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Abstract: Close-space sublimation (CSS) has been demonstrated as an alternative vacuum deposition technique for fabricating
organic light-emitting diodes (OLEDs). CSS utilizes a planar donor plate pre-coated with organic thin films as an area source to
rapidly transfer the donor film to a device substrate at temperatures below 200 °C. CSS is also conformal and capable of deposit-
ing on odd-shaped substrates using flexible donor media. The evaporation behaviors of organic donor films under CSS were
fully characterized using model OLED materials and CSS-deposited films exhibited comparable device performances in an
OLED stack to films deposited by conventional point sources. The low temperature and conformal nature of CSS, along with its

high material utilization and short process time, make it a promising method for fabricating flexible OLED displays.
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1. Introduction

Organic light-emitting diode (OLED) displays are cur-
rently primarily fabricated by line-of-sight vacuum thermal
evaporation (VTE), along with a fine metal mask (FMM) for pat-
terning RGB subpixels side-by-side. Despite being widely uti-
lized by OLED panel makers, the VTE process remains a high-
cost production. The VTE sources used in the industry, such
as point and linear sources, are typically operated at tempera-
tures higher than 300 °C and need to be placed away from
the device substrate to ensure uniformity over large areas,
and reduce thermal stress on the substrate and FMM, lead-
ing to low material utilization and long deposition time. With
the increase in substrate size in mass production, it is impera-
tive to develop alternative cost-effective deposition methods
for OLED manufacturing.

Among the numerous approaches that have been pro-
posed to resolve VTE's drawbacks, close-space sublimation
(CSS), which uses a planar donor plate pre-coated with materi-
als as area evaporation sources, offers a promising and practi-
cal method for OLED fabrication. Like VTE, CSS is a physical
vapor deposition method that operates in a vacuum, which is
free of problems associated with solvents in solution pro-
cesses such as inkjet printing. Unlike conventional VTE pro-
cesses, CSS has a donor plate that is placed in proximity to
the substrate, usually by only a few millimeters to close con-
tact. This close-space configuration makes CSS a conformal
deposition process with an extremely high material utiliza-
tion rate and less shadowing effect when used with shadow
masksl'-4, Several variants of CSS, such as laser-induced ther-
mal imaging (LITI)>-7 and radiation-induced sublimation trans-
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fer (RIST)[8-111 have been studied as alternative methods for
producing OLED displays on large substrates. However, these
approaches were more focused on the pattern-wise deposi-
tion of color pixels that require the donor to be in direct con-
tact with the substrate, causing difficulties in their manufac-
ture and eventual abandonment. In addition, they did not capi-
talize on another major advantage of CSS, which is the
reduced evaporation temperature of donor films compared
to bulk materials. In our previous work, we preliminarily show-
cased the utility of CSS and applied it in depositing the emit-
ting layer of OLEDs without host-dopant segregations [12-16],

In this work, we investigated the process characteristics,
evaporation behaviors of archetypical OLED materials in CSS,
and the properties of CSS-deposited films in detail, and demon-
strated CSS as a general conformal deposition process for pro-
ducing OLED devices at low temperatures. Two heating mecha-
nisms, Joule heating and radiation heating, and two CSS
donor media, one flexible and one rigid, were utilized to
study CSS profiles and device fabrication. We fully demon-
strated the advantages of CSS and identified key factors affect-
ing the performance of thin films and OLED devices fabri-
cated by CSS.

2. Results and discussions

2.1. Process flow of CSS

The schematic process flow of CSS used in this study is
illustrated in Fig. 1. An organic donor film is deposited on a pla-
nar donor plate by a point source. The coated donor is then
transferred to a dedicated vacuum chamber and placed at mil-
limeter distances to a device substrate with the donor film fac-
ing the substrate. During CSS, the donor plate is flash heated
to the film’s evaporation temperature in seconds by Joule heat-
ing or irradiation, depending on the material of the donor
plate, and deposits the donor film onto the substrate. With
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Fig. 1. (Color online) Process flow of CSS.

the donor preparation arranged offline and orthogonal to the
CSS transfer, the deposition of multilayer stacks can be a con-
tinuous, in-line process.

Each step of CSS is versatile and adaptable to different sce-
narios. For example, the donor film can be prepared by solu-
tion processes, such as inkjet printing, spin coating, and slot-
die coating. Counterintuitively, VTE may be a more practical
method for donor deposition because it is free of solution-
related complications and can utilize existing manufacturing
facilities. Since there is no concern of thermal stress or shadow-
ing effect on the donor film, VTE sources can be placed very
close to the donor plate and operated at high evaporation
rates during donor preparation, ensuring material utilization
and deposition speed. For these reasons, we chose VTE for
donor preparation in this study. The donor-substrate configura-
tion is also not limited to horizontal. As long as the donor
faces the substrate, the assembly’s orientation does not mat-
ter. Reversing the position of the donor and the substrate or
placing them vertically produced the same deposition result.
Since the throw distance of CSS is only a few millimeters, it is
less sensitive to the chamber vacuum level that determines
the mean free path of vaporized molecules. The CSS of
organic films can be performed without difficulty, even at pres-
sures above 10 Torr, which is two orders of magnitude
higher than the pressure normally required by VTE sources.

The key parameters of this CSS process are the donor
material and its heating conditions. The donor plate should
have a small thermal mass to enable it to heat quickly. It
should also be chemically inert, thermally stable, and mechani-
cally robust for reusability and easy handling. Based on these
criteria, we chose two donor media, a flexible tantalum (Ta)
foil (10 um), which can be electrically heated, and a silicon
wafer (200 um), which absorbs light well from a halogen
lamp. Each has its own advantages and will be discussed in
the following sections.

2.2. Joule-heating CSS

The electrical heating setup for Ta foils is shown in Fig. 2(a).
Based on our previous studies!'2-14, we selected Ta foil as the
heating element due to its thermal stability and fast response
to current. A 10 um Ta foil is clamped and tensioned
between two copper (Cu) electrodes. The foil temperature
can easily be controlled by tuning the current passing
through. The foil area between electrodes is 30 x 60 mm?,
but the area with uniform temperature distribution is smaller
due to the large thermal mass of the Cu electrodes. Accord-
ing to our measurements and simulation (Fig. 2(b)), an area
of about 30 x 30 mm?Z in the center of the foil is uniformly

heated. The donor film will be deposited within this area for
CSS. The temporal profiles of the temperature at the center
of the foil under different direct currents are measured by a
thermocouple and plotted in Fig. 2(c). At a fixed 10 s heating
time, the temperature ramp can be finely controlled by the cur-
rent with the highest temperature reaching above 300 °C
using a current of 8.8 A. This temperature is high enough to
evaporate most of the OLED materials that we have used.
The foil returned to room temperature in about 50 s under vac-
uum. If a constant current is used, the foil temperature is even-
tually saturated after 20 s, reaching thermal equilibrium, as
shown in Fig. 2(d).

By adjusting the heating profile, the deposition rate in
CSS can be controlled in a wide range. We used NPB, an
archetypical OLED material, as our model donor film for evapo-
ration studies. A 100 nm NPB film (15 mm in diameter) was
deposited in the center of the Ta foil, and a quartz crystal
microbalance (QCM) was positioned 5 mm directly above the
NPB film to monitor the evaporation rate during CSS at a pres-
sure of 10 Torr. The rate profiles under different heating con-
ditions are plotted as a function of time in Fig. 2(d). Rates
from only a few angstroms per second (A/s), similar to those
used in VTE, to almost 500 A/s can be achieved by varying
the current applied. Table 1 summarizes the peak deposition
rates and corresponding temperatures. Under all of the heat-
ing conditions that we tested, the 100 nm NPB film com-
pletely evaporated under 200 °C, which is significantly lower
than the evaporation temperature of bulk NPBI'7], The rate in
CSS is also sensitive to even a small change in donor tempera-
tures. Joule-heating CSS uses significantly less energy than a
conventional point source. For depositing a 100 nm film, the
power consumption of the Ta foil (20 W with 10 s on time) is
about 200 J. In comparison, a typical point source requires
well over 2000 J for depositing the same thickness.

To gain a better understanding of the evaporation pro-
cess, we recorded the detailed CSS profile of NPB films of vari-
ous thicknesses at a slow, fixed heating rate of 1 °C/s and plot-
ted it as a function of foil temperatures. As shown in Fig. 2(e),
the NPB film started to evaporate at a very low temperature
of around 120 °C, with its rate increasing near exponentially
as the temperature rose. The rate peaked at around 187 °C
and then dropped sharply due to the depletion of the film. Sur-
prisingly, the temperature at the maximum rate remains the
same for donor films of different thicknesses, and the maxi-
mum rate is proportional to the film thickness, suggesting
that the NPB molecules evaporated from the bulk of the film
instead of just from the surface. The increased surface area of
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Fig. 2. (Color online) (a) CSS setup using an electrically heated Ta foil; (b) simulated temperature distribution of the Ta foil under constant current;
(c) foil temperatures under different currents with 10 s heating time; (d) the temporal profile of the evaporation rate and Ta foil temperature;
(e) CSS evaporation rate of NPB films of various thicknesses from 50 to 500 nm as a function of Ta foil temperatures; (f) AFM image of a CSS-
deposited NPB thin film; (g) AFM image of a VTE-deposited NPB film; (h) simulated and measured thickness profile of a CSS-deposited film from a
25 mm donor at a 1 mm gap; (i) film uniformity dependence on the donor-substrate gap and the donor dimensions; and (j) simulated thickness

profile of a CSS-deposited film from a 2.5 m donor at a 20 mm gap.

Table 1. Peak temperatures and evaporation rates in CSS at different
currents.

Current (A) Peak rate (A/s) Tpeak (°C)
5.40 2 93

5.76 10 142

5.94 30 150

6.30 100 166

8.80 489 162

the thin film and its amorphous state, both of which lower
the intermolecular force, are likely the cause of the low-temper-
ature deposition. The much-reduced evaporation tempera-
tures and shortened process time in CSS significantly lower
thermal stress on OLED materials and the chance of thermal
decomposition.

The high evaporation rate in CSS, however, raises con-
cerns about morphological issues in transferred films. The
AFM image of an NPB film deposited at 500 A/s peak rate in
CSS (1 mm donor-substrate spacing, 10 s heating time)

revealed that it actually has the same surface roughness and
microscopic morphologies as a typical film deposited at 1 A/s
by a point source, as shown in Figs. 2(f) and 2(g). The macro-
scopic morphology of CSS-deposited films, characterized by
their area uniformity, is also investigated. We simulated the
thickness profile of CSS-deposited films assuming that the pla-
nar CSS donor film consists of a finite number of Knudsen
cells with a plume shape following the cosine law. The solid-
blue line in Fig. 2(h) is the calculated thickness profile of a
CSS-deposited film using a 25 mm wide donor film ata 1 mm
donor-substrate gap. This result was further validated by the
measured film thicknesses (red dots in Fig. 2(h)) at different
locations of an actual CSS-deposited film under the same con-
ditions. The film uniformity, defined as the percentage of film
area within £ 5% non-uniformity, is about 80%. Using this
model, the relationship among the donor dimension, the
donor-substrate gap, and the uniformity can be established
(Fig. 2(i)). Maintaining the ratio between the donor size and
the donor-substrate gap above 53 will lead to uniformity
higher than 90%. By extrapolation, a donor film of 2.5 m, the
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Fig. 3. (Color online) (a) CSS using a curved Ta foil; (b) schematics of CSS deposition on curved surfaces; (c) CSS-deposited NPB film on a curved
stainless-steel piece; (d) fluorescent image of CSS-deposited NPB on PMMA; and (e) UV-Vis absorption spectra of CSS-deposited NPB at different
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Fig. 4. (Color online) (a) Radiation-heating CSS setup using a halogen bulb for device fabrication; (b) large-area radiation-heating CSS apparatus
with a halogen lamp module; and (c) heating profile of the setup in (a) with a 250 W halogen bulb.

size of a Gen 8.5 mother glass, can achieve uniformity of over
95% at a gap of 20 mm, as shown in Fig. 2(j), and a near unity
uniformity if the gap is reduced to 1T mm, making CSS a truly
conformal deposition method.

The flexible Ta foil makes it possible to achieve confor-
mal deposition, not only on regular flat substrates but also
on odd-shaped objects by conforming the foil to the object’s
surface topology. As a proof of concept, we demonstrated
CSS deposition on curved surfaces of a rigid stainless-steel
piece and flexible PMMA substrates, using Ta foils as the
donor media. After depositing an NPB film (30 x 50 mm2,
100 nm thick) on a flattened Ta foil (30 X 60 mm?3), the foil
was then shaped to conform to the curved steel piece (40 x
55 mm2, r = 18 mm) by varying the distance of terminal Cu
electrodes, as illustrated in Figs. 3(@) and 3(b). The gap
between the foil and the substrate was kept at about 5 mm.
Fig. 3(c) shows the NPB film transferred to a stainless-steel sub-
strate. The mostly uniform interference color suggests excel-
lent film uniformity on the curved surface. The conformal depo-
sition was also demonstrated on a piece of PMMA (25 x 50
mm?) by laminating the PMMA on the stainless-steel piece dur-
ing CSS. Fig. 3(d) is the fluorescent image of the CSS-
deposited NPB film on PMMA. We measured the UV-Vis absorp-
tion spectra at five locations on the film. The overlapping spec-
tra indicate similar thickness at these locations, validating the
utility of CSS in conformal deposition on curved surfaces.

2.3. Radiation-heating CSS

The joule-heating CSS scheme is particularly useful in
studying the detailed CSS process and specialized deposition
scenarios, such as on odd-shaped samples. However, it is lim-
ited in large-scale production due to the difficulty in tension-
ing a donor over large areas. To demonstrate the scalability
of CSS, we developed a radiation-heating CSS setup using halo-
gen lamps as the heating source and a silicon wafer (200 um)
as an absorptive donor plate, as shown in Figs. 4(a) and 4(b).
Both the silicon donor and the lamp module are easily scal-
able. The Si donor we used to fabricate CSS devices is 38 x
38 mm2 (1.5”) and can be extended to 150 x 150 mm?2 (6"). Fur-
ther scaling can be realized by stitching 6” wafers on a car-
rier. The heating rate is easily adjustable by modulating the
lamp power. A typical heating rate of 50 °C/s, comparable to
that of Joule heating, can be achieved for the 1.5” Si donor
using a 250 W halogen bulb (Fig. 4(c)).

This radiation heating scheme preserved CSS'’s high depo-
sition rate and excellent thin-film uniformity. More impor-
tantly, the lamp modules can be easily integrated into our
OLED coater for device fabrication. We used the following
device structure for device performance evaluation: ITO/
HAT-CN (10 nm)/NPB (50 nm)/BH:7 wt% BD (30 nm)/LG201
(40 nm)/Liq (2 nm)/Al (100 nm). For simplicity, only the NPB
layer was deposited by CSS, with all other layers deposited
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Fig. 5. (Color online) (a) The molecular structure of materials used for device fabrication; (b) device energy diagrams; (c) EQE vs. current density
and (d) current density vs. voltage of blue OLEDs using CSS- and VTE-deposited NPB layers; and (e) current density vs. voltage plot of hole-only

devices.

by point sources. HAT-CN was first deposited on an ITO sub-
strate before being transferred to a dedicated CSS chamber
without breaking the vacuum. The substrate was kept at
1 mm atop a preloaded Si donor coated with 50 nm NPB film
by a point source. The halogen lamp (Fig. 4(a)) was turned on
for 5 s to complete the CSS deposition, and the substrate was
immediately moved away from the donor to avoid residue
heating and transferred to other chambers for depositing rest
layers. The materials used, the device energy diagram, and
the device performances are summarized in Fig. 5. A VTE
device fabricated completely using point sources was used as
a reference.

The CSS device shows near identical EL spectra and simi-
lar external quantum efficiencies (EQEs) as the VTE reference,
with slightly higher EQEs at current densities larger than
20 mA/cm? (Fig. 5(c)). However, the driving voltage of the
CSS device is significantly higher than the reference, climb-
ing to 8 V at around 10 mA/cm?, which is 3V higher than the
VTE device (Fig. 5(d)). According to the device energy dia-
gram, the charge recombination zone of this device is con-
fined to the interface between NPB and the emitting layer.
The unaffected EQE and increased voltage suggest that CSS
did not introduce additional quenching species at this inter-
face but resulted in a high injection barrier or lowered carrier
mobility in the NPB layer.

To identify the cause of this phenomenon, we fabricated
a hole-only device using CSS-deposited NPB, following a
layer structure of ITO/HAT-CN (10 nm)/NPB (100 nm)/HAT-CN
(10 nm)/Al (100 nm). The device was swept using both for-
ward and reversed bias, as shown in Fig. 5(e). Only the for-
ward scan exhibited lowered current densities than a VTE refer-
ence at the same voltages, indicating that the mobility in the

bulk of CSS-deposited NPB is unaffected but there is a higher
injection barrier at the first HAT-CN/NPB interface. We have
previously reported that the moisture adsorbed on the CSS
donor plate may contaminate the device and cause perfor-
mance deterioration!'. The donor in this study also experi-
enced a brief air exposure between the preparation and load-
ing steps, leaving the CSS device vulnerable to atmospheric
contaminants on the HAT-CN surface incorporated during the
CSS process. To fix this issue, we deposited a 5 nm NPB layer
on the HAT-CN layer by a point source before the CSS of NPB
to isolate contaminants from the interface. The resulting
device, denoted as CSS’, immediately showed recovered driv-
ing voltage like the reference and higher efficiency than the
previous CSS device, which validates our hypothesis. We antici-
pate that such an exposure problem will be completely
resolved using a better-controlled process, such as in situ
donor preparation and handling without breaking the vac-
uum, which would eliminate the need for additional VTE-
deposited NPB layers.

3. Conclusion

We have developed a low-temperature conformal CSS
deposition processes for fabricating OLED devices. Two CSS
schemes, one using Joule-heating of Ta foil and the other
using radiation-heating of Si wafers, have been evaluated for
thin-film deposition and device fabrication. We demon-
strated that CSS could achieve conformal deposition of
organic thin films with high uniformity at temperatures lower
than 200 °C within seconds. Our study showed that CSS
could produce thin films of comparable device performance
with those prepared by conventional VTE techniques. We
believe that CSS is readily applicable to all organic layers of
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the OLED stack. With the use of flexible donor media, CSS
can even deposit conformally on odd-shaped substrates, a
feat that is unmatched by other deposition methods and is
potentially useful for fabricating flexible electronics.
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