.62° corresponding to the (222) reflection of Yb,0j; cubic structure [14], no Er,Oj; related peaks were
seen, probably due to the rather small amount of Er content in the films (below the detection limit of the instrument). For
LAS1, LAS2 and LAS3 the diffraction patterns are almost identical to the as deposited one indicating that the laser
annealing was not affecting the macroscopic structure of the layers. The lack of rare earth phases in those patterns
indicates that Er and/or YD are replacing Zinc in the ZnO lattice or segregated to the grain boundaries [15,16].

The up-conversion spectra show that the laser annealing is able to enhance the upconversion mechanism for LAS1 and
LAS2, visible emissions at 480, 520, 550 and 660 nm are observed. Even the conventional annealing in air is the most
effective in permitting Er 660 nm transition, the laser annealing allows also other Er emissions at 480, 520 and 550 nm.
By comparing the XRD patterns to the up-conversion PL, no relation seem to be between the presence of Yb,0; and the
RE ions activation. .
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Figure 2. a) X-Ray diffraction patterns and b)up-conversion PL spectra in Logarithmic scale of the ZnO:Er:YDb thin film, as-deposited,
annealed in air and laser-annealed at three different laser powers (LAS1, LAS2, LAS3).

Fig. 3. Illustrates, similarly to Fig.2, the XRD patterns and up-conversion PL spectra for the as-deposited sample, air
annealed and LAS4, LAS5, LAS6 and LAS7. In contrast to LAS1, LAS2 and LAS3, the XRD patterns of the laser
annealed samples present, for all the irradiation conditions, other ZnO peak orientations (001) and (101) a part from the
typical (002). This suggests that these samples became more polycrystalline after the laser process, by means of the laser
melting of the film and its subsequent cooling. It is also seen a desdoublement of the (002) ZnO peak that becomes more
evident for the samples closer to the ablation limit.

Laser annealed samples show up-conversion emissions for 480, 520, 550 and 660 nm whereas for the air annealed
sample just the 660 nm emission was detected. The clear observation of these intra 4f-shell transitions evidences the
optical activation of the RE ions within the ZnO matrix or at the grain boundaries thanks to a laser annealing treatment.
The laser process is notably affecting the local arrangement of RE ions within the ZnO lattice, probably Er local
surroundings are being changed allowing their optical activation. the appearance of more ZnO wurtzite structure peaks
suggests that the laser treatment is recrystallizing the film, improving the local environment of Er3+ and Yb3+ ions,
which is translated into more stable levels within the ZnO band gap This indicates that higher laser power is needed in
order to melt the material. This allows the dilution in liquid phase of the RE ions within the ZnO lattice , allowing their
optical activation.

a) b)

— As deposited
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— Air annealed ——LAS4
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Figure 3. a) X-Ray diffraction patterns and b)up-conversion PL spectra in Logarithmic scale of the ZnO:Er:Yb thin film, as-deposited,
annealed in air and laser-annealed at three different laser processes (LAS4, LASS, LAS6 and LAS7).

Electrical and optical characterization results of the laser-annealed samples along with the as-deposited and the air-
annealed are presented in Table 5. LAS7 appears as the best irradiation condition with almost no variation of the as-
deposited sample Rs and with 84.35 % of integrated 7.
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Integrated 7 (400-
Rs (/o) 1100 nm) (%)
As-Deposited| 2-10k 83.85
Air Annealed| — 88.36
LAS4 100-130k 63.10
LASS 2M 78.72
LAS6 10k 83.74
LAS7 2.6k 84.35

Table 5. Optical and electrical characterization results of laser-annealed samples presenting up-conversion emission compared with
the as-deposited and air-annealed samples.

4. CONCLUSIONS

Preservation of the conductivity of the AZO thin film layer, improvement in the scattering can be achieved through laser
texturing with haze values up to almost 40 % at 600 nm and transmittances higher than 78 %. Different patterns have
been tested with different roughness and geometries and linear pattern has proven to get the best results amongst the
tested structures, especially in the preservation of the conductivity. Laser textured samples have shown higher values of
haze and transparency than the reference TCO in a-Si:H technology Asahi-U.

Visible up-conversion emissions at 480, 520, 550 and 660 nm have been obtained for laser-annealed samples. Laser-
annealing process was able to optically activate the RE ions within the ZnO matrix and showed more up-conversion
emission peaks than the conventional thermal annealing in air as it has been demonstrated in this work. Laser-annealed
samples present more crystalline orientations of ZnO, as shown in XRD measurements. This evidence the
recrystallization of the AZO, suggesting the formation of melted material by the laser processing and subsequent rapid
cooling. This melted phase leads to the dilution in liquid phase of the Er and Yb atoms in the structure of ZnO allowing a
more effective optical activation than in the conventional annealing in air. Laser-annealed samples preserved the as-
deposited film conductivity and are transparent.
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