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ABSTRACT

Bubbler-based vaporizers are widely used for chemical delivery in thin-film deposition processes, yet the mechanisms governing outlet sat-
uration remain mostly unexplored. In this work, dry N, gas was bubbled through water in a stainless-steel bubbler at atmospheric pressure.
Saturation of the outlet stream was tested as a function of inlet gas flow rate and vessel fill level. Using fast x-ray imaging, distinct bubble
and coalescence regimes across operating conditions were identified. Despite these differences in bubble dynamics, outlet measurements
showed near-complete saturation across all tested conditions. A simplified mass-transfer model indicated that exchange across bubble-
liquid interfaces alone cannot account for the observed results. Instead, mass transfer at the liquid-headspace interface, enhanced by
surface agitation and droplet entrainment, provides a substantial additional source for mass exchange. These findings highlight the impor-
tance of non-bubble interfaces in bubbler operation and suggest that models neglecting these effects may underestimate outlet

concentrations.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0005484

I. INTRODUCTION

Bubbler-based vaporizers are used as a means by which to
deliver chemicals in various processes, in particular, those related
to thin-film deposition such as chemical vapor deposition (CVD),
and its subclass atomic layer deposition (ALD)."” Both are often
employed at near-vacuum, but may be utilized under atmospheric
conditions as well. For example, atmospheric pressure CVD is
widely applied to alter the reflective properties of glass™ and
atmospheric pressure ALD may be utilized when coating granular
materials.” In thin-film deposition systems, the bubbler serves to
deliver a chemical, which is typically supplied as a liquid, to a
reactor chamber in the vapor phase. This is done by introducing a
carrier gas at the bottom of the vessel containing the liquid chemi-
cal via a diptube. As the formed bubbles rise through the liquid,
they saturate, producing an outlet stream containing the desired
chemical in the vapor phase. The outlet composition of this
stream is expected to depend on, among other conditions, the
used gas flow rate and the fill level of the bubbler, as both affect
the residence time of the bubble within the liquid.

Both CVD and ALD are commonly performed under (low)
vacuum conditions. Therefore, most studies examining bubblers

did so at reduced pressures.”’ As saturation concentrations are
highly dependent on system pressure, applicability of these studies
to our system is limited, as we operate under atmospheric pressure.
However, some studies reported effects of evaporative cooling
during the bubbler operation, ™ which affects outcomes regardless
of system pressure. At atmospheric pressure and a constant
bubbler fill level, Maury et al. found the evaporated amounts of
chemical to increase proportionally with inlet gas flow, until
droplet entrainment occurred at high flow rates.'’

A full understanding of the vapor delivery system requires
insight into the bubble dynamics within the system. For the types
of bubblers applied in thin-film deposition, these dynamics
remain unexplored. Some earlier works exist on bubblers with an
upward facing nozzle, in which relations between bubble viscidity
and Reynolds number and bubble formation were established.'"'”
For bubbles rising in bulk liquid many prior work exists, where
the ones focused on void fraction are most relevant for our
work."”™"” Furthermore, the nature of employed chemicals and the
process of thin-film deposition often calls for durable bubbler
vessel materials. Therefore, bubblers we consider are typically
made of stainless steel, complicating bubble dynamic studies.
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Despite the widespread application of bubbler systems, the operat-
ing range within which full saturation of outlet gas is obtained
remains unexplored in the literature.

In this work, we characterized the bubbler performance,
focusing on outlet stream, as a function of water fill level and inlet
N, flow rate. Fast x-ray imaging was used to visualize the bubble
dynamics within the bubbler vessel. This enabled the identification
of distinct bubble and coalescence behavior. Furthermore, outlet
vapor concentrations were measured across all experimental com-
binations of inlet gas flow rate and fill level. Finally, comparing
these combined results to a simple model, we show that direct
transport of chemicals from the liquid to the bubble within the
bulk liquid is possibly not the only driver of mass transport within
the bubbler system.

1. METHODS
A. Bubbler

The bubbler used for the study, displayed in Fig. 1 is a 150 ml
stainless steel vessel produced by Strem Chemicals. The inlet
extends into the bubbler, forming the diptube with an opening at
the bottom of the vessel. Introduced gas bubbles through the
liquid contained within the bubbler from the diptube outlet. As
this is located in the bottom of the vessel, bubble residence time is
maximized for optimal liquid-gas mass transfer. Upon breaching
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FIG. 1. Schematic image of the stainless steel bubbler used in this study.
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the liquid surface, the gas enters the headspace of the vessel, which
is assumed to be well-mixed.

B. X-ray imaging

To study the bubble flow regimes within the bubbler, we
employed fast x-ray imaging. This technique has been shown to
provide insight into opaque systems without alternating their
dynamics.'®"” The x-ray measurement principle is based on the
attenuation of the rays as they pass through the object of interest,
following the Lambert-Beer law, Eq. (1),

I(x) = Ipe™, (1)

where I(x) is the x-ray intensity measured on the detector, Iy is
the energy emitted by the x-ray source, u is the attenuation
coefficient, and x is the traversed distance through the object of
interest.

To compute bubble holdup within the system, a two-point
calibration was performed, requiring x-ray images of an empty
bubbler and one fully filled with water. Using the reference frames
of an empty and full bubbler, a void fraction between source and
detector can be calculated as

In (L, /15,
o 0 (I /T ) ’ 2
hl(hﬂmw/[mﬂ)

where ¢ denotes the computed relative void fraction and I,,,, I
and L.,y correspond to the detected intensities during the mea-
surement, measuring a full bubbler and measuring an empty
bubbler, respectively.

The employed setup consists of an x-ray source (Yxlon
International GmbH), which was operated in a cone beam mode,
at a voltage of 150 keV, and an anode current of 8.6 mA. Opposite
from the source, a two-dimensional scintillation detector
(Teledyne Dalsa Xineos) was located. Detector pixel sizes are
198 x 198 um and a viewing area of 350 x 708 pixels was used in
this study. As a conical x-ray beam was used, images get magni-
fied, therefore, captured pixels effectively correspond to
143 x 143 um in the measurement plane. To adequately capture
the dynamics of the system, images were acquired at a frame rate
of 100 Hz, with an exposure time of 10 ms. The bubbler was posi-
tioned in the vertical center of the x-ray source. Dry nitrogen gas
was introduced by a Bronkhorst FLOW-BUS mass flow controller
with a maximum capacity of 51/min (STP). Bubbler fill levels were
varied from 15 to 150 ml and gas flow rates were varied from 0.2
to 2.0 1/min, both in 10 equal steps, for a total of 100 experiments.
Thresholding was used for binarization of the acquired x-ray
images which allowed for differentiation of the bubble and liquid
phases. Bubble sizes could then be calculated from the
circle-equivalent projected area. Additional information on image
processing and determination of bubble sizes are provided in the
supplementary material.

C. Humidity measurements

To measure the relative humidity of the gas leaving the
bubbler, a Rotronic HC2A-S temperature-humidity sensor (RH
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FIG. 2. Overview of the setup used to perform measurements of the outlet
concentrations of the bubbler under various operating conditions.

+0.8%, T+ 0.1 K) was used. These measurements were performed
independently from x-ray imaging. As discussed in the introduc-
tion, evaporative cooling may affect bubbler outlet concentrations
over time. Furthermore, thin-film deposition is typically per-
formed at elevated temperatures, where the bubbler is
temperature-controlled. Thus, to most accurately reflect the opera-
tion conditions, our bubbler was submerged in a temperature-
controlled stirred waterbath at 20 °C with a volume of 51 at all
times. Measurements indicated a stable operating temperature
during experiments. An overview of the system is displayed in
Fig. 2. The headspace within the bubbler may saturate between
experiments. Therefore, after changing an experimental setting,
the system was given a minimum of 20 min to equilibrate before
measurements were taken. Furthermore, the sensor itself was
flushed with dry nitrogen before every measurement. The system
outlet pressure was always equal to ambient pressure, upstream
pressure being equal to ambient plus pressure drop, which are pro-
vided in the supplementary material. The maximum overpressure,
at highest flow rate and bubbler fill level, was found to be
13.4 hPa, approximately 1.3% of the total pressure.

lll. RESULTS AND DISCUSSION
A. X-ray imaging

The obtained x-ray images provided insight into the bubble
dynamics within the bubbler. In Fig. 3, some representative types
of bubble behavior are shown. As can be seen, the two-point cali-
bration allowed for high contrast between the liquid and gas phase
within the system. The color in the image represents the relative
void fraction as calculated in Eq. (2), where 1 denotes the gas
phase and 0 corresponds to the liquid. While mostly calibrated out
of the images, the diptube remains somewhat visible in the liquid
phase, extending to the bottom of the vessel. The top row of Fig. 3
shows typical single bubble flow, where individual bubbles form at
the orifice and do not interact with one another during their
ascent. This type of bubble formation is well-known in literature
and sometimes referred to as static,'® or period 1."” At higher

ARTICLE pubs.aip.org/avs/jva
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FIG. 3. X-ray images of N, bubbling through water in the bubbler. (a) discrete
bubbling (0.2 I/min), (b) coalescence in bulk (0.4 I/min), and (c) coalescence at
orifice (0.6 /min). The color bar indicates the void fraction, ¢, obtained from
Eq. (2).

gas flow rates, coalescence occurs, where two types are distin-
guished. First of all, shown in the middle row of Fig. 3, bubbles
may coalesce in the bulk liquid. This typically occurs alternately,
where a bubble leaves the orifice and starts rising while the next
one is formed. Due to the wake-induced flow field caused by the
first bubble, the second one rises faster. This allows for the succes-
sive bubble to catch up with the one preceding it in the liquid
bulk. After coalescence, the merged bubble continues to rise to the
liquid surface. Subsequently, a new “first” bubble forms and starts
rising, to be overtaken by again the next bubble, and so on. Every
bubble rising through the bulk liquid produces a wake-induced
flow field. At lower inlet gas flow rates, it takes longer for bubbles
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to reach a size where buoyancy-induced detachment from the
diptube occurs. This increases the gap between sequential bubbles
at lower flow rates. In addition to having to traverse more distance,
this gap also mitigates the magnitude of the pull experienced by
the sequential bubble. Therefore, at low flow rates, the first bubble
reaches the liquid surface before the next one could catch up to it.
The bottom row in Fig. 3 shows a third distinct behavior: coales-
cence directly at the orifice, only observed at high gas flow rates.
Here, initial bubble growth at the orifice exceeds the rise velocity
of the preceding bubble. As a result, a bubble detaches, but is
almost immediately overtaken by the next bubble, before the latter
itself has detached.

A regime map was produced based on all experimental set-
tings, showing bubble behavior for each combination of bubbler
liquid volume and gas flow rate, displayed in Fig. 4. First of all it
can be seen that at very low liquid volumes (<30 ml), no bubbles
are observed at all. This is due to bubbles reaching the liquid
surface prior to detachment from the orifice, rendering adequate
bubble detection redundant. At moderate flow rates (<0.61/min)
single bubble flow is observed along with coalescence in bulk at
higher liquid volumes, which is in line with the prior discussion
on bulk coalescence. At higher flow rates, coalescence shifts to the
orifice at liquid volumes up to 90 ml. At higher liquid volumes,
the system becomes more chaotic; no longer showing a single type
of coalescence, and some bubbles undergoing multiple coalescence
events. Collectively, Figs. 3 and 4 demonstrate that inlet gas veloc-
ity and liquid volume strongly influence the bubble regime within
the system.

B. Humidity measurements

The measured relative humidities of outlet gas at tested com-
binations of bubbler liquid volume and gas flow rate are presented
in Fig. 5. It can be seen that the outlet gas was nearly saturated
under all tested conditions (note the break on the y axis). This is
unexpected when considering the vast difference in bubble
regimes presented in Fig. 4. It is possible that mass transfer in
these cases is fast enough to ensure saturation. However, it may
also be possible that the liquid-bubble transfer is not the sole
driver of outlet vapor concentration, but is aided by transfer at the
ligiud-headspace interface.

150
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FIG. 4. Regime map displaying the bubble behavior as a function of inlet gas
flow rate and bubbler liquid volume.
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FIG. 5. Relative humidities, measured as a function of flow rate at different
liquid volumes.

If bubble-liquid mass transfer were to be the sole driver, this
would requires bubble saturation within the shortest bubble resi-
dence time observed in the x-ray images. To calculate whether sat-
uration within such a time frame is expected, we considered two
extreme cases for which the time to reach 95% saturation was cal-
culated as a function of bubble radius. This percentage was chosen
as all collected measurements provided in Fig. 5 exceeded this
level of saturation. In the first case, we considered diffusion exclu-
sively. This leads to the balance shown in Eq. (3), which describes
diffusion inside a spherical bubble, assuming no changes in tem-
perature and total pressure. Here, P, denotes water vapor pressure
in Pa, t corresponds to time in s, D, is the diffusion constant in
m?/s, and r is the radial coordinate in m. The employed boundary
conditions required to solve Eq. (3) are provided in Eq. (4). Here,
P, .ar indicates the saturation vapor pressure of water and r, corre-
sponds to the bubble radius, which is assumed to be constant. For
any experimentally observed combination of bubble size and resi-
dence time for which saturation is predicted to occur based on
this balance, it can be concluded that diffusive mass transfer alone
is sufficient to achieve this saturation,

op, (9P, 20P, )
ot '\ orr ror)
Pv(f’o, t) = Pv,sat:
gxl =0, 4)
r=0
P,(r,0) =0.

In addition, a convection-aided scenario for bubble saturation
is considered. The vapor phase within bubbles is typically not
static and an internal flow field increases the mass transport,
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reducing the required time for saturation. Such a flow field
does however require time to fully develop. For similarly sized
bubbles, Li et al found an establishing time of ~0.16 5.’ The
maximum internal velocity in a water-N, system is expected to
be v=0.28 m/s.”" Convection within rising bubbles is found in the
form of two opposing circulatory motions. In our calculation, we
highly simplify, neglecting a flowfield development delay and assum-
ing convective term to be at a constant maximum velocity, always
directed to the center of the bubble, Eq. (5). This overestimates mass
transfer, serving as a favorable scenario for bubble saturation,

(5)

=P\ T or or

oP, <82 P, 2 am) op,
—-l)v max .
ot

In Fig. 6, the outcomes are provided. The green region indi-
cates combinations of bubble radii and residence times where sole
diffusion is enough to result in 95% saturation. None of the exper-
imentally observed bubbles across the 100 experimental settings
fall within this region. The yellow region corresponds to radii and
residence time combinations where diffusion alone does not
suffice, but when a convection term is added, 95% saturation may
still be reached. The majority of observed bubbles fall within this
zone. Finally, the red region indicates combinations of radii and
residence times where even the convection-aided mass transfer
does not suffice to provide 95% saturation. It can be seen that four
datapoints fall in this region. Considering that all measured
samples shown in Fig. 2 were saturated beyond the cutoff of 95%
used for the calculations, fast liquid-bubble mass transfer may not
explain all experimental results. Both the model and experimental
method assume bubbles to be spherical. From x-ray images, espe-
cially at high flow rates, this can be seen to be incorrect. As a

0.30
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FIG. 6. Observed bubble radii and residence times within the bubbler system.
Colored regions correspond to >95% expected saturation for green (left): diffu-
sion only, yellow (center): diffusion and convection and red (bottom): diffusion,
convection and an unaccounted for factor.
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FIG. 7. X-ray images of a bubble (a) approaching the liquid-headspace inter-
face, (b) breaching the liquid surface while remaining intact, and (c) bursting,
causing agitation and droplet dispersion at the liquid surface (1.6 I/min,
120 ml).

result, surface areas are underestimated, which could explain the
observed bubble saturation across all experimental conditions.

An alternative explanation of these findings is the presence of
additional sources of mass transfer, in particular, the liquid-
headspace interface. The bubbles improve this transfer by con-
stantly agitating the interface, increasing the interfacial area. This
is demonstrated in Fig. 7, showcasing x-ray images of a bubble
approaching the liquid surface and breaking through it
Considering the liquid-headspace interface in all subfigures, a
sharp phase boundary appears to be absent, with the void fractions
implying a gradient. It has to be noted that this is an artefact of
the two-dimensional projection. While the true interface remains
binary, the observed transition reflects an agitated surface and pos-
sible droplet entrainment. Subfigure (a) shows the agitated surface
after bubble breakthrough, as well as a successive bubble
approaching the liquid-headspace interface. In subfigure (b), it is
shown how the bubble remains intact for a short duration of time,
as a result of surface tension when reaching the liquid surface.
Upon bursting, subfigure (c), it can be seen how a splash is
created, introducing additional liquid-gas surface area and produc-
ing tiny droplets in the headspace which may get entrained. The
extent to which either occurs increases with flow rate, however, as
seen in Fig. 3, even at the lowest employed flow rate surface agita-
tion is observed. Both surface agitation and entrainment appear to
be mostly independent of bubbler liquid volume. Therefore, these
additional sources of mass transfer may mitigate fill level depend-
ency on outlet concentrations.

IV. CONCLUSIONS

In this work, we examined the dependence of bubbler outlet
concentrations on inlet gas flow rate and bubbler fill level. Fast
x-ray imaging showed that distinct bubble regimes emerge as a
function of these operating conditions. Observed regimes included
single-bubble flow, bulk coalescence, and coalescence directly at
the orifice. Despite these differences in bubble dynamics, measure-
ments of N, bubbled through water showed near-complete satura-
tion at the bubbler outlet across all tested combinations of fill level
and inlet gas flow rate. Through simple modeling, it was demon-
strated that bubble-liquid mass transfer alone may not account for
the obtained saturation, even with an optimistic approach to inter-
nal bubble convection. It was, therefore, suggested that additional
sources of mass-transfer must contribute to the saturation of
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outlet gas. Transfer at the liquid-headspace interface, magnified by
agitation due to the bubbling, as well as droplet entrainment upon
bubble bursting provide plausible mechanisms. Both enhance satu-
ration and mitigate dependency on fill level and inlet gas flow rate.
These findings indicate that bubble-liquid transfer may not be the
sole driver of outlet vapor concentrations in these systems.
Therefore, modeling approaches that neglect liquid-headspace
interface effects may underestimate mass transfer rates.
Furthermore, the results suggest that enhancing interfacial agita-
tion, through geometry or external forcing, could lead to improved
outlet concentration robustness of bubbler-based systems. As
quantitative results depend strongly on gas-liquid properties, the
generalizability of the presented findings to other precursor
systems is limited. In particular, differences in Schmidt number,
liquid viscosity, and surface tension are expected to affect mass
transfer, bubble shape, and residence time. Future studies may aim
to further quantify these effects.

SUPPLEMENTARY MATERIAL

Additional information on x-ray image processing, bubble
size determination, and system pressure drops is given in the
supplementary material.
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