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“Layer-Filter Threshold” Technique for Near-Infrared Laser
Ablation in Organic Semiconductor Device Processing

Feng Ye, Zhaobin Chen, Xiaoli Zhao, Jiayue Chen, and Xiaoniu Yang*

Although conventional laser ablation (CLA) method has widely been used

in patterning of organic semiconductor thin films, its quality control still
remains unsatisfied due to the ambiguous photochemical and photothermal
processes. Based on industrial available near-infrared laser source, herein, a
novel “layer-filter threshold” (LFT) technique is proposed, which involves the
decomposition of targeted “layer-filter” and subsequent explosive evapora-
tion process to purge away the upper layers instead of layer-by-layer ablation.
For photovoltaic device with structure of metal/blend/PEDOT:PSS/ITO/glass,
the PEDOT:PSS layer as the “layer-filter” is first demonstrated to be effective,

reduction.'” In the large-scale produc-

tion of organic electronic devices, an
efficient patterning method with satisfac-
tory precision is critical to a controllable
material consumption and the improve-
ment in device performance.®' So far,
the techniques for creating patterned
films such as inkjet, screen, flexography,
and gravure printing have been proved
to possess broad application for their
high throughput and roll-to-roll compat-

and then the merged P1-P2 line and metal electrode layer are readily pat-
terned through the “self-aligned” effect and regulation of ablation direction,
respectively. The correlation between laser fluence and explosive ablation
efficacy is also investigated. Finally, photovoltaic modules based on classical
P3HT:PC4,BM and low-bandgap PBDT-TFQ:PC;,BM systems are separately
fabricated following the LFT technique. It is found that over 90% of geometric
fill factor is achieved while device performances maintain in a limited change
with increased number of series cells. In comparison to conventional laser
ablation methods, the LFT technique does not require sophisticated instru-
ments but reaches comparable processing accuracy, which shows promising
potential in the fabrication and commercialization of organic semiconductor

thin-film devices.

1. Introduction

Organic semiconductors have been seen as potential alterna-
tives to the traditional inorganic materials due to their flex-
ibility and solution-processed compatibility, and thus provide
the room for application diversification and processing cost
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ibility.'214 While the laser ablation tech-
nique as a postpatterning method for the
fully coated films provides another possi-
bility for the mass production of patterned
organic multilayers and gets point for its
high potential in miniaturization.!>-7]

In the fabrication of multilayer thin
film devices, the challenge vital to the
refinement of the structure is to achieve
the complete removal of specific layers
in a certain microregion pattern while
avoiding damage to adjacent layers. Con-
ventional laser ablation (CLA) method is
based on the photochemical and photo-
thermal mechanisms.’81% In order to
achieve the controllable ablation depth and
also to eliminate the attendant carbonation
raised bulges caused by the irradiation damage of the materials,
ultrafast laser ablation with pulse duration of femtosecond or
picosecond is commonly preferred for its highly concentrated
energy and the inhibitory of thermal diffusion process.[2%-21
However, for CLA method, which involves the layer-by-layer
ablation from the top to the bottom of the multilayer structure,
a fine adjustment of the laser instrument is needed, and most
important, in common cases, only one instrument may not
satisfy the requirements, due to the differentiated sensitivity
of materials with various layer sequence and film thickness.[?!
These disadvantages limit the application of the laser ablation
in organic multilayer devices.

In addition to the pulse duration, it is well known that the
ablation is also influenced by the laser wavelength and the flu-
ence.2324 As a practical case, in the study on large area polymer
solar cell (PSC) module devices of this group, it is found that
the layers made of different materials show different sensitivity
to the laser wavelength and the energy-related parameters.
Through ablating the particular interlayer by laser irradiation,
one could realize the complete removal of the cover layers
under the confined explosive evaporation, without imparting
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the effects on adjacent bottom layers. This provides us with a
smart chance to develop a new patterning method for multi-
layer devices.

In this study, a novel strategy, here we called “layer-filter
threshold” (LFT) technique, is developed. The rationale of
the LFT method is first demonstrated, and then used to fab-
ricate the photovoltaic module device based on poly(3-hex-
ylthiophene) (P3HT) and [6,6]-phenyl-Cg;-butyric acid methyl
ester (PCq;BM) blend film with the layer sequence of Al/Ca/
blend/PEDOT:PSS/ITO/glass. For the near-infrared (NIR) laser
instrument with 1064 nm of wavelength, the PEDOT:PSS layer
could serve as the “layer-filter”, the confined pressure environ-
ment is then constructed under irradiation, which is sufficient
to initiate the explosive evaporation process and therefore real-
izes the complete removal of the cover layers (active layer, top
electrode layer). The LFT technique is further verified to be
applicable for the low-bandgap material system of poly{4,8-
bis(2’-ethylhexyloxy)-benzo[1,2-b:4,5-b’]-dithiophene-alt-[5,8-
bis(5’-thiophen-2’-yl)-6,7-difluoro-2,3-bis-(3”-hexyloxyphenyl)-
quinoxaline]} (PBDT-TFQ): [6,6]-phenyl-C;;-butyric acid methyl
ester (PC;BM).

2. Results and Discussion

2.1. LFT Technique

According to the LFT technique, instead of vaporizing the
target materials layer by layer with split-second highly focused
energy, a confined pressure environment is constructed in the
built-in “layer-filter” by irradiation. This pressure is sufficient to
initiate the explosive evaporation process and thus purge away
the layers covered on the top of the “layer-filter”.
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The first important point for LFT technique is the identifica-
tion of the “layer-filter,” which is expected to be the most sensi-
tive layer to irradiation heating and thus could initiate the split
of the cover layers through underlying explosive evaporation
process. The thermogravimetric analysis (TGA) curves shown
in Figure 1a reveals that the decomposition temperature for
5% weight loss is 250 °C for PEDOT:PSS, which is much lower
than that for P3HT (447 °C) and PCsBM (417 °C). In other
words, the PEDOT:PSS layer in multilayer structure is appro-
priate to serve as the “layer-filter” for LFT technique.

As mentioned above, different materials possess different
resistance to the laser ablation under certain conditions. In
order to achieve the targeted vaporization of PEDOT:PSS “layer-
filter”, a specific wavelength must be selected so that the hier-
archical differentiated photothermal conversion could proceed
in the multilayer structure without any significant thermal
impact on the other layers. Figure 1b shows the UV-vis absorp-
tion spectra of PEDOT:PSS, P3HT:PC4,BM, and ITO, which are
normalized by the film thickness and show that the absorbance
of PEDOT:PSS film is roughly an order of magnitude higher
than that of P3HT:PC4BM and ITO around the 1000 nm of
wavelength. In other words, the laser with the wavelength in
this range almost does not bring the photothermal effect on
P3HT:PC¢BM and ITO. Therefore, 1064 nm wavelength in
the NIR region is selected in this study due to its wide indus-
trial availability. It is noteworthy that this is different from pre-
vious works, in which 520 nm wavelength in visible region was
reported for organic layer ablation!'>1¢252¢ while the 1064 nm
was not recommended due to the elusive process window for
clear ablation and the terrible edge bulge of up to hundreds of
nanometers.[?”?8l The reason for this departure is mainly due
to the different ablation mechanisms between the conventional
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Figure 1. a) TGA thermograms of PEDOT:PSS, P3HT, and PCqBM. b) Film absorption spectra of PEDOT:PSS, P3HT:PC¢,BM blend, and ITO. Blue
vertical line indicates the position of 1064 nm wavelength. c) Demo scheme of LFT process. d) OM image of the mesh pattern processed by LFT
technique. Square light regions: bare glass, pink lines: the blend on glass only.
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vaporization methods and the LFT technique, which will be dis-
cussed below.

For LFT technique in this study, the PEDOT:PSS film is
selected as the “layer-filter”, i.e., the energy absorption and
thermal decomposition are deliberately designed to occur only
within this layer under the irradiation of the laser with 1064 nm
wavelength. A confined pressure is thus constructed and the
subsequent explosion effect is sufficient to purge away the
upper layers. To demonstrate this strategy, a multilayer struc-
ture with P3HT:PC¢;BM/PEDOT:PSS/glass is first designed,
in which the P3HT:PC;BM blend film was spin-coated on
PEDOT:PSS layer with prescratched mesh pattern (Figure 1c).
If this strategy is feasible, the regions covered with both
PEDOT:PSS and P3HT:PC4;BM blend film should be removed
under the NIR laser irradiation, while the P3HT:PC4BM
blend film contacting directly to the glass substrate would still
remain. Figure 1d shows the optical microscopy (OM) picture
of this structure after LFT ablation, which coincides well with
our expectation. When irradiated by the NIR laser in a fully
scanning coverage way with the laser fluence of 1.00 ] cm™, all
the film was cleared away with satisfactory resolution except the
part in the scratched area thus forming the mesh pattern.

In addition, the different effect of the structure with and
without PEDOT:PSS layer on the laser irradiation gives us a
hint that if the pattern on the PEDOT:PSS layer is precisely pre-
designed according to requirements, one does not need to take
the laser beam position into consideration for the subsequent
LFT ablation. In other words, what you need to do is to irra-
diate the surface in a wide coverage, then the aimed pattern will
be obtained by the “self-aligned” effect of the LFT technique.
This effect is of great importance for the merged P1-P2 line
processing (P1 line for the separation of bottom electrodes and
P2 line for the exposure of the bottom electrode surface for its
contact with the adjacent top electrode as a series connection),
which will be discussed in details in the following section.

2.2. Determination of Laser Fluence in LFT Technique and Its
Effect on Merged P1-P2 Line Design

As discussed above, the LFT technique is applicable for the fab-
rication of organic photovoltaic module devices from the view-
point of the rationale. However, during the real operation, the
process window related to the laser energy still needs to be finely
adjusted to ensure that the PEDOT:PSS “filter-layer” is just
completely ablated while the underlying layer is not affected.
Therefore, the effect of the laser irradiation with the fluencies
of 0.28-2.21 ] cm™ was investigated on the multilayer struc-
ture with the stacking sequence of P3HT:PC4;BM/PEDOT:PSS/
ITO on glass substrate. Figure 2a shows the OM picture of
the irradiated surface, in which the horizontal groove is only
P3HT:PC4BM on glass, and the corresponding surface profile
is given in Figure 2b.

From Figure 2a, it can be seen that when the surface of the
multilayer structure is irradiated with 2.21 ] cm™ of laser flu-
ence, the PEDOT:PSS and P3HT:PCy;BM layers are completely
removed (Figure 2a;). However, because 2.21 J/cm? is much
higher than 1.10 ] cm™2, which is the ablation threshold for the
bared ITO layer under the experimental condition (Table S1,
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Figure 2. a) OM image of the surface of blend/PEDOT:PSS/ITO/glass
structure irradiated with laser fluences of a;) 2.21 ) cm™2, a,) 1.00 ) cm™,
a3) 0.53 ) cm™2, and a,) 0.28 ) cm™2. The horizontal groove is P3HT:PC¢BM
blend film on glass substrate. b) The corresponding surface profile.

Supporting Information), the overflow of the fluence inevitably
damages the bottom ITO layer and remains the ring-like spot
with diameter of 53 pm along the scanning channel on the
glass substrate. The ring-like spot is suggested to be resulted
from the Gaussian effect of the NIR laser beam, for which the
energy decreases from the centre to the edge of the laser beam.
The profile shown in Figure 2b gives the depths of 130 and
150 nm corresponding to the different scanning channels,
which are in good agreement with the thicknesses of organic
(PEDOT:PSS and blend) and ITO layers, respectively.

When the laser fluence decreases to 1.00 ] cm™?, it is found
that the PEDOT:PSS layer together with top blend layer is com-
pletely removed while no damaged traces are observed on the
bottom ITO layer (Figure 2a,), which is also demonstrated by
130 nm of the depth shown in Figure 2b. For LFT technique, it
is mentioned that the removal of the blend layer is reached by
the explosive evaporation, which is initiated by the decomposi-
tion of the “layer-filter”. This unique advantage avoids the utili-
zation of high laser fluence and thus eliminates the occurrence
of the edge bulge caused by the material carbonation. As shown
in Figure 2, the smooth edge of the channel and instant change
in the depth from the top surface to the ITO layer without fluc-
tuation are obtained, which are especially beneficial for the pre-
cise design and control in the fabrication of the module device.

If the laser fluence further decreases to 0.53 ] cm™,
the decomposition of PEDOT:PSS layer could also take place.
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Figure 3. a) OM image of P1 line. b) The merged P1-P2 line design through LFT technique. The insets are the schematic illustrations of the film
stacking order including the active material blend (B), PEDOT:PSS (P), ITO (1), and glass substrate (G).

However, the low fluence only initiates partial evaporation of
the layer, which could not establish the effective confined pres-
sure to purge away the blend film, thus the irregular film debris
are still loosely attached to the irradiated surface (Figure 2a;).
Much lower laser fluence of 0.28 ] cm™ is also examined, and
it is found that this dose does not bring any effects on the sur-
face of the multilayer structure, but do degrade the blend film
to some extent, as indicated by the regions with light colour
shown in Figure 2a,.

Again, the horizontal groove shown in Figure 2a, which is
only the P3HT:PC4;BM blend film on glass substrate, does not
exhibit any changes before and after irradiation, irrespective of
the laser fluence ranging from 0.28 to 2.21 ] cm™.

As demonstrated above, when the laser irradiation acts on
surface, the multilayer structure with and without PEDOT:PSS
layer-filter shows different ablation effects. As an inspired
consequent, this “self-aligned” effect of the LFT technique
is favorable for the merged P1-P2 line processing to erase
the spacing between traditional P1 line and P2 line. Figure 3
shows the pristine P1 line and the merged P1-P2 line after
irradiation with 1.00 ] cm™ of laser fluence (irradiation center
along the boundary line), from which it can be seen that the
width of P1 line keeps unchanged while the P2 line is ablated
to 35 pm of width. It could be imagined that as the degree of
the overlapping between the irradiation area and the P1 line

varies, the width of P2 line is adjustable. As shown in Figure S1
(Supporting Information), the widths of the P2 lines with 55
and 85 pm are achieved for lower and no overlapping degree,
respectively. Therefore, the merged P1-P2 line design through
the “self-aligned” ablation method clearly provide us with the
flexibility in the trade-off between contact resistance and P2
line width, especially for the large area photovoltaic devices
which require more elaborate designs to reduce the Joule heat
loss at the connection portion between the single cells.

2.3. LFT Technique for Top Electrode Split

In CLA method, compared to polymer materials, much higher
fluence or rigorous process window must be reached for the
ablation of the top electrode, due to high boiling point of
the metal and the reflectivity of the mirror surface in some
cases.[?32] For LFT technique, the removal of the metal elec-
trode layer could also be readily implemented (Figure 4), but
in contrast, only much lower fluence threshold is required
through the smart regulation of the processing direction from
the top to the bottom.

Figure 4a shows the surface of the stacking Al/Ca/
blend/PEDOT:PSS/ITO/glass  structure irradiated from
the top according to CLA method. Since the metal electrode

Figure 4. OM images of ablated electrode/blend/PEDOT:PSS/ITO/glass structure. a) Top irradiation with fluence of 1.18 | cm=2 (CLA method).

b) Bottom irradiation with fluence of 0.28 | cm2 (LFT technique).
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possesses high boiling point and reflectivity, much higher
laser fluence (1.18 ] cm™) is needed for the complete separa-
tion of the electrode layer, which is higher than that for the P2
step in LFT technique (1.00 ] cm™2). From Figure 4a, it can be
seen that although the conventional method could achieve the
electrode ablation together with the removal of the blend and
PEDOT:PSS sublayers, the traces of the remained electrode and
the damaged ITO layer are clearly observed, and the scanning
area without covered electrode layer broadens obviously. These
could be ascribed to the incontinuous adjustment of the laser
fluence during the processing, and in some cases, the fixed
laser fluence is overflow due to the different sensitivity of the
materials.

For LFT technique, however, to avoid the influence of the
top electrode layer, the irradiation direction is smartly changed
from the top to the bottom, i.e., laser irradiation from the
bottom of the structure. As a consequence, much lower laser
fluence (only 0.28 ] cm™) is required due to the existence of
the PEDOT:PSS “layer-filter”. Figure 4b shows the OM image
of the irradiated surface, from which it can be seen that the top
electrode layer is completely removed. An interesting finding
is that under this irradiation condition, the bare blend film
without covered electrode layer is not removed away, and the
scanning area with obvious damaged spots narrows to the width
of =30 pm. This is the strong evidence of the LFT technique. In
other words, the PEDOT:PSS “layer-filter” do decompose under
the laser irradiation with 0.28 ] cm? of fluence. The vaporiza-
tion of the layer establishes a confined pressure, which subse-
quently exerts the explosion effect on the top layers. The layer
consisting of electrode and blend is easily purged away by the
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explosion due to its rigid and fragile feature. While for the bare
blend layer, because of its relatively high flexibility, the explo-
sion process is not sufficient to completely remove the layer,
which only results in damaged spots on the loosely attached
film. Beside the “layer-filter”, it should be mentioned that the
much lower laser fluence for this step might also be related
to the mirror reflectivity of the smooth metal electrode layer,
which could accelerate the light absorption of the “layer-filter”.

The presence of the PEDOT:PSS “layer-filter” is extremely
important for the LFT technique. This could be seen from
Figure S2 (Supporting Information), in which the multilayered
structure with the stacking sequence of Al/Ca/P3HT:PCyBM/
ITO/glass was irradiated from bottom with the laser fluen-
cies of 0.28 and 1.18 ] cm™2, respectively. The absence of
the PEDOT:PSS “layer-filter” made the processing switched
from the LFT technique to the conventional method. Conse-
quently, the lower irradiation results in nothing but only few
cracks on the surface (Figure S2a, Supporting Information),
while the higher one leads to the irregular patterns formed
by peeling the layers off the surface (Figure S2b, Supporting
Information).

The advantages of the LFT technique over the CLA method
for the electrode layer ablation are further clearly demon-
strated by OM observation and surface profile measurement,
as presented in Figure 5. After irradiation with 1.18 ] cm™ of
laser fluence from top, the surface of the multilayer structure
shows a thread of solid spots on the irradiated channel. This
is caused by the Gaussian effect of the laser beam, which is
also responsible for the =50 pm wide channel (smaller than
=75 pm of the beam diameter), indicating the low efficiency
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Figure 5. OM images and corresponding surface profiles of ablated electrode/blend/PEDOT:PSS/ITO/glass structure. a,c) Top irradiation with fluence
of 1.18 ) cm2 (CLA method); b,d) bottom irradiation with fluence of 0.28 ] cm=2 (LFT technique).
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of energy utilization for CLA method. Figure 5a also shows
the traces of the remaining electrode layer in the irradiated
channel, which greatly increase the short-circuit risk of the
device. In addition, the profile shown in Figure 5c¢ manifests
the peaks high up to =400 nm at the edge and the channel
deep to only around 220 nm (260 nm if totally removed),
revealing the low quality of the conventional ablation method
in this study.

Totally different topography is obtained for the LFT tech-
nique with 0.28 ] cm™ of laser influence. From Figure 5b,d,
it can be seen that the back irradiation forms uniform irradi-
ated channel with around 60 pm of width and 260 nm of depth,
which indicates the high efficiency of energy utilization and the
complete removal of the PEDOT:PSS/blend/electrode layer. The
explosive evaporation of the “layer-filter” under irradiation also
results in smooth edges of the channel in terms of decreasing
thermal damage.

2.4. LFT Technique for Photovoltaic Module Fabrication
and Device Characteristics

Based on the step-by-step elucidation of the LFT technique, the
photovoltaic modules with the cells in series with the normal
layer sequence of Al/Ca/P3HT:PC¢BM/PEDOT:PSS/ITO as
shown in Figure 6a are fabricated. Taking into account that ITO
layer can be ablated with the 1064 nm wavelength NIR laser
to satisfactory quality (P1 Step), all the pattern processes are
achieved through the NIR laser with a single wavelength of
1064 nm as illustrated in Figure 6b—d. First, the PEDOT:PSS
spin-coated ITO layer is ablated with fluence of 2.54 ] cm™
to separate the bottom electrodes of the adjacent single cells
(Figure 6b, CLA method). Then P2 Step proceeds from the top
irradiation with the fluence of 1.00 ] cm~2 (Figure 6¢, LFT tech-
nique). Finally, back irradiation with the fluence of 0.28 ] cm™2
for P3 step is carried out (Figure 6d, LFT technique). Following
the above procedure, the module device with five cells in series,
in which the active area of 4 mm x 24 mm for single cell is con-
nected with the dead area of 0.3 mm X 24 mm, is obtained, as
shown in Figure 6e. The total active area of the module device
is 4.8 cm?, and its geometric fill factor (GFF) is calculated to
be higher than 90%, which implies that the LFT technique
shows a plenty of room for further improving the device GFF
by increasing the width of the single cell to around 1.0-1.1 cm,
which has been well recognized to be the optimum size for the
module devices.*?]

It is worth to note that although the laser fluences used
in the device fabrication are fixed for P1, P2, and P3 steps in
this study; in fact, a range of the fluence could be applied. For
example, the fluences for PEDOT:PSS “layer-filter” in the P2
and P3 steps could be in the range of 0.75-1.10 ] cm™ and
0.25-1.10 J cm™2, respectively (Table S1, Supporting Informa-
tion), indicating the wide process window of the LFT technique.

Figure 7 and Table 1 show the current density—voltage (J-V)
characteristics and corresponding values of the module device
shown in Figure 6e, respectively. These parameters indicate
that the open-circuit voltage (V,,) strictly follows a linear growth
(+2.1%) while the total short-circuit current (Iy) is almost
unchanged (+3.8%) with increasing the cell numbers in series.
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Combining with the steady variation (+2.8%) in fill factor (FF),
the power conversion efficiency (PCE) of the module devices is
consequently slightly decreased from 2.81% for single cell to
2.58% for five-cell series module device. In comparison to con-
ventional infrared laser ablation methods, the precise quality
and the processing stability obtained in this study by LFT tech-
nique, are first reported to reach so high level, to the best of
our knowledge, which is even equivalent to that obtained by the
ultrafast CLA methods with pulse duration of femtosecond or
picosecond.['>16:25:34

2.5. Applicability of the LFT Technique

Based on the rationale, as long as the materials that used in
the organic photovoltaic devices possess different sensitivity to
the 1064 nm wavelength, the LFT technique could be applied.
Considering that the conjugated polymers for solar cells gen-
erally possess an optical absorption edge below 1000 nm,-37]
the module device based on low-bandgap polymer blend film
is expected to could also be fabricated by the LFT technique.
Here, the typical low-bandgap polymer, PBDT-TFQ, is selected.
The absorption and thermal properties of PBDT-TFQ:PC;;BM
blend films are given in Figure S3 (Supporting Information),
and the effect of the LFT technique on the device fabrication
is exemplified by P3 step shown in Figure S4 (Supporting
Information).

Following the same procedure (Figure 6) and the parameters
listed in Table S1 (Supporting Information), the module
device with the same size based on the stack structure of Al/
Ca/PBDT-TFQ:PC;;BM/PEDOT:PSS/ITO is fabricated. The
picture and characteristics of the device are shown in Figure 8
(detailed values are given in Table S2 in the Supporting Infor-
mation). Similarly, the linear growth in V. (£2.4%) together
with the stabilities in I (+8%) and FF(+0.7%) maintains
the PCE at 4.27% for five-cell series module device (4.78%
for single cell), which indicates the compatibility of the LFT
technique for the low-bandgap material systems. It is note-
worthy that both the PBDT-TFQ:PC;,BM based and the
P3HT:PC4BM based devices are fabricated with exactly the
same set of ablation parameters, which implies the possi-
bility of sharing parameters for different blend systems with
the same “layer-filter” selected. In view of the dominance
of the “layer-filter” in determining the processing window,
the LFT technique would be easily performed as a general
methodology.

3. Conclusion

In summary, a novel strategy, which is based on 1064 nm
wavelength of the NIR laser and named as LFT technique,
is developed and demonstrated in this study for the pat-
terning processing of multilayer organic semiconductor
devices. For the typical stack structure in PSCs as metal/
blend/PEDOT:PSS/ITO/glass, with this new technique, the
PEDOT:PSS serves as the “layer-filter”, whose decomposi-
tion under irradiation constructs a confined pressure and
thus purges away the upper layers by subsequent explosive

Adv. Funct. Mater. 2015, 25, 44534461
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Figure 6. a) Schematic illustration of the device configuration and b—d) LFT procedures for photovoltaic module fabrication. ) The photographic image
of a sample module device based on P3HT:PC¢;BM through the LFT method.

evaporation effect. This unique principle involves only low
energy threshold, and the “self-aligned” feature through a pat-
terned “layer-filter” has been demonstrated, with which the
merged P1-P2 line design is realized for a further reduction
of the dead areas. The patterning of the metal electrode layer
could also be readily achieved by changing the processing
direction. Module devices based on the classical P3HT:PC¢BM
system and the low-bandgap PBDT-TFQ:PC;BM system with
4.8 cm? of total active area, in which five single cells with indi-
vidual active area of 4 mm X 24 mm are connected with the
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dead area of 0.3 mm x 24 mm, are successively fabricated
by LFT technique. It is found that this new technique shows
excellent processing accuracy and over 90% of GFF is reached,
which is accompanied by the stable device performance (PCE,
I, V,o, and FF) with the increased number of cells in series. In
comparison to CLA methods, the LFT technique proposed in
this study uses the industry available laser sources and reaches
the comparable processing precision, which is proved to be a
promising way in the manufacture of organic semiconductor
devices.
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Figure 7. a) J-V characteristics of LFT technique fabricated module
device based on P3HT:PC4BM blend film. The inset is the J-V character
measured under dark condition. b) Variations in short circuit current (/)
and open circuit voltage (V,.) with the number of the cells in series of the
modules based on P3HT:PC4,BM blend film.

4. Experimental Section

Materials: P3HT (M, = 47 kg mol™', PDI = 1.72) and PBDT-TFQ (M, =
35 kg mol™!, PDI = 2.0) were synthesized according to the previous
literatures.83%  O-dichlorobenzene (ODCB, anhydrous, 99%) and
poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS)
Al4083 were purchased from Sigma-Aldrich and H.C. Starck GmbH,

Table 1. Photovoltaic properties of the P3HT:PC¢;BM module device.

Numbers of Voe Jse FF PCE R
cells in series I\ [mA cm™] [%] [%] [Q cm™)
1 0.57 7.80 63.10 2.81 10.10

2 1.13 3.84 62.03 2.68 9.89

3 1.68 2.55 61.36 2.63 10.15

4 2.24 1.93 61.64 2.66 10.55

5 2.79 1.50 61.79 2.58 10.67

Series resistances (R,) were obtained from the J-V characteristics under dark
condition.
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Figure 8. a) J-V characteristics of the module device based on PBDT-
TFQ:PC;BM, the inset is the -V character measured under dark condi-
tion. b) Variations in short circuit current (Js.) and open circuit voltage
(Voo) with the number of the cells in series of the modules based on
PBDT-TFQ:PC;,BM blend film, inset is picture of the module device.

respectively. PCg;BM (99.5%) and PC;;BM (99.0%) were obtained from
American Dye Source Inc. All these materials were used as received.

Laser Pattern Processing: For the laser ablation steps, a EP30-1
diode-end-pumped Nd:YVO4 laser (Changchun New Industries
Optoelectronics Technology Co. Ltd.) was used, operating at 1064 nm of
wavelength, 20 kHz of pulse repetition rate, and 8 ns of pulse duration
(full width at half maximum). All the ablation steps were achieved
with spot overlap of 50% with scanning speed of 500 mm s7', and the
different input currents from the power module were adjusted to achieve
corresponding laser fluences for different steps.

Fabrication of Photovoltaic Modules: Indium tin oxide (ITO)-coated
glass with sheet resistance of 10 Q square™ was cleaned in ultrasonic
bath with deionized water, acetone, and isopropanol alcohol for 20 min
each and dried in a flow of nitrogen. The precleaned substrates were
treated in UV-ozone for 20 min after which a 30 nm thick PEDOT:PSS
layer was spin-coated followed by a 20 min baking treatment at 150 °C
in atmosphere. Then the P1 line was ablated with laser fluence of
2.54 ] cm2 to form a unified pattern for both the PEDOT:PSS layer and
ITO layer (P1 step). After that, a 100 nm thick P3HT:PCs;BM (1:1, w/w)
blend layer or 90 nm thick PBDT-TFQ:PC;;BM (1:1, w/w) blend layer
was spin-casted followed by a 10 min annealing treatment at 150 °C
in glovebox. Then the organic layers were ablated by partially overlap
method along the edge of P1 line with laser fluence of 1.00 ] cm™ to
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maintain the merged P1-P2 line (P2 step). The top electrode was
prepared with a 30 nm thick calcium layer followed by a 100 nm
aluminum electrode layer deposited under vacuum of ca. 5 x 107 Pa
and was separated using the back incident method under the fluence of
0.28 ) cm™ (P3 step) to complete the series structure of the modules.
Detailed parameters of LFT technique used in the device fabrication
were given in Table S1 (Supporting Information).

Characterization: Thermogravimetric analysis was carried out by TGA
(Mettler-Toledo TGA/DSC 1) instrument in nitrogen atmosphere with a
heating rate of 10 K min~'. UV-vis—NIR absorption spectra were recorded
on a Lambda 750 spectrometer (Perkin-Elmer, Wellesley, MA). OM
images were taken with a Carl Zeiss Alm microscope. Film thicknesses
were acquired by a KLA-Tencor D-100 surface profiler. Laser intensity
was measured with LP-3C power meter (Physcience Opto-Electronics,
Beijing). J-V characteristic measurements were performed in nitrogen
atmosphere using a computer-controlled source-measure-unit (Keithley
2400) in the glovebox in the dark and under illumination with AM1.5G
simulated solar light at intensity of 100 mW cm™2 generated from a 300 W
xenon light source (XES-70S1, San-Ei Electric Co. Ltd., Osaka, Japan).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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