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A simple and general postdeposition electrode patterning technique for active 
organic electronic devices is demonstrated and is applied to patterning the 
metal cathodes of organic light-emitting devices. Selective lift-off of the metal 
cathode layer is achieved by pressing a prepatterned, metal-coated silicon 
stamp on the unpatterned device layers. Under pressure, the metal coating on 
the stamp cold-welds to the metal cathode coating the underlying organic films. 
Subsequent separation of the stamp from the substrate results in removal 
of the cathode metal in the regions contacted by the stamp, resulting in 
submicrometer feature definition. A 17x17  passive matrix display, with a 
pixel size of 440 micrometers by 320 micrometers, was fabricated with this 
process. Cold-welding followed by lift-off of the cathode metal allows 
simple, cost-effective, and high-throughput large-area fabrication of organic 
electronic devices. 

A significant limitation to the realization of 
advanced organic electronic devices is the lack 
of a simple and lowcost means for patterning 
of fragile organic thin films. The use of con- 
ventional photoresist processing used in inor- 
ganic device patterning is difficult, because 
many organic materials degrade when exposed 
to solvents or aqueous chemicals. Given the 
low electrical conductivity of most organic thii 
films, contact patterning alone is generally suf- 
ficient to define the device. Attention has, there- 
fore, been focused primarily on using shadow- 
mask techniques (I) to pattern the contact re- 
gions of the devices. Such a mask must be 
sufficiently thick to provide mechanical 
strength, thus ultimately limiting the pattern 
resolution. Several alternative patterning meth- 
ods have also been demonstrated: use of an in 
situ photoresist shadow mask (2), excimer laser 
ablation (3), ink-jet printing (4-6), photolitho- 
graphic undercut formation (7), "dry-film lift- 
off" (a), and conformal masking using elasto- 
meric membranes (9). Here, we describe a tech- 
nique for the direct micropatterning of active 
organic electronic devices by postdeposition, 
high-pressure stamping, which induces cold- 
welding between a metal coating on the stamp 
and the metal layer on the organic film, allow- 
ing removal of unwanted material. The advan- 
tages of this method are. its capabilities for 
generating device patterns on a micrometer 
scale, using a simple, rapid, and nondestructive 
process. We demonstrated the fabrication of 
small molecular weight, vacuum-deposited or- 

ganic light-emitting device (OLED) arrays with 
pattern sizes as small as 12 pm and submi- 
crometer feature resolutions. 

When two clean metal surfaces are brought 
into contact, an intimate metallic junction can 
be formed between the surfaces. When the in- 
terfacial separation of two atomically flat sur- 
faces with similar orientations becomes compa- 
rable to the bulk interatomic distance, adhesion 
between the two surfaces becomes possible, 
eliminating the original interfacial separation 
(10,ll). In practice, however, the two surfaces 
are not atomically flat and may be coated with 
adsorbed molecules of oxygen, water vapor, 
oxide films, and other contamination. Thus, to 
produce an intimate metallic bond, it is neces- 
sary to apply considerable pressure across the 
interface to overcome the effects of these sur- 
face imperfections. This method of metallic 
bond formation is known as "cold-welding" 
(12,13), a process we used to selectively lift off 
the metal cathode layers of organic optoelec- 
tronic devices. In particular, we used this tech- 
nique to fabricate a display of high-perfbr- 
mance OLEDs, although cold-welding fol- 
lowed by lift-off is sufficiently general that it 
can be used to form contacts on a broad range 
of organic devices, such as thin-film transistors 
and photovoltaic cells. 

In the patterning process (Fig. I), a prepat- 
terned, metal-coated stamp composed of a rigid 
material such as Si is pressed onto an unpat- 
temed film consisting of the organic device 
layers coated with the same metal contact layer 
as that used to coat the stamp. Typically, the 
total organic layer thickness is -100 n& with 

Center for Photonics and Optoelectronic Materials a thickness for the metal cathode. When (POEM), Department of Electrical Engineering, and 
the Princeton Materials Institute. Princeton Universi- a sufficiently high pressure is applied, an inti- 
ty, Princeton, NJ 08544, USA. mate metallic junction is formed between the 
*To whom correspondence should be addressed. E- metal layers on the stamp and the film, leading 
mail: forrest@ee.princeton.edu to a cold-welded bond (Fig. 1 A, top). To induce 

selective lift-off, additional pressure is applied 
to weaken the metal film at the edge of the 
stamp (Fig. lA, middle). This additional pres- 
sure leads to substrate deformation, which is 
expected to enhance the local weakening of the 
metal film. When the stamp and film are sepa- 
rated, the metal cathode breaks sharply, form- 
ing a well-defined patterned electrode (Fig. 1 A, 
bottom). 

To estimate the stress distribution under 
pressure and to provide a semiquantitative un- 
derstanding of the breakage process, we con- 
sider two elastic bodies in contact: the glass 
substrate and Si stamp. The presence of the 
multilayer between these two bodies, i.e. organ- 
ic, metal, and indium tin oxide (ITO) films, is 
modeled by a single effective coefficient of 
friction (p). We consider an infinitely long 
stamp with fiite width (2a) and a thick glass 
substrate. With these assumptions, we calculate 
the normal stress at the surface (u,) as a k c -  
tion of lateral position (0 < x < a) as measured 
from the center of the stamp, following the 
treatment of Spence (14). The lateral surface 
displacement of the glass material relative to 
the stamp is zero over the region 0 < x < c 
(adhesive region). For c < x < a, the finite p 
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Fig. 1. (A) Schematic illustration of the direct 
micropatterning process by cold-welding fol- 
lowed by lift-off: (top) cold-welding occurs; 
(middle) a further increase of pressure results in 
substrate deformation, inducing weakening of 
the cathode layer along the stamp edge; (bot- 
tom) upon separation, selective lift-off of the 
metal cathode is achieved. (B) Calculated nor- 
mal stress at the interface (a,) normalized to 
the applied pressure (P) as a function of dis- 
tance (x) normalized to the stamp half-width 
(a), using parameters in the text. The mesh size 
used for the calculation is 6Ia = 

www.sciencemag.org SCIENCE VOL 288 5 MAY 



allows for inward displacement of the glass 
material relative to the stamp. For Si, we use 
E = 130 GPa, G = 51 GPa, and v = 0.278 
where E, G, and v are the Young's modulus, 
shear modulus, and the Poisson ratio, respeo 
tively (15). For glass, E = 70 GPa, G = 30 
GPa, and v = 0.21 are used (16). Now, a, 
normalized to the applied pressure (P) is calcu- 
lated (Fig. 1B) as a function of the normalized 
lateral position (xla), assuming p = 0.3. We 
expect that y for our model is larger than 0.3, 
since the coefficient of friction for the Ag-Ag 
contact is -1 (12, 17). However, the normal 
stress distribution for p r 0.3 is very insensi- 
tive to p, and is essentially the same as in the 
case of fill adhesion (p  = m, C/a = 1). Figure 
1B shows a high concentration of stress near the 
periphery of the stamp. Considering the large 
applied pressures used in the experiments 
(>I00 MPa), we conclude that the cathode 
layer near the edge is expected to be substan- 
tially plastically deformed and thus weakened. 
As a result, fracture along the boundaries occurs 
upon separation of the stamp from the film 
surface. 

We applied this technique to the fabrica- 
tion of conventional small-molecule OLEDs, 
using the following procedure: Before organ- 
ic thin film and metal electrode deposition, 
a 13 mm by 13 mm by 1 mm glass substrate 
precoated with a -1500 A thick, transparent, 
conductive (20 ohms per square) IT0 anode 
was cleaned (I), followed by exposure for 2 
min in an oxygen plasma. The organic single 
heterostructure consisted of a 500 A thick hole 
transport layer of 4,4'-bis[N-(I-napthyl)-N- 
phenyl-amino] biphenyl (a-NPD), followed by 
a 500 A thick electron transport and light- 
emitting layer of tris-(8-hydroxyquinoline) alu- 
minum (Alq,). The cathode consisted of a 500 
A thick Mg:Ag alloy cathode capped with a 400 
A thick Ag layer. The stamps consisted of a Si 
wafer photolithographically patterned with 
raised areas in the shape of the regions on the 
OLED electrode that were to be removed. The 
pattern was formed by chlorine-based reactive 
ion etching or by wet etching (in 0.07:0.7:0.23 
HF:HNO,:CX&COOH) to a depth of -10 pm, 
using a SO, &k. This depth was chosen to 
prevent possible unintentional contact of the 
stamp to the cathode layer due to the deforma- 
tion of the glass substrate. The metal coating on 
the stamp, consisting of a 50 A Cr adhesion 
layer followed by a 150 A layer of Ag, was 
deposited by conventional electron-beam evap- 
oration. Immediately following organic and 
electrode deposition, the stamp was pressed 
onto the unpattemed OLEDs, using an Instron 
Dynamic Testing System (model 8501), which 
applies force through a computer-controlled ac- 
tuator. The substrate and stamp were placed on 
a cylinder-shaped platen, and compressive 
force was applied by moving the platen toward 
a fixed upper platen with the applied force 
increased linearly from zero to maximum. The 

patterning of the OLEDs was done under am- 
bient laboratory conditions; hence, neither the 
stamps nor the OLEDs were protected from 
dust, oxygen, water vapor, or other contarni- 
nants. It is anticipated that considerably lower 
pressures than those used by us can be applied 
to softer substrates or surfaces which are 
pressed immediately following deposition in a 
nonoxidizing, contamination-free environment. 

Figure 2 shows a patterned array of 230- 
pm-diameter dots and the edge of a 12-pm- 
wide stripe pattern formed at a maximum 
pressure of 290 MPa and a ramp rate of 8 
MPa/s. The pressure was released immediate- 
ly after the maximum pressure was reached. 
The yield of this patterning process is high 
(Fig. 2A), with two defects (indicated by 
arrows) resulting from corresponding fea- 
tures on the stamp. We observed that the 
organic materials were also removed in some 
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irregularly distributed areas between con- 
tacts. However, because these regions are 
between active devices, this partial removal 
should not cause a problem in device perfor- 
mance. Indeed, we subsequently exposed sam- 
ples to an oxygen plasma after lift-off was 
completed in order to remove all residual or- 
ganics between the metal, thus allowing for 
subsequent deposition and patterning. An atom- 
ic force microscope (AFM) scan across the 
metal edge (Fig. 2C) shows that the step edge 
abruptness is < 150 nm, which is probably lim- 
ited by the pattern definition of the stamp itself, 
thus setting an upper limit to the minimum 
feature size attainable with this process. 

The operating characteristics of cold-weld- 
processed, I-mm-diameter OLEDs are com- 
pared (Fig. 3) with those of similar devices 
patterned using conventional shadow-mask 
techniques. We note that both the current-volt- 
age and quantum efficiency characteristics of 
both sets of devices are identical, to within 
experimental error. These undoped Alq, emitter 
devices have an "operating voltage" at 10 mA/ 
cm2 of Go = (5.1 + O.l)V, and an external 
quantum efficiency of 0.7 + 0.1%, depending 
on the current. These results are comparable to 
those of the.best undoped Alq, devices of sim- 
ilar structure reported in the literature (18,19) 
and indicate that there is no apparent degrada- 
tion in performance incurred during the cathode 
patterning process. 

To demonstrate a practical device with a 
prepatterned (not flat) substrate, we fabricated a 
17x17 monochrome passive matrix array of 
440 pm by 320 p~ pixels with spacings of 190 
pm between rows and 80 pm between col- 
umns. First, parallel lines consisting of a 1500 
A thick layer of predeposited, clean IT0 on 
glass were patterned by a combination of con- 
ventional photolithography and wet etching to 
form the pixel rows. To prevent possible short 
circuits between the IT0 and metal layers, a 
1000 A thick SiO, layer was deposited onto the 
substrate surface by plasmaenhanced chemical 

vapor deposition, and then was patterned (Fig. 
4A, inset). Next, a a-NPD and Alq, (thickness 
of both layers: 500 A) organic heterostructure 
was deposited, followed by the 1 1 1  surface 
deposition of the Mg:Ag contact following the 
same process described above. A Si stamp with 
a parallel column line pattem was pressed onto 
the substrate with the column axis perpendicu- 
lar to the prepattemed IT0 rows (Fig. 4A). 
Figure 4B shows an intersection between the 
metal and the IT0 lines, indicated by a small 
rectangle in Fig. 4A. The patterning is well 
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Fig. 2. (A) Optical micrograph of an array of 
230-~m-diameter Mg:Ag contacts patterned by 
cold-welding followed by cathode lift-off. (B) 
Scanning electron micrograph (SEM) of the edge 
of a 12-ym-wide stripe showing a clearly defined 
nearly featureless layer pattem. (C) AFM scan 
taken perpendicular to the edge in (B). 
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defined, even over the raised surface. The metal 
has been removed on the right side of Fig. 4B. 
Both the IT0 and SiO, surfaces retain some 
residual organic material. Nevertheless, the 
stamp was equally effective in removing metal 
from the region coated by ITO, SiO,, and a 
combination of these layers because of defor- 
mation of the substrate under pressure. In Fig. 
4C, we show an array of pixels (top), as well as 

Fig. 3. Current density 
versus voltage charac- 
teristic of l-mm-diam- 
eter OLEDs patterned 
by cold-welding fol- 
lowed by cathode lift- 
off, compared to those 
prepared with conven- 
tional shadow-mask 
techniques. V,, is de- 
fined as the operating 
voltage corresponding 
to a current density of 
10 mA/cm2. (Inset) Ex- 
ternal quantum effi- 
ciency versus current 
density for the same 
devices. 

the detail of a single pixel addressed to indi- 
cate the operation of the passive matrix dis- 
play (bottom). 

The cold-weld technique has several advan- 
tages over previously reported patterning meth- 
ods. First, it is potentially cost-effective, since 
the stamps are reusable after the metal layers 
are removed by chemical dissolution. Second, 
this technique offers high throughput, since the 
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Fig. 4. (A) Detailed optical 
micrograph of the 17x17 
monochrome passive OLED 
matrix display with a pixel 
size of 440 um by 320 am. 
(Inset) A shemitic of 'the A 

entire electrode area of the circuit is patterned in 
a single step after all the layers are deposited 
(20). Indeed, because of its capability for very 
high pattern resolution, this method is especial- 
ly suited for the fabrication of micro-displays. 
Thd, roll-to-roll fabrication processes that use 
flexible plastic substrates can employ this tech- 
nique, using stamps with patterns on the outer 
surface of a cylinder. Finally, although we dem- 
onstrated the fabrication of small molecular 
weight, vacuum-deposited OLEDs, we believe 
that this technique is also applicable to polymer 
devices where in situ shadow-mask methods 
are not applicable. 

In summary, we demonstrated micropat- 
terning of organic optoelectronic devices by the 
process of cold-welding of metal cathodes fol- 
lowed by lift-off from the organic substrate. 
Patterns were obtained with feature sizes of 12 
pm and with submicrometer feature definition. 
Further, the method was employed to achieve a 
monochrome passive matrix OLED display 
with individuallv addressable ~ixels. This tech- 
nique is potentially cost-effective, offers high 
throughput, and is suited for large-area and 
roll-to-roll fabrication. 
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