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We investigate the dynamics of molecular transport across the gas boundary layer formed above a cold
substrate used in the organic vapor phase deposition of small organic molecules. The boundary layer
properties ultimately determine film thickness uniformity and morphology, and material utilization
efficiency. We use laser-induced fluorescence to spatially resolve the temperature and the concentration of
organic molecules within the boundary layer. Under conditions typically used in organic vapor phase
deposition of chamber pressures less than 5 torr, we find that the boundary layer extends to a remarkable
distance of over 10 cm from the cooled substrate surface. Analytical and numerical models of molecular
transport processes are developed to understand the transport of organic molecules to the substrate. Our
models provide insights into conditions required to optimize film uniformity and material utilization
efficiency in the growth of organic electronic devices.

DOI: 10.1103/PhysRevApplied.1.034002

I. INTRODUCTION

Organic vapor phase deposition (OVPD), used for the
growth of thin films for organic electronic applications
[1], employs a hot inert carrier gas to transport mole-
cules from the evaporation source to a cold substrate
where they condense into a thin film [2]. Growth by
OVPD can be divided into three steps: evaporation from
the source cell, transport through the chamber, and
physisorption onto the substrate [3]. After exiting the
source cell, the mixture is diluted in a stream of
supplementary carrier gas and flows towards the sub-
strate in a well-mixed homogeneous plug flow [4,5].
Upon encountering the cold substrate, the carrier gas
forms a boundary layer [3]. This stagnant region consists
of a concentration gradient of organic species that forces
relatively slow molecular diffusion toward the substrate
[3,4], making this the growth limiting step. It also
determines the molar flow rate n

.
s of organic species

reaching the substrate, thereby influencing film morphol-
ogy. Since organic molecules are convectively lost to the
exhaust, diffusion influences the material utilization
efficiency (η). Finally, local variations in the diffusive
flux at the substrate results in thickness nonuniformities.
Consequently, controlling diffusion is essential to achiev-
ing the desired layer morphology with both high
efficiency and uniformity.
Boundary layer diffusion has previously been analyzed

using the one-dimensional Fick equation [3,4] or, alter-
natively, by numerical simulations solving the momentum,
heat, and mass transport dynamics for a particular system

geometry [4,6–10]. Experimental measurements of η and
the thickness uniformity over the substrate surface dem-
onstrate that numerical modeling provides a qualitative
picture of boundary layer diffusion [9]. Considering the
complexity of transport phenomena and the numerous
assumptions made in the models, a more direct experi-
mental verification is, therefore, desirable. Here, we use
laser-induced fluorescence (LIF) to study transport in the
boundary layer near the substrate in a pilot production
OVPD system [9]. In LIF, a laser beam locally excites
organic species dissolved in the carrier gas, resulting in
fluorescence emission [5] whose intensity and spectrum
allow for real time measurements of the organic concen-
tration c and local gas temperature T. Under conditions
typically used in OVPD of chamber pressures less than
1 torr, we find the boundary layer extends to a remarkable
distance of over 10 cm from the cooled substrate surface.
Our measurements within and above the boundary layer are
compared to a numerical model that provides information
about diffusion within the boundary layer that leads to
optimizing conditions to achieve the highest film uniform-
ity and material utilization. The model is also useful for
making quantitative predictions of OVPD dynamics that
can be used in the design of high performance growth
systems.
This paper is organized as follows. In Sec. II we derive

theoretical models used to describe mass transport across
the gas boundary layer in OVPD, and to interpret the
temperature dependence of gas phase photoluminescence
(PL) measurements. In Sec. III, we describe the exper-
imental procedures used to acquire data. Results are then
provided in Sec. IV, and discussed in Sec. V. Section VI
presents conclusions.*stevefor@umich.edu
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II. THEORY

A. Gas flow dynamics in the boundary layer

In the source cell, the solid or liquid organic material
evaporates at temperature Te into the carrier gas with
volume flow Qe. The molar flow rate of organic material at
the source n

.
e can be controlled as follows [3,4,6,11]. In

equilibrium (i.e., at low Qe), the source flow rate is set by
Te, and is independent of the amount of organic material
contained in the source [12]. In the kinetic regime (i.e., at
high Qe), the carrier gas sweeps all evaporated molecules
from the source. The pressure range typical for OVPD is
from Pt ¼ 0.5 to 10 torr, with gas temperatures of
Tt ¼ 350 °C. These conditions correspond to a mean free
path λ < 0.5 mm. This regime is described by a low
Knudsen number, Kn ¼ λ=Rt ≪ 1, where Rt is the
OVPD tube radius [4,6]. The conditions in OVPD can,
therefore, be treated as a continuum flow. As the average
gas velocity in the tube is low (vt < 1 m=s), the flow is
laminar with a low Reynolds number Re, and Mach
number, yielding a negligible density change due to
pressure variations [6], in contrast to significant density
changes with temperature. With molar fractions typically
x < 0.001, the organic solute is highly diluted, and the
mass transfer of organic species does not significantly
affect fluid flow.
The carrier gas flow is described by the steady-state

equations for a compressible Newtonian fluid, viz. [13–16]

~∇ · ðρ~vÞ ¼ 0; (1)

ρð~v · ~∇Þ~v ¼ − ~∇pþ ~∇ · ½μ( ~∇ ~vþð ~∇ ~vÞ0)
− 2

3
μð ~∇ · ~vÞI� þ ρ~g; (2)

ρCp~v · ~∇T ¼ ~∇ · ðk ~∇TÞ; (3)

where ρ, ~v, p, and T are the carrier gas density, velocity,
pressure, and temperature, respectively. Also, μ, Cp, and k
are the carrier gas dynamic viscosity, isobaric specific heat,
and thermal conductivity, respectively. Finally, ~g is the
acceleration of gravity and I is the identity matrix.
In the dilute binary gas flow considered, mass transfer of

the organic species is calculated in steady-state assuming
mass balance [13,17]:

~∇ · ð~vcÞ ¼ ~∇ · ½D~∇cþ αcD~∇ lnðTÞ�; (4)

where D is the diffusion coefficient of the organic in the
carrier gas which varies as D ¼ D0Tn=p (1.5 ≤ n ≤ 2).
Experimental values are available for D0 and n, or they can
be calculated from Chapman-Enskog theory with reason-
able accuracy [18]. Also, α is a unitless thermal diffusion
factor that can be determined from Chapman-Enskog
theory (see the Appendix). It is apparent in Eq. (4) that

both concentration and thermal gradients drive organic
molecular diffusion.
The carrier gas flow and the transport of the organic

species are determined by numerically solving Eqs. (1)–(4)
using the COMSOL Multiphysics® (Chemical Engineering
module) finite element analysis software. Figure 1(a) shows
an axially symmetric view of the OVPD chamber along
with the boundary conditions used. The gas enters the
growth chamber characterized by a laminar Poiseuille flow
with average velocity vt, carrying a uniform concentration
ct of organic molecules. The tube pressure at the outlet is
Pt. The velocity at the chamber walls is v ¼ 0. The organic
species do not condense on the hot chamber walls, at
temperature Tt. On the cold walls (temperature Ts),
condensation is simulated by setting a fixed concentration
cs < ct.
To generalize the results, we introduce the following

dimensionless parameters [16,19]: z� ¼ z=Rt, r� ¼ r=Rt,
~v� ¼ ~v=vt, ρ� ¼ ρ=ρt, θ� ¼ ðT − TsÞ=ðTt − TsÞ, c� ¼
c=ct, D� ¼ D=Dt, and μ� ¼ μ=μt. The subscript t defines
the value of a parameter measured in the OVPD tube at
temperature Tt and pressure Pt, well outside of the
boundary layer. The carrier gas flow is also characterized
by Re ¼ ρtVtRt=μt ¼ m

.
cg=πRtμt, the Prandtl number

FIG. 1. (a) Schematic of the axial symmetric OVPD tube of radius
Rt and height Ht. Dashed arrows give boundary conditions, with the
carrier gas velocity and temperature, ~v and T, respectively, and c, the
molar concentration of diluted organic species. The molar flow rates
of organic materials are n

.
e at the inlet, n

.
s on the substrate, and n

.
l at

the exhaust.Qt andQl are the carrier gas volume flows at the inlet and
exhaust, respectively, δ is the boundary layer thickness, Hts is the
vertical distance between substrate holder (of radius Rs) and the tube
inlet, and Hsh is the distance between substrate holder and the lower
edge of tube heater. (b) Numerical simulation of N2 flow in the OVPD
chamber. Conditions are the following: substrate radius Rs

� ¼ 0.8,
Reynolds number Re ¼ 0.35, Prandtl number Pr ¼ 0.73, and
Grashof number Gr ¼ 17.5, corresponding to total mass flow rate
qtot ¼ 200 sccm, tube pressure Pt ¼ 1.5 torr, tube temperature
Tt ¼ 340 °C, and substrate temperature Ts ¼ 40 °C in our
experimental OVPD system (Rt ¼ 125 mm, Rs ¼ 100 mm,
Hsh ¼ 50 mm). Left: Dimensionless temperature θ�. Right: Norm
of dimensionless velocity v� along with flow lines.

CEDRIC ROLIN et al. PHYS. REV. APPLIED 1, 034002 (2014)

034002-2



Pr ¼ μtCpt=kt, the Schmidt number Sc ¼ μt=Dtρt, and the
Grashof number Gr ¼ gβΔTR3

t ρ
2
t =μ2t [19]. Here, m

.
cg is the

carrier gas mass flow rate, β is the carrier gas thermal
expansion coefficient, and ΔT ¼ Tt − Ts is the temper-
ature variation in the growth chamber. A typical carrier gas
flow with Re ¼ 0.35, Pr ¼ 0.73, and Gr ¼ 17.5 is shown
in Fig. 1(b). The pressure drop is negligible, such that the
system is isobaric at pressure Pt. Far above the substrate at
z� > 2, the flow is an isothermal laminar Poiseuille flow.
As it approaches the substrate, the carrier gas forms a
stagnation region, or boundary layer, characterized by low
velocities and a significant temperature gradient [15,20].
The thickness of the boundary layer is estimated along the
chamber axis using [14]

δM ¼ aRs

ffiffiffiffiffiffiffiffiffi

μiRs

_mcg

s

; (5)

where a ≈ 1 is a geometric constant, Rs is the substrate
holder radius, and μi is the dynamic viscosity at an
intermediate temperature, Ti ¼ ðTt þ TsÞ=2. In Fig. 1(b),
δM

� ¼ δM=Rt ¼ 0.62 with a ¼ 1. The thickness of the
thermal boundary layer is given by δT ¼ δM=Pr. Under
most OVPD conditions, Pr ¼ 0.6 to 0.8, implying that δT >
δM [16] [see Fig. 1(b) where δT

� ¼ 0.91]. Because of the
low diffusivity of large organic molecules in the carrier gas
[18], Sc ≫ Pr. In this case, the boundary layer thickness is
δm ¼ πδM=Sc [13].
Now, the macroscopic balance of molar flow rates of

organic species is given by

_ne ¼ _ns þ _nl; (6)

where _nl is the molar flow rate of organic species lost to the
exhaust. Neglecting thermal diffusion, the molar flow
rate condensing on the substrate _ns is driven by the
concentration gradient above the substrate, viz.

_ns ¼ πR2
sDs

∂c
∂z ; (7)

where Ds is the diffusion coefficient at the substrate, and z
is the distance normal to its surface. Assuming a constant
concentration gradient across the boundary layer, Eq. (7) is
now

_ns ¼ πR2
s
Di

δm
ðcδ − csÞ; (8)

where Di is the diffusivity of organic species, and cδ is the
concentration of organic species above the top of the
boundary layer at z ¼ δm. Under some circumstances,
the organic molecules can accumulate above the boundary
layer, resulting in cδ� ¼ cδ=ct ≥ 1. At the chamber inlet
and at the exhaust at the edge of the substrate, the transport

of organic species is convective, and the molar flow rates
are given by

_ne ¼ ctQt ¼ ct
_mcg

ρt
; (9)

_nl ¼ clQl ¼ cl
_mcg

ρi
¼ cδ

b

_mcg

ρi
; (10)

where ρi is the carrier gas density, and cl is the molar
concentration of the organic solute at the exhaust. Now, cl
cannot be determined from the boundary conditions alone,
and hence we introduce b in Eq. (10). Numerical simu-
lations show that b ∼

ffiffiffiffi

T
p

and has a weak linear increase
with Rs

�.
Equations (5)–(10) are combined assuming that the

organic concentration on the substrate is cs ¼ 0, corre-
sponding to a unity sticking coefficient that is valid for
Ts ≪ Te. Thus, we obtain the accumulation ratio cδ� ¼
cδ=ct above the boundary layer:

c�δ ¼
�

1

bρ�i
þD�

i

a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R�
s

π Reμ�i

s

�−1
: (11)

The first term accounts for the loss of molecules to the
exhaust, whereas the second term is determined by dif-
fusion across the boundary layer. An increase of either term
results in a lower accumulation of organic species above the
boundary layer. Hence, we derive the material utilization
efficiency η ¼ n

.
s=n

.
e:

η ¼
�

a
bρ�i D

�
i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

π Reμ�i
R�
s

s

þ 1

�−1
: (12)

The efficiency is independent of pressure, and decreases
with increasing Re. Note that η slowly increases with T and
strongly with Rs

�.

B. Temperature dependence of gas
phase photoluminescence intensity

We now consider the temperature dependence of the gas
phase molecular photoluminescence (PL) intensity. This
allows for the interpretation of the LIF signal in the
temperature gradient within the boundary layer. The optical
power of the fluorescence signal SF is [21]

SF ¼ IðνÞ
hν

AlNσðν; TÞΦðTÞ Ω
4π

ηd; (13)

where ν is the light frequency, IðνÞ is the incident laser
irradiance, A and l are, respectively, the cross-sectional area
and the length of the excited region, h is Planck’s constant,
N is the population of molecules in the ground state,
σðν; TÞ is the absorption cross section, ΦðTÞ is the
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fluorescence quantum yield, Ω is the collection solid angle,
and ηd is the detection efficiency. Obtaining N from
measurements of SF requires knowledge of the gas temper-
ature σðν; TÞ and ΦðTÞ. In the gas phase, the absorption of
luminescent organic materials is reduced, and the peaks
broaden towards the red with temperature [22].
Consequently, σðν; TÞ may either increase or decrease,
depending on the laser wavelength relative to the absorp-
tion peak. A decrease of ΦðTÞ with increasing T has often
been observed in polycyclic aromatic hydrocarbons, both in
the liquid and vapor phases [23–25]. This decrease has
been attributed to a thermally activated nonradiative decay
rate knr of the excited state. Its temperature dependence
with activation energy Ea follows

ΦðTÞ ¼ kr
kr þ k0nrexpð−Ea

kT Þ
; (14)

where kr is the radiative decay rate and k0nr is a constant.
In interpreting our intensity data, therefore, we use
Eqs. (13) and (14).

III. EXPERIMENT

The boundary layer is studied in the OVPD system [9] of
radius Rt ¼ 0.125 m, illustrated in Fig. 2. The substrate
holder is a black anodized Al disk of radius Rs ¼ 0.1 m
(Rs

� ¼ 0.8) mounted on a vertical positioning system. The
substrate temperature is actively controlled from Ts ¼ 40
to 85 °C using chilled water, as measured by a K-type
thermocouple mounted on the upper surface of the disk.
The region within and above the boundary layer is probed
by varying the substrate height Hls relative to the laser
beam, from a fully retracted position at Hls ¼ 350 mm, up
to 5 mm.

The OVPD tube is much longer than Rt, ensuring the full
development of Poiseuille flow of the N2 carrier gas loaded
with a homogenized plug flow of the diluted organic
material, boron subphthalocyanine chloride (SubPc) [5].
The SubPc (molar density of the solid film, ρM ¼
3770 mole=m3) is evaporated at Te ¼ 310 °C and injected
into the OVPD tube with a N2 mass flow rate of qs ¼ 50 to
100 sccm. The evaporation rate is monitored by a quartz
crystal microbalance mounted upstream of the LIF setup.
Upon injection into the main tube, SubPc is further diluted
in N2, resulting in a total carrier gas mass flow rate of
100 < qtot < 800 sccm. A throttle valve controls the tube
pressure in the range 0.5 < Pt < 5 torr. The tube temper-
ature is maintained at Tt ¼ 340 °C, except during spectral
broadening and quantum yield calibrations. When the
substrate is fully retracted, the gas temperature in the
center of the chamber at the height of the laser beam Tl
is measured using both a thermocouple and a fluorescence
thermometer based on the measurement of emission life-
time from a ruby crystal [26]. Neither technique is,
however, able to provide reliable measurements within
the boundary layer itself.
For each set of experimental conditions, the molar flow

rate of material reaching the substrate n
.
s;exp, is measured by

placing a Si substrate on the holder and depositing a thin
(∼30 nm) organic film.
To excite PL in SubPc, the gas mixture is pumped by a

Nd:YAG laser at a wavelength of 532 nm with a maximum
intensity of 1 W. The PL intensity SF, from which the
organic concentration is inferred, is detected by a photo-
diode angled towards the center of the substrate to observe
a region of length l ∼ 150 mm centered on the tube axis. A
spectrometer (USB4000-FL, Ocean Optics) is mounted on
a second angled optical port to measure the emission
spectrum. From SF and the emission spectra, we extract
average values of c and T over the optical path length l.
Measurements by LIF are carried out as follows. The

SubPc is heated to Te in the source. The carrier gas flow in
the tube is set to desired values of qtot, Pt, and Tt. The
substrate temperature is stabilized at Ts. Then, a square
pulse of SubPc is injected into the main tube by opening
and closing the source plug valve. The pulse duration tp
ranges from 40 to 210 s, such that steady-state conditions
are established in the chamber [5]. During the pulse, and for
120 s after, the PL intensity and emission spectrum are
continuously recorded. This procedure accurately provides
the baseline signal and the steady-state intensity.

IV. RESULTS

To calibrate the temperature dependence of the SubPc PL
yield and spectral width, the substrate is retracted to
Hls ¼ 350 mm, and the tube temperature in the vicinity
of the LIF system is varied from Tt ¼ 200 to 450 °C. Then
qtot is decreased from 200 to 150 sccm to compensate for
the density drop, and to maintain a constant volumetric

FIG. 2. Schematic of the OVPD tube along with the laser
induced fluorescence monitor. Here, PL is the photolumines-
cence, l ¼ 150 mm is the observation distance,Hls is the distance
between the laser beam and substrate surface, and Hlh is the
distance between the laser beam and lower edge of the tube
heater. The distance between substrate surface and lower edge of
tube heater is Hsh ¼ Hlh −Hls.
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flow Qt. These conditions yield a constant molar concen-
tration ct ¼ n

.
e=Qt, according to Eq. (9). Then, by injecting

pulses of SubPc, the PL intensity and emission spectrum
are measured vs gas temperature Tl. We find from Fig. 3(a)
that SF decreases by 50% when Tl increases from 200 to
350 °C, with the linear fit (line) yielding Ea ¼
0.46� 0.01 eV and intercept of 8.6� 0.2. As T increases,
the PL spectra [inset, Fig. 3(b)] broaden linearly towards
the red, as shown in Fig. 3(b).
The gas temperature profile above the substrate, with

qtot ¼ 200 sccm, Pt ¼ 1.5 torr, Ts ¼ 40 °C, Tt ¼ 340 °C,
is shown in Fig. 4. When the substrate is fully retracted, Tl
reaches a maximum of 290 °C that is well below tube
temperature Tt ¼ 340 °C. This discrepancy is caused by the
cold chamber walls that affect the temperature distribution
when the substrate is retracted below the laser probe. This
effect is simulated by fixing the heater height relative to the
laser Hlh, while varying its height relative to the substrate
Hsh in Figs. 1(a) and 2. The dashed line in Fig. 4 shows the
simulated temperature profile with heaters extending
below substrate at a fixed Hsh ¼ 50 mm (i.e., a variable
Hlh ¼ Hls þ 50 mm). The solid line shows the profile with
Hlh ¼ 50 mm (i.e., a variable Hsh ¼ 50 mm −Hls). Up to
Hls ¼ 50 mm, both lines fit the experimental data. Above
that, only a fixed Hlh gives a good fit.
Applying Eq. (14) to the measured temperature profiles,

and using the results from Fig. 3, the variation of ΦðTÞ
across the boundary layer is inferred. Then SF vs Hls in the
boundary layer is corrected using Eq. (13), thereby giving
the relative concentration of the organic species. To obtain
absolute values of the organic concentration c, we use
the n

.
s;exp extracted from the thickness measurement of

the deposit for each set of experimental conditions.

Equation (7) is used to obtain the concentration gradient
adjacent to the substrate (∂c=∂z) assuming the boundary
condition cs ¼ 0 at Hls ¼ 0. The slope is then used to
calibrate the concentration profiles measured in the

λ 

(a) (b)

FIG. 3. Evolution of SubPc PL yield and spectral width vs gas temperature Tl, following 60 s long SubPc pulses evaporated at
Te ¼ 310 °C and injected into the OVPD tube at pressure Pt ¼ 1.5 torr. The tube temperature is increased from Tt ¼ 200 to 450 °C
while the total carrier gas mass flow qtot is lowered from 200 to 150 sccm to keep organic concentration constant in the gas. (a) Variation
of lnðS−1F − 1Þwith T−1

l where SF is the measured PL intensity, showing a linear fit to the data (line). (b) Variation of spectrum full width
at half maximum (FWHM) as a function of Tl (circles). The square is the FWHM of a SubPc emission spectrum in a benzene solution.
The line is a linear fit. Inset: SubPc emission spectra in gas phase at Tl ¼ 197 and 339 °C.

FIG. 4. Gas temperature Tl vs laser beam height relative to
substrate Hls. The experimental data are acquired from the SubPc
spectral broadening with the following flow conditions: total
mass flow rate qtot ¼ 200 sccm, tube pressure Pt ¼ 1.5 torr, tube
temperature Tt ¼ 340 °C, substrate temperature Ts ¼ 40 °C,
SubPc evaporation temperature Te ¼ 310 °C, mass flow rate of
N2 in the source qs ¼ 100 sccm. The lines are Tl profiles from
numerical simulation withHlh ¼ 50 mm (solid) andHlh ¼ Hls þ
50 mm (dashed line). Conditions are similar to that simulated in
Fig. 1(b).
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boundary layer, and to extract the concentration far from
the substrate ct;exp. Figures 5(a) and 5(b) show the organic
concentration profiles measured for various qtot and Pt,
respectively. As previously, ct;exp is proportional to both
1=qtot and Pt [5]. The lines in Figs. 5(a) and 5(b) are the
numerically simulated profiles (averaged over the obser-
vation length) withHlh ¼ 50 mm. The diffusion coefficient
is DSubPc;N2

¼ D0T1.9=P ¼ 18.5 cm2=s, measured at T ¼
340 °C and P ¼ 1.5 torr [18]. Thermal diffusion is
neglected (α ¼ 0). The only fitting parameter used
in the simulations is the inlet concentration ct, adjusted
to ct;exp.
The c� profiles are shown in Figs. 5(c) and 5(d) as

functions of qtot and Pt, respectively. Here, the accumu-
lation of organic material near the substrate is apparent. The
peak concentration cδ�, that characterizes the accumulation,
increases with qtot, and shows a slight increase with Pt. The
phenomenon is also observed in Fig. 6, where c is
calculated with the same conditions as in Figs. 1(b)

and 4. Figure 6 also maps the diffusive and convective
fluxes of the organic species. The convective transport that
dominates the flow far above the substrate is replaced by
diffusive transport in the boundary layer. Mass transport is
characterized by both convection and diffusion as organic
material condenses on the cold substrate holder side walls
in the region between the substrate holder and cham-
ber wall.
The material utilization efficiency is given by the ratio

between n
.
s;exp and n

.
s;exp ¼ ct;expQt [cf. Eq. (9)]. In Fig. 7

we show η vs qtot, Pt, and Ts. Here, η ∼ 40% agrees with
previous measurements that compared the mass of the
organic species condensed on the substrate to that evapo-
rated from the source [9]. Figure 7 also shows the evolution
of cδ� with the process parameters qtot qtot, Pt, and Ts.
Here, cδ� is calculated assuming the substrate is in the hot
zone (at Hsh ¼ 50 mm) using experimental values of ct;exp
for the concentration at the inlet. Equations (11) and (12)
used for the fits in Fig. 7(a) yield a ¼ 1.26� 0.02 and

µ

δ

δ

µ

(a) (c)

(b) (d)

FIG. 5. Concentration of organic material c averaged over the observation distance l ¼ 150 mm as a function of laser beam
height relative to substrate Hls with (a) a variable total carrier gas mass flow rate qtot and a fixed tube pressure Pt ¼ 1.5 torr, and (b) a
fixed qtot ¼ 200 sccm and a variable Pt. Other conditions are as in Fig. 4. The lines are numerical simulations assuming Hlh ¼ 50 mm.
The diffusivity of SubPc is 18.5 cm2=s at T ¼ 340 °C and P ¼ 1.5 torr, and varies as T1.9=P. Thermal diffusion is neglected. The
inlet organic concentration ct is set to the concentration ct;exp measured by experiment at Hls ¼ 350 mm. (c) and (d): Same data as in
(a) and (b) in dimensionless units. c� ¼ c=ct;exp, Hls� ¼ Hls=Rt, with chamber radius Rt ¼ 125 mm.
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b ¼ 1.1� 0.1. Further, fits in Fig. 7(c) assume b ∼
ffiffiffiffi

T
p

.
Finally, δm� is measured by using n

.
s;exp and cδ in Eq. (8),

assuming a unity sticking coefficient cs ¼ 0. The evolution
of δm� with qtot, Pt, and Ts is shown in Fig. 7. Fitting
the data in Fig. 7(a) using δm ¼ πδM=Sc with Sc ¼ 14.7,
gives a ¼ 1.26� 0.05. Values of δm are also shown in
Figs. 5 and 6.

V. DISCUSSION

When the substrate is lowered below the heaters (i.e.,
Hls > Hlh), the cold surrounding walls affect both T and c.
Consequently, the experimental profiles in Figs. 4 and 5 are
not the actual profiles above the substrate during thin film
growth when the substrate holder is in the hot zone (i.e., at
Hls < Hlh and Hsh > 0). When the actual heater geometry
and location are taken into account by fixing Hlh and
varyingHsh, the calculated profiles provide the fits in Fig. 4
without the use of fitting parameters, and in Fig. 5 with only
the scaling factor ct;exp at the inlet used as a parameter. The
absence of fitting parameters provides evidence of the
accuracy of the numerical model for the determination of
mass transport in OVPD. At Hsh > 0 (i.e., the substrate
holder is in the hot zone), the model can provide quanti-
tative predictions of the transport dynamics, as shown in
Figs. 1(b) and 6.

η
 

δ
δ

η
 

 δ
δ

η
 

δ
δ

η
 

δ
δ

(a) (b)

(c) (d)

FIG. 7. Material utilization efficiency η, organic molecular concentration cδ� accumulated above the boundary layer, and thickness of
the mass boundary layer δm� as a function of (a) total carrier gas mass flow rate qtot at pressure Pt ¼ 1.5 torr and substrate temperature
Ts ¼ 40 °C, (b) Pt with qtot ¼ 200 sccm and Ts ¼ 40 °C, (c) Ts with qtot ¼ 200 sccm and Pt ¼ 1.5 torr. Other conditions are as in
Figs. 4 and 5. The solid lines are fits to the data. (d) Variation of η, cδ�, and δm

� with tube radius Rs
�, simulated using the same process

conditions.

FIG. 6. Organic concentration c� in the OVPD chamber
calculated for Pt ¼ 1.5 torr, qtot ¼ 200 sccm, ct ¼ 7.5 μmole=
m3, and Hsh ¼ 50 mm. Other conditions are the same as in
Figs. 1(b), 4, and 5. The arrows in the left and right panels depict,
respectively, the relative diffusive and convective fluxes of the
organic species. Also, δm� is the thickness of the dimensionless
mass boundary layer.
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Equation (4) considers diffusion driven by both concen-
tration and thermal gradients. For concentration-driven
diffusion, the calculations used [18] of DSubPc;N2

∼
T1.9=P. In the case of thermally driven diffusion, we derive
αSubPc;N2

¼ 0.46 from Chapman-Enskog theory (see the
Appendix) [17]. Numerical simulations using αSubPc;N2

,
however, show a very limited contribution (<1%) due to
thermal processes and hence its effect can be neglected; a
conclusion supported by the correspondence between
calculated and measured values of c in Fig. 5. This finding
also validates the assumption of cs ¼ 0 at the substrate,
corresponding to a unity sticking coefficient when
Ts ≪ Te.
The cooling of the carrier gas near the substrate yields a

decrease of DSubPc;N2
and a loss of volume flow to the

exhaust where Ql < Qt, and hence a lower n
.
l [see

Eq. (10)]. Cooling leads to accumulation of organic
molecules above the boundary layer, as shown in Figs. 5(c),
5(d), and 6. In turn, accumulation enhances diffusive
transport to the substrate and loss to the exhaust, resulting
in a reequilibration of the mass balance. In Fig. 7(a), the
concentration at the boundary cδ� increases with qtot up to
1.3 (i.e., cδ is 30% higher than inlet concentration ct), as the
organic solute is convectively pushed closer to the sub-
strate holder. Also, cδ� increases with Pt due to gravity, and
decreases with Ts due to enhanced diffusivity [Figs. 7(b)
and 7(c), respectively].
Figure 6 also shows that cδ� reaches a maximum in the

center of the chamber, whose radial distribution is plotted in
Fig. 8. Here, we compare two chamber geometries: one
with a short distance between chamber inlet and substrate

holder,Hts
� ¼ 0.6, and one withHts

� ¼ 2.8, corresponding
to situations in Figs. 1(b) and 6. Figure 8(a) shows that a
small Hts

� results in a flat concentration profile across the
chamber. In both cases, the mass transport boundary layer
thickness, corresponding to the position above the substrate
where diffusive transport becomes dominant, is decreased
by a factor >4 from the center to the edge of the substrate
holder. The pinning of the boundary layer to the edge of the
substrate results in an enhanced deposition rate near that
point, as apparent in Fig. 8(b). The substrate diameter must
be smaller than that of the holder to avoid thickness non-
uniformities in the deposit from center to edge. In the case
of a large Hts

�, the radial decrease in concentration
compensates the pinning of δm�ðrÞ. Hence, accumulation
of the organic molecules above the substrate can lead to
improved film thickness uniformity.
Fitting the experimental variations of η, cδ�, and δm

� in
Fig. 7 with the analytical model provides values for
geometrical parameters a and b. In Fig. 7(d), the model
is then used to predict the influence of substrate radius Rs

�
on the boundary layer. Maximizing the material use
efficiency requires a large substrate, as the ratio between
diffusion to the substrate and convective loss increases.
Also, δm� increases with Rs

� since thicker boundary layers
develop on larger substrates.
Our results show that under conventional conditions

employed in OVPD, the boundary layer extends to a
stagnation point at a remarkably long distance from the
substrate. We note that OVPD system designs have been
implemented using a shower head placed within the
boundary layer to finely control the gas distribution, and
to maximize both η and the thickness uniformity [6,8,27].
Figure 9 shows the dependence of η and film thickness
uniformity [given by the standard deviation in layer thick-
ness stdev(d)] on the height of the shower head and the
substrate radius. At large Hts

�, substrates with a diameter
close or equal to that of the substrate holder (i.e.,
Rw

� ¼ Rs
� ¼ 0.8), exhibit a low uniformity that is strongly

affected by edge pinning. By reducing the shower-head–
substrate gap, however, both η and uniformity improve. For
example, stdev(d) <3% for Rw

� ¼ 0.75 when Hts
� < δm

�.
In consequence, the shower head optimizes film deposition
when placed within the mass transport boundary layer.
Finally, we investigated the influence of gravity on gas

flow. The occurrence of natural convection in the OVPD
chamber is quantified by the ratio of dimensionless
numbers Gr=Re2 ¼ gβΔTRt=v2t , that approximates the
ratio between buoyancy and inertial driving forces [19].
Natural convection is encouraged by an increased temper-
ature drop ΔT, larger chamber size Rt, and lower gas
velocities vt. For Fig. 1(b) where Gr=Re2 ¼ 144, the effect
of gravity is limited. Gravity has more impact, however,
when pressure is increased to Pt ¼ 4.0 torr, where
Gr=Re2 ¼ 1024. Figure 10 shows the organic concentra-
tion c� and the flow streamlines at 4.0 torr in the presence

δ δ

δ (a)

(b)

FIG. 8. Radial dependence of organic concentration above the
boundary layer cδ�ðrÞ, mass transfer boundary layer thickness
δm

�ðrÞ, and normalized film thickness profile d for two inlet-
substrate heights Hts

�. Simulation conditions are as in Figs. 1(b)
and 6, with a substrate holder radius Rs

� ¼ 0.8.

CEDRIC ROLIN et al. PHYS. REV. APPLIED 1, 034002 (2014)

034002-8



and absence of gravitational effects, for two different
substrate orientations (i.e., deposition upwards or down-
wards). It is apparent from Figs. 10(b) and 10(c) that
gravity results in an increased material accumulation in the
boundary region. The value of Gr=Re2 at which natural
convection becomes non-negligible depends on system
orientation, as is apparent from Figs. 10(a) and 10(c). In
our OVPD configuration where the substrate faces upward
[Fig. 10(c)], gravity forces the cooling gas along the

direction of flow, thereby slightly reducing the boundary
layer thickness. When the substrate faces downwards
[Fig. 10(a)], densified gas is pulled back upstream along
the tube axis, thereby creating a convective cell that
increases the boundary layer thickness and reduces η.

VI. CONCLUSIONS

We use a combination of analysis and experiment to
study gas dynamics in the boundary layer formed above the
substrate in OVPD. We find that the boundary layer is
characterized by significant temperature and concentration
gradients extending over large distances that drive molecu-
lar diffusion to the substrate. This rate-limiting diffusion
process determines film morphology, material utilization
efficiency, and thickness uniformity. Diffusion is driven by
gas concentration gradients generated by the presence of a
cold substrate within the heated gas flow stream.
As the gas cools in the vicinity of the substrate,

convective losses to the exhaust are reduced. This
phenomenon, along with slow diffusion through the boun-
dary layer, form a bottleneck to mass transport that results
in the significant accumulation of organic molecules at the
entrance to the boundary layer. Surprisingly, this accumu-
lation results in a higher film thickness uniformity. A
second approach to achieve thickness uniformity and
material utilization efficiency is the use of a shower head
that is optimally positioned within the boundary layer
itself. Finally, convection and concentration gradients are
strongly influenced by gravity at low gas velocities,
achieved at high pressure or low flow rates.
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APPENDIX: THERMAL DIFFUSION

In a binary gas with a temperature gradient, thermal
diffusion forces heavier molecules towards the cold zone
[16]. In the case of a highly diluted mixture, Chapman-
Enskog theory gives the thermal diffusion factor as [17]

α≃ 5
ffiffiffi

2
p

8

�

σ12
σ2

��

6Ωð1;2Þ�
12 − 5Ωð1;1Þ�

12

Ωð2;2Þ�
2

��

1 − 3M2

2M1

�

; (A1)

η  

δ

FIG. 9. Influence of the shower-head-to-substrate height Hts
�,

on material utilization efficiency η and standard deviation in film
thickness stdev(d). Here, Rw

� is the substrate radius. Simulations
assume the same conditions as in Figs. 1(b) and 6, with substrate
holder radius Rs

� ¼ 0.8, but using a square velocity profile for
the carrier gas at the inlet.

FIG. 10. Effect of gravity on organic concentration c�. Also
shown are streamlines of the gas flow. (a) Acceleration of gravity
~g pointing up and g ¼ 9.81 m2=s, (b) g ¼ 0 m2=s, and (c) ~g
pointing down relative to the substrate. Simulation conditions are
as in Figs. 1(b) and 6, except Pt ¼ 4.0 torr.
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where σ12 is the average molecular diameter, σ2 is the
diameter of the carrier gas molecules, Ωðl.kÞ� are dimension-
less collision integrals [28], and M1 ≫ M2 are the molar
masses of the organic species and the carrier gas, respec-
tively. The importance of thermal diffusion is estimated
from its ratio to that in the absence of thermal diffusion
[17]:

J
Jα¼0

¼ α

�

lnðTs=TδÞ
ðTs=TδÞα − 1

�

; (A2)

where Ts is the substrate temperature and Tδ is the
temperature at the entrance to the momentum boundary
layer. In the case of SubPc in N2, we find αSubPc;N2

¼ 0.46
at Ti ¼ 157 °C, and J=Jα¼0 ¼ 1.08 with Ts ¼ 40 °C.
Therefore, we infer that diffusive transport is enhanced
by 8%, whereas numerical simulations show that the
enhancement is <1%.
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