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Abstract 

This study proposes the unique method to analyze the cleanliness of the fine metal mask (FMM) used in OLED display 
manufacturing after FMM cleaning process. We developed a FMM‑mimic microstructure as a substitute for the FMM, 
which can be used for the evaluation of cleaning efficiency. The FMM‑mimic microstructure was fabricated using 
a combination of photolithography, reactive ion etching, anodic bonding and sand blasting processes. To demon‑
strate the proposed cleanliness analytical method, a 1.4 μm‑thick Tris‑(8‑hydroxyquinoline) aluminum  (Alq3) film was 
deposited on the FMM‑mimic microstructure as a contaminant by vacuum thermal evaporation. The  Alq3‑deposited 
FMM‑mimic microstructure was cleaned by N‑methyl‑2‑pyrrolidone (NMP) with changing cleaning time. We analyzed 
the residual contaminants on the FMM‑mimic microstructure using a fluorescence microscope. The developed FMM‑
mimic microstructure proves very convenient for inspecting the residual contaminant inside the gap through the 
transparent glass by general optical and fluorescence microscopy.
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Introduction
In the manufacture of flat panel displays for television 
screens, cell phone displays, computer monitors, and 
so on, organic electroluminescent displays (OLEDs) 
have attracted attention due to their large angle visibil-
ity, high brightness, wide range of working temperature, 
fast response time, high contrast and vivid color com-
pared with traditional flat panel displays such as liquid 
crystal displays [1–4]. A typical OLED display structure 
consists of multi-organic layers such as an electron injec-
tion layer, an electron transport layer, a hole transport 
layer, and a hole injection layer which are sandwiched 
between a transparent indium-tin-oxide anode and 
a reflective metallic cathode. To form pixels emitting 
red(R), green(G) and blue(B) colors, pixels patterns are 
selectively deposited onto a thin film transistor (TFT) 
backplane panel with pixel bank array by evaporation 

of organic light emitting materials through a fine metal 
shadow mask (FMM) with tiny pixel-shaped apertures 
after highly precise alignment of the FMM to the TFT 
backplane [1, 3–5].

The FMM is typically fabricated by laser welding of a 
thin metal sheet onto a stainless steel frame as the sche-
matic of Fig.  1a shows. The thin metal sheet includes 
tiny openings formed by electroforming or micro photo 
etching of stainless steel or Invar (64% Fe-36% Ni alloy). 
The thin metal sheet of the FMM is only 30–200 μm [6, 
7]. Due to its limited ductility and low thickness, it is 
extremely difficult to keep the FMM aligned and attached 
to the TFT back plane with high positional accuracy, so 
the thin metal sheet needs to be stretched and supported 
by a thick metal frame using laser welding. However, due 
to the technical limitation of FMM fabrication, a gap is 
created between the thin metal sheet and the stainless 
steel frames as shown in Fig.  1b which is an enlarged 
cross-sectional view of a portion surrounded by the circle 
on line A–A′ in Fig. 1a [8, 9].

Open Access

*Correspondence:  sholee7@kitech.re.kr 
1 Korea Institute of Industrial Technology, 143 Hanggaul‑ro, Ansan‑si, 
Gyeonggi‑do 15588, Republic of Korea
Full list of author information is available at the end of the article

http://orcid.org/0000-0002-5099-8062
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40486-019-0081-x&domain=pdf


Page 2 of 7Jeong et al. Micro and Nano Syst Lett             (2019) 7:2 

When an FMM is used repeatedly during the continu-
ous manufacturing of a full color OLED, evaporated 
organic materials accumulate on the surface and interface 
of the FMM as well as inside the gap between the metal 
sheet and the stainless steel frame. The long time usage 
of the FMM causes the blocking of the tiny apertures and 
the distortion of the FMM, and eventually, the organic 
material cannot be accurately patterned to form an 
organic light emitting layer. Therefore, the FMM should 
be regularly cleaned to avoid patterning error caused by 
the accumulated materials, however, cleaning can lead to 
the damage of the FMM [5, 10, 11].

To find suitable cleaning conditions for minimizing 
FMM damage, it is important to analyze the efficiency of 
the FMM cleaning process. In general, the residual con-
taminant on the surface of an FMM can be analyzed by 
traditional analytical techniques such as VPD/ICP-MS, 
TXRF, XRF, AES, XPS and SIMS which are used to detect 
ionic and organic contamination on the wafer surfaces 
[12, 13]. The particle contamination on the surface can 
also be measured by light-scattering-based surface scan-
ners used for measuring particle in the efficiency evalua-
tion of wafer cleaning systems [12, 14, 15]. However, it is 
impossible to investigate the residual contaminant inside 
the gap between the welded thin metal sheet and the 
frame because the metal sheet is opaque and the sepa-
ration of the welded metal sheet is impossible until the 
last stage of FMM recycling. The residual contaminants 
inside the gap could take a longer time reaching the base 
vacuum pressure in the evaporation chamber for subse-
quent RGB patterning. Recently, Pyo et al. reported their 
research on chemical analysis of FMM cleaning process 

with confocal Ramen spectroscopy. They analyzed the 
cleaning solution used in FMM cleaning and made an 
analytical model to determine the concentration of resi-
due in the cleaning solution [16].

Our study was aimed to find a unique method to ana-
lyze the residual contaminants inside the gap as well as 
on the surface of an FMM. Instead of an FMM, we devel-
oped a FMM-mimic microstructure that can be used for 
the evaluation of cleaning efficiency after FMM cleaning 
process. A 1.4  μm-thick Tris-(8-hydroxyquinoline) alu-
minum  (Alq3) film was deposited on the FMM-mimic 
microstructure as a contaminant by vacuum thermal 
evaporation. We analyzed the residual contaminants 
inside the gap using an optical and fluorescence micro-
scope after the  Alq3-deposited FMM-mimic microstruc-
ture was cleaned by N-methyl-2-pyrrolidone (NMP).

Experimental methods
To fabricate the FMM-mimic microstructure, we per-
formed photolithography, reactive ion etching (RIE), 
anodic bonding and sand blasting processes. Figure  2 
shows the microfabrication process flow: a 1  μm-thick 
 SiO2 is first deposited on a silicon substrate using a 
PECVD (plasma enhanced chemical vapor deposition) 
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Fig. 1 Schematic illustration of a typical FMM fabricated by laser 
welding of a thin metal sheet onto stainless steel frame: a whole 
diagram and b cross‑sectional view of the circled part on the line 
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Fig. 2 The microfabrication process flow: a  SiO2 patterning and 
etching, b thick PR patterning, c Si reactive ion etching, d Si reactive 
ion etching after PR removal and  SiO2 removal, and e anodic bonding 
of the sand‑blasting etched glass substrate on the Si microstructure
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system (NEXSO 7000 HDPECVD, NEXSO, Korea).  SiO2 
layer is etched as a circular shape to define bonding spots 
by a RIE system (RIE 80 plus, Oxford Instruments, UK) 
after patterning of a photoresist (PR) (AZ 5214E, Micro-
Chemicals, Germany) (Fig. 2a). Then, the 15 μm-thick PR 
(AR-N 44000, Allresist, Germany) was patterned as an 
etch mask (Fig. 2b) and a 100 μm-deep rectangular cavity 
was formed by a Si deep RIE system (Rapier, SPTS, UK)
(Fig. 2c). After removal of the thick PR, a second Si deep 
RIE was carried out to form 10 μm high bonding spots, 
and the  SiO2 layer was removed by a buffered oxide etch-
ant (Fig. 2d). A glass substrate was etched by sand blast-
ing with a dry film resist etch mask (MS7100, Mitsubishi 
Paper Mills, Japan) to form an opening that matched to 
the rectangular cavity. Finally, the glass substrate with 
the rectangular opening was aligned and bonded by an 
anodic bonding system (SB6, SUSS MicroTec, Germany) 
onto the silicon substrate with the bonding spots and the 
square cavity in a wafer level (Fig. 2e). The bonded sam-
ple was diced into 30 mm × 30 mm.

To test the feasibility of the proposed cleanliness ana-
lytical method, we deposited 1.4  μm-thick  Alq3 film as 
a contaminant on the FMM-mimic microstructure by 
vacuum thermal evaporation. N-methyl-2-pyrrolidone 
(NMP) was used as a cleaning chemical and iso-propyl 
alcohol (IPA) and deionized (DI) water were used for 
rinsing after the NMP cleaning. We analyzed the residual 
contaminants with an optical and fluorescence micro-
scope after nitrogen gas drying.

The photoluminescent images of the residual emitting 
materials were recorded by an objective lens coupled 
with a homemade reflective fluorescence microscope. 
The samples were excited through an objective lens 
(Edmund optics, 5×, 0.14NA) by using collimated UV 
light emitting diodes (Thorlabs, 365  nm). The emission 
from the sample was collected by the same objective lens 
and detected by a charge-coupled device.

Results and discussion
Figure 3a shows the cross-sectional scheme of the FMM-
mimic microstructure that imitated the gap structure 
of the metal sheet-welded part of an FMM (Fig.  1b). In 
this study, to imitate the thin metal sheet with numerous 

apertures, a large rectangular opening of 13 mm × 13 mm 
was formed on the glass substrate instead of tiny aper-
tures because sand blasting cannot form tiny apertures 
less than ~ tens of micrometer on a 500  μm-thick glass 
substrate. Additionally, one large opening is a much more 
effective structure to make the evaporated  Alq3 easily 
reaches the gap through the window. 10 μm-high bond-
ing spots were designed to form 10 μm gap between the 
glass substrate and the Si substrate after the bonding pro-
cess. The spot’s diameter was 500 μm. The dimensions on 
the spot diameter and gap were determined by referring 
to previous studies [8, 9, 12].

The FMM-mimic microstructure was successfully fab-
ricated by the proposed microfabrication process as the 
designed dimensions and as a result, Fig. 3b shows a pho-
tograph of the fabricated FMM-mimic microstructure 
including a rectangular opening (center), bonding spots 
(perimeter) and support pads (corner). Figure  3c shows 
the SEM images of the top and tilt view positions at the 
corner of a square opening. We also confirmed that the 
gap was well maintained with 10  μm between the glass 
substrate and the silicon structure without sink-down 
phenomenon as shown in the SEM images of Fig. 3d. The 
main advantage of the developed FMM-mimic micro-
structure is that we could easily inspect the contaminants 
inside the gap through the transparent glass by general 
optical and fluorescence microscopy. Also, during the 
optimization of the cleaning process, we could inspect 
the residual contaminant inside the gap without breakage 
of the sample while changing cleaning conditions.

To test the feasibility of the proposed analytical method 
using the FMM-mimic microstructure after FMM clean-
ing, we deposited a 1.4-μm thick  Alq3 film on the FMM-
mimic microstructure by vacuum thermal evaporation. 
Then, the  Alq3-deposited FMM-mimic microstructure 
was cleaned by NMP solution followed by cleaning with 
iso-propyl alcohol and deionized water. Figure 4a shows 
the FMM-mimic microstructure after  Alq3 film deposi-
tion and Arabic numbers (1, 2, 3) indicate observation 
regions after NMP cleaning. Figure  4b shows the SEM 
images of the gap corresponding to view positions A and 
B in Fig. 3d after  Alq3 film deposition.  Alq3 was deposited 
the entrance of the gap, so the gap distance decreased 

(See figure on next page.)
Fig. 4 Feasibility test of the cleanliness analytical method: a picture of FMM‑mimic microstructure after  Alq3 film deposition, b SEM images of the 
gap after  Alq3 film deposition (before cleaning) and c–e fluorescence microscopic images at the inspection regions (1, 2, 3) for cleaning time (Arabic 
numbers indicated the inspection regions, respectively)

Fig. 3 Microfabrication results: a cross‑sectional scheme of the FMM‑mimic microstructure, b picture of the fabricated FMM‑mimic microstructure, 
c SEM images of the top and tilt view position at the corner of a rectangular opening, and d SEM images of the gap between a Si substrate and a 
glass substrate

(See figure on previous page.)
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from 10 to ~ 8  μm. To analyze the degree of clean-
ing of the FMM-mimic microstructure, we monitored 
 Alg3-coated samples (Fig. 4a) by our homemade fluores-
cence microscope regarding cleaning time. Figure  4c–e 
shows green-colored images clearly in all areas indicat-
ing a uniformly deposited  Alq3 thin layer on the FMM-
mimic substrate before NMP solvent cleaning (0 s). After 
dipping the sample in the NMP solvent for 60  s, the 
thin layer of light-emitting material was almost washed, 
whereas residual aggregates of  Alq3 were still observed. 
Meanwhile, the relatively bright green-light emission is 
detected on the edge line of the sand blasted surface in 
the upper glass substrate as shown in Fig.  4d. This can 
be explained in that the  Alq3 molecules are bound to the 
surface more tightly due to the considerable roughness 
of the edge surface. Moreover, after NMP solvent clean-
ing for 60 s, Fig. 4e shows a circular string of green-light 
emission. It is conjectured that the dissolved  Alq3 in 
NMP flowed into the gap (Fig.  3d) during the cleaning 
process and seemed to be trapped around the gap spacer 
(circular bonding spot) because of high surface tension. 
With further dipping in NMP solvent for 120 s, the light 
intensity of the green-visible emission decreased, result-
ing in a lower amount of  Alq3 residuals.

Conclusions
This study successfully demonstrated the FMM-mimic 
microstructure based analysis method to evaluate the 
cleanliness of an FMM after the wet cleaning process 
used in OLED manufacturing. The FMM-mimic micro-
structure was developed using a micromachining pro-
cess, which included photolithography, RIE, anodic 
bonding and sand blasting processes. To mimic the 
FMM corner portion, the FMM mimic microstructure 
was designed to include a rectangular opening, bond-
ing spots, and support pads, and a gap of a 10  μm was 
formed between the glass substrate and the silicon struc-
ture. For the feasibility test of the proposed cleanliness 
analysis method, a 1.4 μm-thick  Alq3 film was deposited 
on the FMM-mimic microstructure as a contaminant. 
With varying NMP cleaning time, we effectively analyzed 
the residual contaminants inside the gap as well as the 
surface of the FMM-mimic microstructures by the fluo-
rescence microscope. The FMM-mimic microstructure 
is particularly to monitor the  Alq3 contaminant trapped 
around the bonding spots, which was the main research 
objective to be solved in this study.
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