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(57) ABSTRACT 

A method of fabricating an organic ?lm is provided. A non 
reactive carrier gas is used to transport an organic vapor. The 
organic vapor is ejected through a noZZle block onto a cooled 
substrate, to form a patterned organic ?lm. A device for car 
rying out the method is also provided. The device includes a 
source of organic vapors, a source of carrier gas and a vacuum 
chamber. A heated noZZle block attached to the source of 
organic vapors and the source of carrier gas has at least one 
noZZle adapted to eject carrier gas and organic vapors onto a 
cooled substrate disposed Within the vacuum chamber. 
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PROCESS AND APPARATUS FOR ORGANIC 
VAPOR JET DEPOSITION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] This patent application claims priority bene?ts to 
the following US. patent applications: 60,317,215 (?led Sep. 
4, 2601), 60/316,264 (?led on Sep. 4, 2001), 60/316,968 
(?led on Sep. 5, 2001), and 60/332,090 (?led Nov. 21, 2001). 
These patent applications are incorporated by reference in 
their entireties. This patent application is related to simulta 
neously ?led patent application Ser. No. , attorney 
docket no. 10020/21904, Which is incorporated by reference 
in its entirety. 

STATEMENT REGARDING GOVERNMENT 
RIGHTS 

[0002] This invention Was made With Government support 
under Contract No. F49620-92-J-05 24 (Princeton Univer 
sity), aWarded by the US. Air Force OSR (Of?ce of Scienti?c 
Research). The Government has certain rights in this inven 
tion. 

FIELD OF THE INVENTION 

[0003] The present invention is directed to a process of 
patterned deposition of organic materials onto substrates 
Which utiliZes the vapor transport mechanisms of organic 
vapor phase deposition. 

BACKGROUND OF THE INVENTION 

[0004] Molecular organic compounds are employed as 
active materials in a variety of applications, including organic 
light emitting diodes (OLEDs), photovoltaic cells, and thin 
?lms. Typically, these thin (~100 nm) ?lm devices are groWn 
by thermal evaporation in high vacuum, permitting the high 
degree of purity and structural control needed for reliable and 
e?icient operation (see S. R. Forrest, Chem. Rev. 97, 1793 
(1997)). HoWever, control of ?lm thickness uniformity and 
dopant concentrations over large areas needed for manufac 
tured products can be dif?cult When using vacuum evapora 
tion (see S. Wolf and R. N. Tauber, Silicon Processing for the 
VLSIEra (Lattice, 1986)). In addition, a considerable fraction 
of the evaporant coats the cold Walls of the deposition cham 
ber. Over time, inef?cient use of materials results in a thick 
coating Which can ?ake off, leading to particulate contami 
nation of the system and substrate. The potential throughput 
for vacuum evaporated organic thin ?lm devices is loW, result 
ing in high production costs. LoW-pressure organic vapor 
phase deposition (LP-OVPD) has been demonstrated 
recently as a superior alternative technique to vacuum ther 
mal evaporation (VTE), in that OVPD improves control over 
dopant concentration of the deposited ?lm, and is adaptable to 
rapid, particle-free, uniform deposition of organics on large 
area substrates (see M. A. Baldo, M. Deutsch, P. E. BurroWs, 
H. Gossenberger, M. Gerstenberg, V. S. Ban, and S. R. For 
rest, Adv. Mater 10, 1505 (1998)). 
[0005] Organic vapor phase deposition (OVPD) is inher 
ently different from the Widely used vacuum thermal evapo 
ration (VTE), in that it uses a carrier gas to transport organic 
vapors into a deposition chamber, Where the molecules dif 
fuse across a boundary layer and physisorb on the substrate. 
This method of ?lm deposition is most similar to hydride 
vapor phase epitaxy used in the groWth of III-V semiconduc 
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tors (see G. B. StringfelloW, Organometallic Vapor-Phase 
Epitaxy (Academic, London, 1989); G. H. Olsen, in GaInAsP, 
edited by T. P. Pearsall (Wiley, NeW York, 1982)). In LP 
OVPD, the organic compound is thermally evaporated and 
then transported in a hot-Walled reactor by an inert carrier gas 
toWard a cooled substrate Where condensation occurs. FloW 

patterns may be engineered to achieve a substrate-selective, 
uniform distribution of organic vapors, resulting in a very 
uniform coating thickness and minimiZed materials Waste. 

[0006] Using atmospheric pressure OVPD, BurroWs et al. 
(see P. E. BurroWs, S. R. Forrest, L. S. Sapochak, J. SchWartZ, 
P. Fenter, T. Buma, V. S. Ban, and J. L. Forrest, J. Cryst. 
Growth 156, 91 (1995)) ?rst synthesiZed a nonlinear optical 
organic salt 4'-dimethylamino-N-methyl-4-stilbaZolium 
tosylate. In a variation on this method, Vaeth and Jensen (see 
K. M. Vaeth and K. Jensen, Appl. Phys. Lett. 71, 2091 (1997)) 
used nitrogen to transport vapors of an aromatic precursor, 
Which Was polymeriZed on the substrate to yield ?lms of poly 
(s-phenylene vinylene), a light-emitting polymer. Recently, 
Baldo and co-Workers (see M. A. Baldo, V. G. KoZlov, P. E. 
BurroWs, S. R. Forrest, V. S. Ban, B. Koene, and M. E. 
Thompson, Appl. Phys. Lett. 71, 3033 (1997)) have demon 
strated apparently the ?rst LP-OVPD groWth of a hetero struc 
ture OLED consisting of N,N-di-(3-methylphenyl)-N,N 
diphenyl-4,4-diaminobiphenyl and aluminum tris(8-hydrox 
yquinoline) (Alq3), as Well as an optically pumped organic 
laser consisting of rhodamine 6G doped into Alq3. More 
recently, Shtein et al. have determined the physical mecha 
nisms controlling the groWth of amorphous organic thin ?lms 
by the process of LP-OVPD (see M. Shtein, H. F. Gossen 
berger, J. B. BenZiger, and SR. Forrest, J. Appl. Phys. 89:2, 
1470 (2001)). 
[0007] Virtually all of the organic materials used in thin 
?lm devices have suf?ciently high vapor pressures to be 
evaporated at temperatures below 4000 C. and to then be 
transported in the vapor phase by a carrier gas such as argon 
or nitrogen. This alloWs for positioning of evaporation 
sources outside of the reactor tube (as in the case of metalor 
ganic chemical vapor deposition (see S. Wolf and R. N. 
Tauber, Silicon Processing for the VLSI Era (Lattice, 1986); 
G. B. StringfelloW, Organometallic Vapor-Phase Epitaxy 
(Academic, London, 1989)), spatially separating the func 
tions of evaporation and transport, thus leading to precise 
control over the deposition process. 
[0008] Though these examples demonstrate that OVPD has 
certain advantages over VTE in the deposition of organic 
?lms, especially over large substrate areas, the prior art has 
not addressed the special problems that arise When depositing 
an array of organic material. Recent successes in fabricating 
organic light emitting diodes (OLEDs) have driven the devel 
opment of OLED displays (see S. R. Forrest, Chem. Rev. 97, 
1793 (1997)). OLEDs makes use of thin organic ?lms that 
emit light When voltage is applied across the device. OLEDs 
are becoming an increasingly popular technology for appli 
cations such as ?at panel displays, illumination, and back 
lighting. OLED con?gurations include double heterostruc 
ture, single heterostructure, and single layer, and a Wide 
variety of organic materials may be used to fabricate OLEDs. 
Several OLED materials and con?gurations are described in 
US. Pat. No. 5,707,745, Which is incorporated herein by 
reference in its entirety. 
[0009] As is the case for fabrication of arrays using VTE, to 
adapt OVPD to OLED technology, a shadoW mask delineat 
ing the shape of the desired pixel grid is placed close to the 
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substrate to de?ne the pattern of deposition on the substrate. 
Control of the shadoW mask patterning is a critical step, for 
example, in the fabrication of full-color OLED-based dis 
plays (see U.S. Pat. No. 6,048,630, BurroWs, et al.). Ideally, 
the resultant pattern on a substrate is identical to that cut into 
the shadoW mask, With minimal lateral dispersion and opti 
mal thickness uniformity of the deposited material. HoWever, 
despite the overall advantages of OVPD in depositing organic 
layers, the use of the shadoW mask in OVPD has certain 
disadvantages including: signi?cant lateral dispersion com 
pared to VTE; material Waste; potential for dust contamina 
tion on the ?lm from the mask; and dif?culty in controlling 
the mask-substrate separation for large area applications. 

SUMMARY OF THE INVENTION 

[0010] It is an object of the present invention to provide a 
process of patterned deposition of organic materials onto 
substrates that utilizes the vapor transport mechanisms of 
organic vapor phase deposition. It is also an object of the 
present invention to provide an apparatus for performing this 
process of patterned deposition of organic materials onto 
substrates, Without the need for a shadoW mask. 
[0011] A method of fabricating an organic ?lm is provided. 
A non-reactive carrier gas is used to transport an organic 
vapor. The organic vapor is ejected through a nozzle block 
onto a cooled substrate, to form a patterned organic ?lm. A 
device for carrying out the method is also provided. The 
device includes a source of organic vapors, a source of carrier 
gas and a vacuum chamber. A heated nozzle block attached to 
the source of organic vapors and the source of carrier gas has 
at least one nozzle adapted to eject carrier gas and organic 
vapors onto a cooled substrate disposed Within the vacuum 
chamber. 
[0012] In an embodiment of the present invention, by 
organic vapor jet deposition (“OVJD”), organic vapors are 
carried by an inert gas from the source cell, through a timed 
valve and into a nozzle block, from Which they are ejected 
onto a substrate. Preferably, the substrate is cooled and the 
nozzle block is heated. Preferably, the substrate is translated 
at a rate v synchronization With the valve timing to achieve the 
desired pattern of deposition. By controlling the gas ?oWrate, 
V, Width of the nozzle, Z, the distance to the substrate, d, the 
rate of substrate translation, v, the source temperature, T, and 
the valve timing, a, a uniform thickness pro?le, t, may be 
achieved for multiple pixels of desired Width. The process is 
preferably carried out at a reduced pressure to minimize the 
dispersion in l. Decreasing s and increasing V can also mini 
mize the dispersion even at ambient pressures. 
[0013] Typical deposition pressures for organic vapor jet 
deposition (OVJD) range from 1 to 10 Torr. Both amorphous 
and crystalline ?lms may be groWn by OVJ D. 
[0014] In an embodiment of the present invention, the car 
rier gas rate V is increased so that the bulk ?oW velocity is at 
least on the order of the thermal velocity of the molecules, 
about l00-l,000 m/ s, creating a “jet” of material that is uni 
directional. In mathematical terms, this condition may be met 
When the mean velocity in the direction of the axis of the 
nozzle (the bulk ?oW velocity) is at least on the order of the 
mean absolute velocity in directions perpendicular to the axis 
of the nozzle (the thermal velocity). Preferably, the mean 
velocity in the direction of the axis of the nozzle is at least as 
great as the mean absolute velocity in directions perpendicu 
lar to the axis of the nozzle. The term “absolute” velocity is 
used With respect to mean velocity in directions perpendicu 
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lar to the axis of the nozzle, because the mean velocity in 
those directions may be about zeroifor every molecule mov 
ing to the left at a particular velocity, there may be another 
molecule moving to the right at the same velocity. 
[0015] An embodiment of the present invention further pro 
vides that under the appropriate conditions of substrate tem 
perature, reactor pressure, and nozzle geometry, an array of 
sharp-edged pixels With a resolution of about 1 pm is achiev 
able With j et deposition if the nozzle- sub strate separation, s, is 
Within the molecular mean free path of the carrier gas, A. In 
addition, because of the unidirectional ?oW, use of a heavier 
carrier gas can provide better directionality of deposition and 
subsequently sharper pixels. 
[0016] One advantage of certain embodiments of the 
present invention is that material Waste is minimized due to 
the heating of the nozzle and the directional ?oW. For 
example, the nozzle may be heated to a temperature suf?cient 
to avoid physisorbtion (condensation) of organic material on 
nozzle surfaces, thereby reducing Waste, and also reducing 
the need to clean the nozzle. The substrate may be cooled to 
enhance deposition characteristics, and avoid a situation 
Where the carrier gas heats the substrate to the point that 
organic material Will not deposit. Another advantage is the 
absence of the masking step, resulting in an increased rate of 
production, a more compact deposition apparatus design, and 
the elimination of contamination from a shadoW mask. In 
high-resolution deposition requiring a separation distance s 
typically less than 1 mm, contamination from a shadoW mask 
using OVPD is especially problematic. An additional prob 
lem arises in maintaining that small mask-substrate separa 
tion over a large substrate area, particularly since the mask 
Would normally be thin and ?exible. 
[0017] Another advantage of certain embodiments of the 
present invention is that the process may be used in manufac 
turing full-color organic light emitting diode (“OLED”) dis 
plays by patterning the multiple color pixels on the same 
substrate Without the need to use a separate shadoW mask. The 
apparatus incorporates an array of nozzles arranged and oper 
ated synchronously much like the print-head of an ink-jet 
printer. Each nozzle may incorporate three source cells, for 
red, green and blue luminophores, With valve control for 
sequentially layering the materials, Without having to move a 
shadoW mask. For example, each nozzle may be connected to 
multiple source cells through different valves, such that the 
deposition from each nozzle may be alternated betWeen dif 
ferent colors at different locations on the substrate. Or, each 
nozzle may be connected to only one of multiple source cells, 
Where each nozzle has its oWn valve, or different groups of 
nozzles may be connected to different sources, With each 
group having its oWn valve, such that the nozzle block depos 
its a predetermined pattern of different organic materials. 
[0018] Embodiments of the present invention provide a 
process of patterned deposition of organic materials onto a 
substrate, said process comprising: transporting organic 
vapors via an inert carrier gas moving at a ?oWrate V from a 
source cell, through a timed valve, and into a nozzle block, 
Wherein said transport occurs at a pressure P and Wherein said 
?oWrate V of the inert carrier gas is increased so that the bulk 
?oW velocity is at least on the order of the thermal velocity of 
the molecules; and ejecting the organic vapors via the inert 
carrier gas moving at the ?oWrate V from the nozzle block 
onto a cooled substrate, Wherein the cooled substrate is main 
tained at a temperature T and at a distance s from the nozzle 
block. 
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[0019] Embodiments of the present invention further pro 
vides a process comprising: maintaining the cooled substrate 
at the distance s from the noZZle block While laterally trans 
lating one of said cooled substrate or said noZZle block at a 
rate v, Wherein the rate V is synchronized With the timed valve 
to create the patterned deposition of organic materials. 
[0020] Embodiments of the present invention further pro 
vides this process for patterned deposition at a pressure P 
betWeen 0.01 and 10 torr. 

[0021] Embodiments of the present invention further pro 
vides this process for patterned deposition Wherein the dis 
tance betWeen substrate and noZZle block s is Within the 
molecular mean free path of the carrier gas. 

[0022] Embodiments of the present invention further pro 
vides an apparatus for patterned deposition of organic mate 
rials onto substrates, said apparatus comprising: at least one 
noZZle jet, Wherein each of said one noZZle jet comprises one 
or more source cells; one timed valve connected to each of the 
one or more source cells; and a heated noZZle block connected 
to the one timed valve. 

[0023] Embodiments of the present invention further pro 
vides an apparatus for patterned deposition of organic mate 
rials onto substrates Wherein the patterned deposition is a 
full-color organic light emitting diode display, and Wherein at 
least one noZZle jet is a rectangular array of n><m noZZle jets, 
and Wherein one or more source cells is three source cells for 

red, green, and blue luminophores. 
[0024] Embodiments of the present invention further pro 
vides an apparatus for patterned deposition of organic mate 
rials onto substrates comprising a variable-aperture at the 
output of the heated noZZle block. 

DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 shoWs a vacuum thermal evaporation system. 
[0026] FIG. 2 shoWs a vacuum thermal evaporation system. 
[0027] FIG. 3 shoWs an organic vapor phase deposition 
system. 
[0028] FIG. 4 shoWs an organic vapor phase deposition 
system. 
[0029] FIG. 5 shoWs simulated results for deposition 
through a shadoW mask, shoWing the effect of varying depo 
sition pressure. 
[0030] FIG. 6 shoWs simulated results for deposition 
through a shadoW mask, shoWing the effect of varying the 
separation betWeen mask and substrate. 
[0031] FIG. 7 shoWs simulated results for deposition 
through a shadoW mask, shoWing the effect of varying mask 
thickness. 

[0032] FIG. 8 shoWs simulated results for deposition 
through a shadoW mask, shoWing the effect of varying the 
effective boundary layer thickness. 
[0033] FIG. 9 shoWs an embodiment of an organic vapor jet 
deposition apparatus. 
[0034] FIG. 10 shoWs scanning electron micrographs of 
some representative Alq3 patterns formed on silver-coated 
glass substrates after deposition through shadoW masks. 
[0035] FIG. 11 shoWs a plot of the dimensionless disper 
sion parameter, RId/ s, versus de position pressure, P 

[0036] 
[0037] FIG. 13 shoWs simulated pro?le of material depos 
ited by organic vapor jet deposition. 

dep' 
FIG. 12 shoWs a material concentration map. 
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[0038] FIG. 14 shoWs simulated OVPD deposition results 
Where the carrier gas has a bulk ?oW velocity. 

DETAILED DESCRIPTION 

[0039] Embodiments of the present invention are directed 
to a process of patterned deposition of organic materials onto 
substrates utiliZing the vapor transport mechanisms of 
organic vapor phase deposition, and to an apparatus for per 
forming this process of patterned deposition. In one embodi 
ment, the process comprises: transporting organic vapors via 
an inert carrier gas moving at a ?oWrateV from a source cell, 
through a timed valve, and into a noZZle block, Wherein the 
transport occurs at loW pressure P; ejecting the organic vapors 
from the noZZle block onto a cooled substrate via the inert 
carrier gas moving at a ?oWrate V; and laterally translating the 
cooled substrate, Which is maintained at a distance s from the 
ejection end of the noZZle block, at a rate v. The rate of 
translation is synchronized With the timed valve to create the 
desired patterned deposition of organic materials. 
[0040] FIG. 1 shoWs a vacuum thermal evaporation (V TE) 
system 100. A source 110 is heated such that material evapo 
rates into a vacuum chamber 120. The material diffuses 
through vacuum to substrate 130, Where it may be deposited. 
[0041] FIG. 2 shoWs a more detailed vieW of aVTE system 
200 having a mask 220. A source 210 provides organic mate 
rial that diffuses into a vacuum, on the order of 10-6 to 10-7 
Torr. The organic material diffuses through the vacuum and 
through a shadoW mask 320. ShadoW mask 220, Which has 
apertures 222, is disposed a distance s aWay from a substrate 
230. After the organic material passes through the shadoW 
mask, it deposits on substrate 230 to form patterned organic 
layer 240. 
[0042] Because of the loW pressures typically used for 
VTE, the molecular mean free path, 7», (also referred to as 
mfp) may be quite large. For example, at 10'7 Torr, 7» is about 
1 m. As a result, for example, a mask-substrate separation of 
less than 50 um can yield pixels of up to ~l00 pm with 
Well-de?ned edges, Where the source-substrate distance in 
the chamber is on the order of 10-100 cm. Preferably, the 
distance betWeen substrate 230 and source 210 is less than the 
molecular mean free path 7», such that collisions betWeen 
molecules in the vacuum are minimal, and patterned layer 
240 is deposited Where there is a clear line of sight from 
substrate 230 to source 210, unblocked by mask 220. Using 
VTE, a pixel pro?le that is trapeZoid With a Well-de?ned, 
?nite base may be obtained. 10'3 to 10'13 Pa is a preferred 
range of pressures for VTE. 
[0043] Because source 210 is not a single point, patterned 
layer 240 may be slightly larger than aperture 222. With 
reference to FIG. 2, the length of the base of patterned layer 
240, 13, is given by: 

[3 I l _ (5+l)'(l1 +12) 
2 h I 

Where sImask-substrate separation, t:mask thickness, 
ll:source Width, lfaperture Width, and hIsource-mask dis 
tance. This formula gives very close d values to those 
observed experimentally. 
[0044] FIG. 3 shoWs a organic vapor phase deposition 
(OVPD) system 300. A carrier gas is passed over a source cell 
310, from Which an organic material is evaporated into the 
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carrier gas. Multiple source cells (not shown) may be used to 
provide a mixture of organic materials, and/or to provide 
different organic materials at different times. The carrier gas 
then passes through a mask 320 located a distance 6 from a 
substrate 330. The carrier gas then impinges on substrate 330, 
Where the organic material physisorbs onto the substrate sur 
face. Substrate 330 may be cooled. Walls 340 of system 300 
may be heated to reduce or prevent organic material from 
depositing on Walls 340. The organic material may be a small 
molecule material, or it may be a polymer material. 
[0045] FIG. 4 shoWs an OVPD system 400. A carrier gas is 
used to transport organic molecules from a source (not shoWn 
in FIG. 4, see, for example, FIG. 3). The molecules have an 
average mean free path 7». A mask 410 is disposed a distance 
s above a substrate 420. Organic layer 430 is deposited on 
substrate 420 through apertures 412 in mask 410. Because of 
collisions betWeen molecules in the carrier gas, signi?cant 
deposition of organic material may occur to a distance dunder 
the mask, in regions that are not directly over apertures 412. 
The deposition is preferably carried out in at the loWer end of 
the pressure range, such that the mean free path is greater than 
it Would be at higher pressures, and d is correspondingly less, 
so that the micron-scale resolution preferred for full-color 
display applications may be achieved. 
[0046] FIG. 5 shoWs simulated results for deposition 
through a shadoW mask in the diffusive regime. For a nominal 
s:l0 um and mask thickness of l 8 pm, the deposition patterns 
for 7»:8.25, 82.5, and 825 um (Pdep:0.0l, 0.1, 1.0 Torr) are 
shoWn in FIG. 5. Molecules Were launched from 2000 um 
aWay from the mask at random angles having average 
molecular thermal velocities and alloWed to diffuse through 
out the simulated space volume. The concentration pro?le in 
the vicinity of the substrate Was found to be linear, indicating 
that transport is purely diffusive. This is Why, in FIG. 5, no 
difference in d is observed for different values of 7». Also in 
agreement With the continuum model, the fraction of mol 
ecules, Which deposit on the substrate and the mask, i.e. the 
deposition ef?ciency, is loWer for small 7», Which correspond 
to small Dmg. The simulation Was performed With 30 um Wide 
mask openings; a mask thickness of 18 um, and a mask 
separation, s:l0 um. Plots 510, 520 and 520 shoW deposition 
thickness pro?les for the mask (higher) and the substrate 
(loWer) for 7»:8.25, 82.5, 825 With Pdep:l.0, 0.1, 0.01 Torr. 
There is no noticeable difference in the pixel shape betWeen 
pots 510, 520 and 530, indicating that in the purely diffusive 
regime pressure has little effect on edge dispersion; the e?i 
ciency of deposition, as expected, drops for loWer values of 7». 
[0047] FIG. 6 shoWs simulated results for deposition 
through a shadoW mask in the diffusive regime. The mask 
openings remain 30 um Wide, With t:l8 um and 7»:82.5 um, 
While s:3, 10, 20 pm, respectively, forplots 610, 620 and 630. 
Smaller values of s result in sharper pixels. As long as s~7», 
trapezoidal pixel shapes may be obtained, similar to vacuum 
deposition. Pixel overlap starts to occur When s~t. Keeping 
the purely diffusive frameWork for the simulation, FIG. 6 
shoWs hoW variation in s affects pixel edge dispersion. Since 
7» does not affect d in this regime, We use 7»:82.5 pm; for tIl 8 
pm pixel cross-talk starts to occur When s:20 um, i.e. as s 
approaches t, there is overlap of the neighboring pixels. 
[0048] FIG. 7 shoWs simulated results for deposition 
through a shadoW mask in the diffusive regime. The mask 
openings remain 30 um Wide, With 7»:82.5 um and s:l0 pm. 
Here, mask thickness, t, is varied to 18, 36, and 54 pm, 
respectively, for plots 710, 720 and 730. Thicker masks result 
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in sharper pixels, albeit at the expense of cutting off material 
?ux to the substrate and reducing deposition e?iciency, as can 
be seen by the loW mask-to-substrate deposition ratio. As t 
approaches 7», the collimated molecular ?ux results in trap 
eZoidal pixels, similar to vacuum deposition. The dome 
shaped pro?les become increasingly like the vacuum-thermal 
deposited trapeZoids as t approaches 7». 
[0049] FIG. 8 shoWs simulated results for deposition 
through a shadoW mask in the diffusive regime. The mask 
openings are 30 um Wide, With 7»:82.5 um and s:l 0 um. Plots 
810 and 820 shoW results for 6:410 and 6:2060 um, respec 
tively. Here, the effective boundary layer thickness is 
decreased from 2060 to 410 to 80 pm by adjusting the launch 
ing point to be closer to the substrate. As 6 approaches 7», the 
deposition ef?ciency increases, in agreement With the con 
tinuum model for diffusion-limited transport to the substrate. 
Here, the effective 6 Was varied by launching the molecules 
closer to the substrate. 
[0050] Changing the mass of the carrier gas in the purely 
diffusive deposition regime Was found to have no ?rst order 
effect on the deposition pro?le, as expected from the discus 
sion of the previous sections. 
[0051] FIG. 9 shoWs an embodiment of an organic vapor jet 
deposition apparatus. The process of patterned deposition of 
organic materials onto substrates according to embodiments 
of the present invention Will noW be described in reference to 
FIG. 9. 

[0052] In one embodiment, organic vapors are carried by an 
inert carrier gas from the source cell 910 into a timed valve 
920. The source cell 910 is preferably kept at temperature T, 
and the inert carrier gas is moving at a ?oWrateV. The opening 
and closing of the timed valve 920 (i.e., the valve timing, 1,) 
is preferably regulated throughout the process of patterned 
deposition. When the timed valve 920 is open, the inert gas 
carrying the organic vapors moves through the timed valve 
920 and into the noZZle block 930. The noZZle block 930 
preferably contains heating/cooling units 940 Which are used 
to control the temperature of the inert gas carrying the organic 
vapors through the noZZle block 930. One difference betWeen 
OVJ D and OVPD is that the bene?t of heated Walls, such as 
heated Walls 340, may be signi?cant in OVPD, but less sig 
ni?cant in OVJ D. In particular, Where noZZle block 930 
includes heating units 940, the bene?t of additional separate 
heating units that heat the Walls of a vacuum chamber (not 
shoWn in FIG. 9) may not be needed. HoWever, heating units 
that heat the Walls of the OVJ D vacuum chamber may never 
theless be used. The noZZle block 930 preferably has a noZZle 
With a Width Z. From the noZZle block 930, the organic vapors 
in the inert carrier gas are ejected out through the noZZle onto 
a substrate 950, preferably a cooled substrate, Whereon the 
organic vapors condense to form a patterned layer 960. Pref 
erably, the organic vapors must travel a distance s from the 
noZZle block 930 to the substrate 950. Substrate 950 may be 
moved at a rate of translation v, in betWeen the deposition of 
material, during the deposition of material, or both. The sub 
strate is preferably translated using a motoriZed stage, and 
both the stage and valve timing are operated and synchro 
niZed by computer control. The apparatus can be repeated in 
series for multi-layer deposition and multi-color display 
deposition. 
[0053] By controlling the aforementioned process vari 
ables, a desired patterned deposition can be achieved. Spe 
ci?cally, a uniform thickness pro?le, t, can be achieved for a 
patterned layer 960 of a desired Width 1. By conducting the 



US 2008/0233287 A1 

process at a reduced pressure, the dispersion in Widthl can be 
minimized. Furthermore, even at ambient pressures, decreas 
ing the distance s from the nozzle block 930 to the substrate 
950, and/or increasing the carrier gas ?oWrate V Will mini 
mize the dispersion in Width 1. 

[0054] If the distance s from the nozzle block 930 to the 
substrate 950 in FIG. 9 is of comparable magnitude to the 
several microns separating the substrate from the shadoW 
mask, and the gas ?oW rate V is suf?ciently high, then the 
dispersion in 1 Will be minimized, With resolutions expected 
on the order of 1 micron. 

[0055] While it is relatively easy to achieve sharply de?ned 
pixels using vacuum thermal evaporation at pressures <10“6 
because the molecular mean free path, 7», is typically >30 cm, 
(see FIGS. 1 and 2), the situation is more complicated in 
OVPD. Because OVPD typically proceeds at pressures >0.01 
Torr, With 0.1 umékél cm, the increased frequency of inter 
molecular collisions in the vicinity of the mask plane leads to 
pixels With comparatively more diffuse edges (see FIG. 4). 
Nevertheless, We have demonstrated organic ?lm deposition 
through a shadoW mask With a pattern de?nition on the order 
of microns (see FIG. 10). 
[0056] FIG. 10 shoWs scanning electron micrographs of the 
patterns resulting from OVPD through a shadoW-mask at P dep 
ranging from 2x10‘6 to 2 Torr. As the deposition pressure 
increases, both simulations and experimental data indicate 
the loss ofedge sharpness. Images 1010,1020 and 1030 shoW 
results for P (1917:2104, P (19150.2 Torr, and P dePIZ Torr, 
respectively. The separation s:5 and 2.5 pm for the left and 
right column respectively. As predicted by the model, the 
pixels become more diffuse as pressure and mask-substrate 
separation increase. It Was found that at pressures of 0.2 Torr 
and separation of up to 15 um it is possible to achieve a pixel 
resolution on the order of several microns, Which is su?icient 
for full color display applications. 
[0057] Co -pending patent applicationAttorney/ Docket No. 
10010/37 describes the basis for organic vapor phase depo 
sition (“OVPD”) and is incorporated herein by reference. 
Co-pending provisional application, Attomey/Docket # 
10020/21901, (herein ‘"901 application”) is also incorpo 
rated herein by reference. The ’901 application is directed to 
a hybrid technique for the fabrication of organic devices, 
Whereby organic materials are deposited using organic vapor 
phase deposition (OVPD) through a shadoW mask, and metals 
are sequentially deposited via vacuum evaporation through 
the same shadoW mask. In the ’901 application, the theory 
behind OVPD deposition is developed fully and models used 
for simulations are described. Using these same models 
developed for vapor phase transport, We have further deter 
mined that a resolution of 1 micron is achievable if the bulk 
?oW velocity is increased to create a gas jet and the substrate 
to nozzle distance is Within the molecular mean free path. The 
model is described beloW. 

[0058] The concept of OVPD is illustrated in FIGS. 3 and 4. 
The process consists of three steps outlined beloW. Vapors of 
a species A are generated by heating the source material in a 
stream of an inert carrier gas. Gaseous A is subsequently 
transported into the deposition chamber by the carrier gas, 
Where the How forms a hydrodynamic boundary layer (BL) in 
the vicinity of the substrate. In the last step, organic molecules 
(present in typical concentrations of <0.01%) diffuse across 
the BL and physisorb or adsorb on the substrate. These three 
stages of transport may be represented as a series of reactions: 
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(1a) 
Evaporation: As Ag 

(1b) 
Entrainment by carrier gas: Ag , ACg 

k (2) 
Transport to the substrate: ACg _t> Ava,‘s 

(3a) 
Diffusion to substrate surface: Ava,‘s As,s 

(3b) 
Surface diffusion and immobilization: A; —> As,s 

Where A, represents an organic molecular species in the solid 
or liquid state. Species AS and Ag evaporate and recondense 
inside the source cell With characteristic rates kevap and kcond, 
respectively. Evaporation takes place either in the so-called 
“kinetic” regime, Where kevap>kcond, or is in an equilibrium 
regime, Where kWGPIkCOMd. The organic species is sWept out 
of the source cell by the carrier gas in (1 b). Entrainment by the 
carrier results in taking Acg to the vicinity of the substrate With 
a characteristic bulk transport rate, kt, Where it becomes Acgas, 
With an overall ef?ciency of:100%, While the remainder is 
pumped out of the deposition chamber. Deposition takes 
place by diffusion of A across the boundary layer and adsorp 
tion With a characteristic rate kads. The overall deposition rate, 
rdep:kde —kdes, Where kdes is the rate of desorption from the 
substrate. 
[0059] With quali?cations With respect to the highly 
molecular nature of OVPD to be discussed beloW, We can 
state that, typically, the ratio of carrier gas velocity to the 
mean molecular velocity, vC/u, is about 0.01- 1, i.e. the How in 
LP-OVPD is eitherbeloW orborders on the sonic regime. Due 
to the loW pressure used, the Reynolds number, Re, is Well 
Within the laminar ?oW regime (Re<<2000). The Grashof 
number, Gr, in the vicinity of the substrate is also less than 1, 
implying that natural convection is not signi?cant in gas 
mixing near the substrate. For the present discussion of depo 
sition dynamics, only the steps 2, 3a and 3b are relevant. Since 
the e?icient deposition of amorphous thin ?lms requires 
minimal surface diffusion and desorption, We employ the 
loWest practicable substrate temperatures. TWo things happen 
in this case: ka d>>kdes, While the crystallization rate, kc, is 
very high, meaning that the surface diffusing organic mol 
ecules become immobilized much faster than they diffuse to 
the substrate. Thus, “reaction” 3b is very fast and does not 
need to be considered for deposition of amorphous ?lms. The 
rate-limiting steps are thus 2 and 3a. 
[0060] As shoWn in previous Work, (see M. Shtein, et al., J. 
ofAppl. Phys., 89: 1470 (2001)), the overall deposition rate, 
rdep, for the combination of steps 2 and 3a canbe expressed as: 

Porg V (4) 
rde = ‘i. , 

” RT 1+V6/Dmg 

Where PorgRT is the concentration of the organic species, V 
is the carrier gas ?oW rate and is equivalent to the variable V, 
Which is also used to denote the carrier gas ?oW rate through 
out this disclosure, 6 is the BL thickness, and D0,g is the 
diffusivity of organic molecules in the carrier gas. The kine 
matic viscosity itself depends on pressure via: v:p./p, Where 
pIP/RT. Increasing the background gas pressure, Pdep, Will 












