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Thin film vapor deposition processes, €.g., chemical vapor deposition, are widely used in high-volume manufacturing of electronic and
optoelectronic devices. Ensuring desired film properties and maximizing process yields require control of the chemical precursor flux to the
deposition surface. However, achieving the desired control can be difficult due to numerous factors, including delivery system design, ampoule
configuration, and precursor properties. This report describes an apparatus designed to investigate such factors. The apparatus simulates a single
precursor delivery line, e.g., in a chemical vapor deposition tool, with flow control, pressure monitoring, and a precursor-containing ampoule. It
also incorporates an optical flow cell downstream of the ampoule to permit optical measurements of precursor density in the gas stream. From
such measurements, the precursor flow rate can be determined, and, for selected conditions, the precursor partial pressure in the headspace can be
estimated. These capabilities permit this apparatus to be used for investigating a variety of factors that affect delivery processes. The methods of
determining the pressure to (1) calculate the precursor flow rate and (2) estimate the headspace pressure are discussed, as are some of the errors
associated with these methods. While this apparatus can be used under a variety of conditions and configurations relevant to deposition processes,
the emphasis here is on low-volatility precursors that are delivered at total pressures less than about 13 kPa downstream of the ampoule. An
important goal of this work is to provide data that could facilitate both deposition process optimization and ampoule design refinement.
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1. Introduction

Thin film vapor deposition processes, e.g., chemical vapor deposition (CVD) and atomic layer deposition
(ALD), are widely used in high-volume manufacturing of electronic and optoelectronic devices. Ensuring desired
film properties and maximizing process yields require control of the chemical precursor flux to the deposition
surface. For precursors that are gases at the delivery conditions, achieving such control using mass flow controllers
(MFCs) and pressure transducers is relatively straightforward. However, for precursors that are low-volatility liquids
or solids, e.g., many organometallic compounds, achieving the desired control is more difficult. Such precursors are
often delivered using a carrier gas that is passed through either a bubbler, i.e., a vessel with a dip tube, or a vapor
draw ampoule, i.e., a vessel with no dip tube in which the gas-in and gas-out ports open directly into the ampoule
headspace. A lack of adequate control can result in an irreproducible amount of entrained precursor, and the
negative impacts of such variations on film and device properties have been widely reported [1-10]. Several factors
can contribute to an inadequate level of control, including the design of the gas manifold [5, 7, 8, 11], the design of
the ampoule temperature-control system [12], the gas flow path in the ampoule [13—15], evaporative/sublimative
cooling of the precursor in the ampoule [16, 17], and the changing surface area of solid precursors in the ampoule
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(due to sublimation and subsequent recrystallization) [14, 15, 18]. These factors can be grouped into three
categories: (1) delivery apparatus; (2) ampoule design; and (3) precursor properties.

The desire to better understand the impact of these factors on precursor delivery has motivated efforts to
develop methods to investigate gas-phase precursor delivery processes. In situ optical techniques have been used to
characterize different aspects of precursor delivery processes, since these techniques can be robust, rapid, and
minimally perturbing to the process under investigation [19, 20]. The type of information that can be obtained with
an optical technique, and ultimately the applicability of the results, depends on the complementary data that are
available. For a precursor delivered with a carrier gas, one can identify three cases: (1) a calibrated optical technique
with no supporting data (i.e., the optical response can be converted to precursor density); (2) a calibrated optical
technique with both the carrier gas flow rate and total pressure at the optical flow cell being known; and (3) a
calibrated optical technique with the carrier gas flow rate, pressure at the optical flow cell, and pressure in the
ampoule headspace being known. These three situations will be discussed subsequently.

In the first case, time-dependent measurement of precursor density (partial pressure) can provide insight into
precursor delivery stability and process parameters affecting the stability. However, the precursor partial pressure at
any location in the delivery system depends strongly on the specifics of the delivery system design, e.g., the
existence of a drop between the ampoule headspace and the measurement location [21-25]. Hence, in this case, it is
difficult to distinguish delivery apparatus factors from ampoule design and precursor property factors, potentially
limiting the applicability of results in this case.

In the second case, knowledge of the precursor partial pressure as well as knowledge of the carrier gas flow rate
and the total pressure at the optical cell (e.g., obtained from an MFC and a pressure transducer reading, respectively)
permits the determination of the precursor flow rate using the “bubbler equation” [12, 16, 21, 22, 24, 26, 27]:

X

F,
F =F (1)

pr =Ly X
L

where Fir and Fler are the precursor and carrier gas flow rate, respectively, and P and P* are the precursor and
carrier gas partial pressure, respectively, at a location “x” in the flow system, and P, = P, + P, , where B, is the
total pressure at x. In this case, x corresponds to the flow cell location. For conditions described by Eq. (1), the
respective flow rates and the P} / P ratio are constant throughout the system (assuming ideal gas behavior). Hence,
the flow properties of the delivery apparatus are well characterized, making it relatively straightforward to identify
and compare apparatus-related properties across test systems. (This differs from the previous case, in which only the
precursor partial pressure is measured). Furthermore, F,r can be used to calculate a source efficiency term, which
can help to quantify system nonideality [28] (although not necessarily aid in the identification of sources of any
nonideality).

Even with the complementary data of the second case, obtaining further insight into how ampoule design or
precursor properties affect precursor delivery can be difficult. Such insight generally requires knowledge of the
precursor partial pressure in the ampoule headspace. Ideally, the precursor partial pressure could be estimated based
on a knowledge of the precursor vapor pressure at the ampoule temperature (which is how the bubbler equation is
typically employed to estimate precursor flow rate) [12, 16, 22, 24, 26, 29]. Unfortunately, this ideal situation is
often not realized [12, 15, 16, 27, 30]. Alternatively, the precursor partial pressure in the headspace could be
estimated from a knowledge of the carrier gas partial pressure in the headspace using the bubbler equation
(assuming that the precursor and carrier gas flow rates are known). (This approach also assumes that no precursor
partial pressure gradient exists in the headspace, an assumption that may be invalid for some ampoule configurations
and flow conditions.) The simplest approach to obtain headspace pressure is to install a pressure transducer on the
ampoule. Unfortunately, it can be undesirable to do so on an ampoule containing a reactive precursor. Another
approach is to relate a pressure measurement made outside the ampoule to the pressure in the headspace.
Determining this relationship can be difficult: The difficulty arises because at least one valve typically separates the
headspace and the transducer, and the pressure drop as a function of flow through any such valves is not necessarily
well characterized. However, a pressure transducer will generally already be installed on the delivery line, a
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situation which would facilitate this approach. Despite these difficulties, if an estimate of the precursor partial
pressure in the ampoule headspace can be obtained, then the effects of ampoule design and precursor properties
could be more thoroughly investigated, thereby further expanding the applicability of results obtained in this case.

The objective of this report is to describe an apparatus that, when coupled with an in situ optical technique, can
be used to characterize gas-phase precursor delivery processes, especially for CVD and ALD applications (e.g., see
Ref. [31]). The flow system was designed to approximate a single precursor delivery line with an optical flow cell
installed downstream of a precursor-containing ampoule to permit optical measurements in the gas stream. Pressure
is recorded upstream of the ampoule and downstream of the flow cell. No pressure transducer is placed between the
ampoule and flow cell, because doing so could introduce perturbations to time-dependent measurements due to the
presence of the tube connecting the transducer to the delivery line. (This “dead volume” would be poorly swept by
the carrier gas flow, resulting in relatively large residence times in the connecting tube.) The carrier gas pressure at
the flow cell can be calculated from the downstream pressure transducer data, enabling the calculation of the
corresponding precursor flow rate. Although no pressure transducer is located near the ampoule headspace, the
pressure near the ampoule outlet can be calculated from the downstream transducer data, and these data in
combination with the upstream transducer data can be used to identify the maximum pressure drop across the
ampoule valves. Furthermore, for selected valve configurations, the headspace pressure can be estimated from these
data, when the valve flow properties are characterized. Hence, this apparatus was designed with the capability to
investigate delivery apparatus, ampoule design, and precursor property factors that affect delivery processes. The
errors associated with determination of the pressure at the flow cell, ampoule outlet, and ampoule headspace are
discussed. While, in principle, any precursors can be examined with this system, the emphasis of this report will be
on low-volatility precursors that are delivered on a system with pressures less than 13 kPa downstream of the
ampoule. Such precursors can be particularly difficult to reproducibly deliver but are being increasingly utilized in
semiconductor fabrication processes. An additional emphasis of this report will be on commercial 1.5 L ampoules
(with a maximum fill of 1.2 L), particularly those incorporating a five-valve cluster. Such containers are commonly
used to supply low-volatility chemical precursors for complementary metal-oxide-semiconductor (CMOS)-based
manufacturing processes. The data obtained from investigations based on the apparatus described here should
facilitate both process optimization and development of improved ampoule designs.

2. Design of the Apparatus

Figure 1 shows a schematic of the apparatus. A carrier gas flow is controlled by an MFC with a full-scale range
of 2 L/min at standard temperature and pressure (STP), defined as 0 °C and 101.33 kPa. In subsequent discussions,
gas flow rates are referenced to STP unless otherwise noted. Gas is supplied to the MFC from a compressed gas
cylinder using a high-purity regulator followed by a point-of-use gas purifier (not shown). Pressure in the apparatus
is measured at a minimum of two locations using capacitance diaphragm gauges (CDGs): CDGI upstream of the
valve cluster and CDG2 downstream of the flow cell. To measure the pressure at other locations under selected
conditions, an additional CDG was temporarily installed either on the fill port of the ampoule or between the two
elbows downstream of the ampoule outlet. CDG1, CDG2, and any additional CDG had full-scale ranges of
133.3 kPa (1000 Torr), 13.3 kPa (100 Torr), and 13.3 kPa, respectively, and all CDGs were temperature-controlled
at 100 °C. The system is depicted with a 1.5 L, five-valve cluster ampoule (the ampoule configuration will be
discussed in more detail subsequently). Optical access to the delivery line was achieved via the installation of an in-
line optical flow cell (FC) located 32 cm upstream of CDG?2 (the FC design will be discussed in more detail
subsequently). The conductance of the flow system can be controlled using the manual throttle (butterfly) valve
(TV). This valve has a clear aperture of ~19 mm, and the valve stem was coupled to a manual rotation stage for
improved control of the valve disc position, i.e., the conductance. The system can be isolated from the vacuum pump
using the high-conductance bellows isolation valve (IV). Anticipating a subsequent discussion, PCOUT refers to the
calculated pressure at a location 6 cm from the ampoule outlet elbow (or 102 cm upstream of CDG2). This pressure
value can be used to estimate (1) the maximum pressure drop across the valve cluster (by subtracting the CDG1
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Fig. 1. Schematic diagram of the apparatus. MFC, mass flow controller; CDG1 and CDG2, capacitance diaphragm gauges; PV1, PV2, and PV3,
pneumatically actuated diaphragm valves; MV1 and MV2, manual diaphragm valves; FC, optical flow cell; TV, throttle valve; IV, isolation
valve; P°U", the pressure calculated at 6 cm downstream of the elbow at the ampoule outlet. The drawing is not to scale.

pressure) and (2) the headspace pressure (when the flow characteristics of the injection valves are known). While
locating the position of ROUT closer to the ampoule outlet could improve these estimates, a position equidistant from
the two elbows was selected because it was assumed that flow perturbations due to the elbow geometry would be
minimized at this location.

All surfaces upstream of IV that may be exposed to the precursor were insulated and could be heated (to avoid
precursor condensation). Ampoules tested with this apparatus were typically encased in an aluminum jacket, and the
sides and bottom were actively heated with flexible strip heaters while the top plate was passively heated. The
valves in the valve cluster were individually encased in aluminum jackets and heated with heating tape, or the whole
valve cluster was covered with a commercially available heating jacket designed specifically for the valve cluster.
The optical flow cell was encased in an aluminum jacket and heated with cartridge heaters. All other lines were
heated using heating tapes. Mineral-insulated, metal-sheathed type K thermocouples were used to measure the
temperature for active temperature control. The estimated temperature accuracy was +2.2 °C at 250 °C with k=2
(where k is a numerical factor corresponding to the desired confidence level), based on manufacturer’s
specifications. All lines were composed of commercially available, electropolished stainless-steel tubing, with
0.64 cm (0.25 in) outside diameter (OD) tube being used for the section upstream of CDG1 and 1.3 cm (0.5 in) OD
tube being used for the section between the ampoule and TV. A perfluoropolyether lubricant-filled rotary vane
vacuum pump with a specified pumping speed of 26 m*>-h™! and an ultimate base pressure of <0.2 Pa was utilized.

The ampoule was configured with a five-valve cluster that included three pneumatic 2-port valves (PV1, PV2,
and PV3) and two manual 3-port valves (MV1 and MV2). The manual 3-port valves were configured in a “T,” in
which one side of the arm of the “T” was valved and flow was unimpeded through the stem of the “T,” and the other
side of the arm was nonvalved. The two manual valves were used to isolate the ampoule from the flow system when
measurements were not being performed. The focus of this report will be on this type of an ampoule, but ampoules
with different valve configurations can be readily examined with appropriate connections to the delivery lines. For
example, in the case of an ampoule configured only with two manual isolation valves (one each on the inlet and
outlet), a three-valve stick consisting of two pneumatically actuated 3-port valves on each side of one pneumatically
actuated 2-port valve could be used to control precursor injection into the flow system. (In this case, the 3-port

4 https://doi.org/10.6028/jres.124.005



Volume 124, Article No. 124005 (2019) https://doi.org/10.6028/jres.124.005
Journal of Research of the National Institute of Standards and Technology

valves could be configured with the stem of the “T” being valved and flow being unimpeded through the arm of the
“T.”) Commercial ampoules are fabricated with a fill port that is sealed with a metal gasket—sealed cap.

The optical flow cell was designed to minimally perturb flow by approximating flow through a tube. The body
consisted of a stainless-steel block with a 10.2 mm diameter bore (nominally matching the internal diameter of the
1.3 cm [0.5 in] OD delivery line tube), to which commercially available metal gasket face seal glands were welded.
The block form factor was selected to provide mounting surfaces for windows and window clamps. The body
accepted two 25.4 mm diameter windows on opposite sides of the block. The window-to-body seals were made with
fluoropolymer elastomer O-rings. A commonly employed window was an uncoated, 5.1 mm thick ZnSe 0.5 degree
wedge (wedged to reduce étalon effects). The optical path length from window surface to window surface inside the
cell was 15.2 mm. The optical path in the laboratory ambient environment was typically enclosed with lens tubes
and purged with nitrogen to minimize optical intensity fluctuations on the detector, which can occur when the flow
cell is heated [32]. The direction of optical radiation propagation was perpendicular to the direction of gas flow.

The specified MFC settling time was less than 750 ms, and the typical accuracy was =1 % of the set point for
flow rates of 500 mL/min and 750 mL/min (STP) and £0.2 % of full scale for 250 mL/min. The specified CDG
response time was 30 ms, and the typical accuracy was £0.2 % of the gauge reading.

3. Operating Characteristics of the Apparatus

Flow in the system is initiated in the purge configuration (with no flow through the ampoule) by opening the
pneumatic valve PV2, with PV1 and PV3 being closed (MV1 and MV2 are open for all measurements), setting the
MEFC to the desired flow rate, and adjusting TV to obtain the desired pressure in the flow cell, as measured on
CDG2. The injection configuration (the configuration used to inject precursor) involves directing carrier gas through
the ampoule, and in this configuration, PV2 is closed, with PV1 and PV3 being open. All measurements described
here were performed in either of these two configurations, although only carrier gas was injected for these studies.
For all measurements described in this report, ultrahigh-purity grade argon was used as the carrier gas. To obtain the
pressure values reported in this work, CDG readings were recorded at 200 Hz for 240 s at each set of conditions, and
the average of the final 30 s of data was taken as the pressure value.

The pressure characteristics of the apparatus are illustrated in Fig. 2, which shows the pressure at different
locations in the (a) bypass configuration and (b) injection configuration at a 1.00 L/min argon flow rate for seven
TV settings (denoted TV-1 to TV-7) and set point temperatures of 75 °C, 80 °C, and 90 °C for the ampoule, valve
cluster, and lines, respectively. Pressures were measured (solid circles) at CDG1 (PmCDGI ), the ampoule headspace
(P“fIS ), and CDG?2 ( PmC P92 while pressures were calculated (open circles) at the location corresponding to QOUT
and at the flow cell (PCFC ). The method of calculation will be discussed subsequently. The flow was progressively
restricted by adjusting the TV to seven positions, denoted TV-1 (for which the throttle valve was fully open) to
TV-7 (for which TV was adjusted to provide ~6 kPa on CDG2). In Fig. 2, Pnf PG and Pnf P92 values range from
~2 kPa to~=7 kPa and from ~0.45 kPa to ~6 kPa, respectively, with the magnitude of the pressure drop between
CDG1 and CDG2 decreasing with decreasing throttle conductance. In the bypass configuration, the largest pressure
drop is observed between Pn?D ' and PCOUT (i.e., across valve PV2) for a given TV setting. In the injection
configuration, the largest pressure drop is observed between P and P°"" (i.e., across the exit of the ampoule and
the two valves downstream of the ampoule) for a given TV setting. Hence, the pressure drop downstream of the
ampoule is larger than that upstream in the injection configuration. The P."%* values observed in the bypass and
injection configurations are nominally identical for a given TV setting. This is consistent with a relatively high
conductance in the 1.3 ¢cm (0.5 in) OD delivery line. The characteristics illustrated in Fig. 2 are typical for all flow
rates, although the pressure values obviously are different. Increasing the flow rate to 1.50 L/min resulted in
corresponding pressure values that were 40 % to 45 % higher, while decreasing the flow rate to 0.25 L/min resulted
in corresponding pressure values that were 55 % to 65 % lower.

Gas flow at the conditions shown in Fig. 2 can be characterized by the Reynolds number (Re), Knudsen number
(Kn), and Mach number (Ma). Kn is calculated from [33]:

5 https://doi.org/10.6028/jres.124.005



Volume 124, Article No. 124005 (2019) https://doi.org/10.6028/jres.124.005
Journal of Research of the National Institute of Standards and Technology

Kn=to M &
d d(2"=d,R,)

where A is the mean free path (m), & is the Boltzmann constant (J/K), T, is the actual absolute temperature (K), d is
the tube inside diameter (m), dar is the effective diameter of an argon atom (m), and P is the actual pressure (Pa).
The dar value is estimated from the reported argon viscosity, 77 (Pa‘s) [34]:

d2 — V k]—;lctm (3)
Ar 3/2 ’
7T

where m is mass of an argon atom (kg). Re is calculated from [33]:

Re = _A4mQ , (4)
kT, nd
where Q is the throughput (Pa-m3/s), which is calculated from
T P
0= Fyp =12 6)

STP

where Fstp, Pstp, and Tstp are the carrier gas flow rate, pressure, and absolute temperature, respectively, at STP.
Ma is calculated from [33]:

U 40

Ma = = , 6
Usound ﬂ dzl)actUsound ( )
where Usoung 18 the sound velocity (m/s) and was obtained from
1/2
Usound =V (ﬂ) 2 (7)
8
where yis the ratio of specific heats of argon, y~ 1.667 for a monatomic gas, and v is the average particle velocity
given by
8kr, "
V= ( act j . (8)
m

In addition, flow through an orifice is identified as choked flow if the following condition is valid [33]:

pOuUT 2 rly-1
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Fig. 2. The pressure at different locations in this apparatus in the (a) bypass configuration and (b) injection configuration for seven TV settings
(denoted TV-1 to TV-7) at a 1.00 L/min argon flow rate. Pressures were measured (solid circles) at CDG1 ( PS"%"), the ampoule headspace
( P), and CDG2 ( PS* ), and pressures were calculated (open circles) at the location corresponding to P°V" and at the flow cell ( PF¢).

For a location near CDG2 and the conditions shown in Fig. 2, Kn < 0.002, Re < 300, and Ma < 0.2. Hence,
carrier gas flow in the vicinity of CDG?2 is in the continuous-flow regime (Kn < 0.01) and is laminar (Re < 1200)
and incompressible (Ma < 0.3). In fact, for a temperature of 100 °C and flow in a 1.3 cm (0.5 in) OD tube,
continuum flow should be observed for pressures greater than ~93 Pa (~0.7 Torr), which corresponds to the majority
of conditions accessible with this apparatus. Transition flow (1 > Kn > 0.01) may be observed for lower flow rates at
high conductance settings, at which lower pressures are observed. Furthermore, Re < 300 for flow rates up to
2.0 L/min at 100 °C (i.e., laminar viscous flow should develop downstream of the ampoule nominally for all
conditions accessible with this apparatus). At the valve cluster, the PCOUT / PmCDGl values for TV-1 and TV-2 are 0.375
and 0.428, respectively, in the bypass configuration. Hence, flow is choked through PV2 for these conditions, which
also correspond to higher Ma values.
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4. Calculating the Pressure in the Delivery Line

Knowledge of the pressure at the flow cell is necessary to calculate precursor flow rate using Eq. (1), and,
anticipating a subsequent discussion, knowledge of the pressure near the ampoule outlet is useful to estimate the
ampoule headspace pressure. The pressure in a long straight tube can be calculated by adapting the Hagen-Poiseuille
equation for liquids to an ideal gas [33]:

ﬂ_d4 Pup + Pdown
— P _Pdown , 10
© 12871 2 ( ) (19

where P* and P%"" are the upstream and downstream pressure (Pa), respectively, and / is the distance (m) between
P and P%"", The Hagen-Poiseuille equation assumes (1) an ideal gas where (2) flow is laminar and (3) fully
developed with (4) zero wall velocity. Assumptions (1), (2), and (4) are generally valid, since carrier gas flow is in
the continuum-flow regime and is laminar and incompressible for typical conditions employed in this work,
particularly near CDG2. Concerning assumption (3), flow from a large volume into a tube is considered to be fully
developed for a distance, /. (m), from the tube entrance that is given by [33]:

I =0.05684 Re . (11)

For the conditions employed in this investigation, /. values range from ~2 cm to ~13 cm at 0.2 L/min to 1.5 L/min,
respectively. Hence, flow should be fully developed well before the flow cell. The validity of this equation for
calculating pressure in this apparatus was evaluated by temporarily installing a third CDG downstream of the
ampoule outlet and comparing the measured and calculated pressures at this location, Pf’P and PCH'P , respectively.
This CDG was installed on the stem of an inverted “T” that was inserted into the flow system equidistant from the
two elbows downstream of the ampoule outlet. The “T” was constructed of 1.3 cm (0.5 in) OD tube. The base of the
“T” was 12 cm in length, and, hence, the position of this third CDG was 12 cm downstream of the elbow at the
ampoule outlet and 108 cm upstream of CDG2. The value of P'" was obtained from P"% — PP The value of
P was calculated using Pnf PG and rearranging Eq. (10) as follows,

H-P 2560n! cDpG2 \2 ;
R =[[ MQF}(P,“ )] (12)

Figure 3 shows (a) a comparison of the calculated and measured P values and (b) the corresponding relative
error of the PCH'P value for different carrier gas flow rates at a delivery line set point temperature of 63 °C. The
relative error is less than £3 % at all pressures, with most values above ~2.5 kPa being between 0.2 % and 0 %. The
lower pressure data points at each flow rate tend to exhibit the larger relative errors. For the lowest pressure data
point at each flow rate, flow is choked through PV2. Presumably, choked flow through the valve results in a greater
distance for flow to be fully developed than the value estimated from Eq. (11), and this effect contributes to the
larger relative errors at these conditions. Whatever the underlying reason(s) for the difference between the calculated
and measured pressures, the differences are small, particularly when flow through PV2 is not choked. Furthermore,
when calculating the pressure at the flow cell, the distance between the flow cell and CDG2 is significantly less than
that between the two CDGs, and, hence, the corresponding error in the calculated pressure will be less.
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Fig. 3. (a) Calculated and measured P"" values and (b) corresponding relative error at different carrier gas flow rates.

5. Estimating the Pressure in the Ampoule Headspace

An understanding of the precursor partial pressure in the ampoule headspace can provide insight into processes
such as evaporative/sublimative cooling and mass transport in the ampoule. Although this value may be difficult to
obtain directly, if one can estimate the carrier gas partial pressure in the headspace based on a pressure measurement
outside the ampoule, then Eq. (1) can be used to calculate the precursor partial pressure in the headspace, assuming
that the precursor and carrier gas flow rates are known. In the case of a small pressure drop across the valve cluster,
the headspace pressure can be estimated based on the CDG1 reading and the PCOUT calculation. However, in the case

of a large pressure drop across the valve cluster, a better estimate of the headspace pressure may be desirable. An
alternative method is described subsequently.
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CDG2
Pm

The pressure in the headspace, P™S, is related to according to

CDG2

PHS — Achit +APPV3 +APMV2 +AP1inc +Pm — Achit +APPV3 +APMV2 +])COUT , (13)
where AP is the pressure drop at the ampoule exit, AP*V? and APMY? are the pressure drop across valve PV3 and
MV2, respectively, and AP'™ is the pressure drop in the delivery line between CDG2 and the position corresponding
to P°"T. Calculations of P°"" are analogous to the calculations of P described in the previous section. It is
assumed that AP* is small compared to the other pressure drops in the system. Therefore, only estimates of the
pressure drop across PV3 and MV2 are needed. The pressure drop across a valve is difficult to calculate a priori due
to the complex dependence of flow on numerous factors. Hence, the flow characteristics of a valve are often
empirically determined. As noted earlier, direct measurement of the headspace pressure is not always practical,
which complicates the measurement of the pressure drop across any single injection valve. In contrast,
characterizing the pressure drop across a bypass valve is straightforward, since a single bypass valve is often the
only valve in the flow path in an ampoule bypass configuration. Furthermore, assuming that valves with nominally
identical flow coefficients will exhibit a nominally identical dependence of conductance on pressure and flow rate,
the bypass valve flow properties can be applied to any other valves with a nominally identical flow coefficient. Such
an approach was taken in this work to estimate the pressure drop across PV3 and MV2. For the five-valve cluster
ampoules that are the focus of this investigation, the reported valve flow coefficients for all five valves are
nominally identical. Therefore, the dependence of valve conductance on pressure and flow rate determined for PV2
(the only single valve for which conductance could be directly characterized) is assumed to be nominally identical to
those of the other four valves.

The dependence of valve conductance on pressure and flow rate for PV2 was determined in the following
manner. First, P*°% and PS”%* were recorded in the purge configuration at a given carrier gas flow rate at multiple
TV settings and for multiple flow rates. Second, ROUT was obtained using an equation similar to Eq. (12). Third, for
each pair of P-°' and P°"" values, the corresponding valve conductance, Cy, (m?/s), was calculated using

-9 (14)

V. T pCDGI OUT *
B -F

Fourth, the dependence of Cy on P, C,( P°"), at a given flow rate was fit using a quadratic equation. For
example, Fig. 4 shows the C, values (circles) as a function of ROUT at different flow rates and set point
temperatures of 75 °C, 80 °C, and 90 °C for the ampoule, valve cluster, and lines, respectively. Also shown are the
fits to the data (dashed lines) illustrating that a three-term polynomial is a reasonable function with which to
represent C.( PCOUT ). The pressure upstream of a valve can then estimated, assuming that the conductance of each

valve in the cluster exhibits the same C\( PCOUT ) function:

Pup _ Q + Pdown

ety )

where C, (Pd"w" ) =C, (PCOUT) . Then, the pressure drop across a given valve can be calculated from
AP = P® — P*™ | for a given flow rate.
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Fig. 4. The C, values (circles) as a function of P°"" and the fits to the data (dashed lines) for different flow rates.

The method for estimating headspace pressure described above was evaluated in the following manner. An
additional CDG was temporarily installed on the fill port of an empty bubbler to provide a measurement of the
headspace pressure, Pni{s . The three CDG readings were recorded as a function of TV setting and carrier gas flow
rate in the injection configuration. For each set of conditions, the pressure was calculated at the ampoule headspace,
P and CDG1, P, from

RHS — APPV3 +APMV2 +R:OUT , (16)
and

PCCDGI :APMVI +APPV1 +PCHS ) (17)

The value of PCOUT was calculated using Eq. (12), and the pressure drop across each of the valves was calculated
from Eq. (15). Figure 5 shows (a) a comparison of the calculated and measured P'S values and (b) the corresponding
relative error for PCHS . Values are shown for different carrier gas flow rates and set point temperatures of 75 °C,

80 °C, and 90 °C for the ampoule, valve cluster, and lines, respectively. The relative error varies from ~—13 % at
low P!* to values between —2 % and 0 % above ~6 kPa. The largest relative error is observed at lower P (higher
conductance settings) and generally approaches zero with increasing Pn': S . Furthermore, the magnitude of the
relative error generally increases with increasing flow rate. In addition, there appears to be a break between the third
and fourth data point for each flow rate (at relative errors between —7 % and —8 %), and this break roughly
corresponds to two groupings. It is difficult to definitively identify the causes for the observed trends, particularly
because gas dynamics in the ampoule are poorly characterized. However, for the lowest pressure data point at

0.25 L/min flow rate and the lowest two pressure data points for all other flow rates, flow is choked through PV2 in
the bypass configuration. Hence, flow could be choked at the corresponding conditions in the injection
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Fig. 5. (a) Calculated and measured P" values and (b) corresponding relative error at different carrier gas flow rates.

configuration, which could account for some of the large relative error values, but not all. (In fact, the first two data
points at each flow rate also exhibit a weak grouping separate from the third data point.) Gas velocity will increase
with increasing flow rate and decreasing pressure. Hence, there is potentially a link between factors leading to
higher gas velocity and increased relative error. This method of estimating ampoule headspace pressure is based on
empirically characterizing the bypass valve conductance. It is justified if one can neglect (1) AP (which is
reasonable if this pressure drop is small relative to other pressure drops in the system) and (2) the conductance of
other components in the flow system during injection, e.g., elbows and tubes connecting the valves (which is
reasonable if this conductance is large relative to that of the valves). Perhaps this neglect is not justified, at least at
the higher flow rates and lower pressures.

Figure 6 shows (a) a comparison of the calculated and measured P°PS! values and (b) the corresponding relative
error for PcCDGl at the same conditions as Fig. 5. In general, similar trends are observed for P°PS! as were for PHS,
but the magnitude of the relative errors is somewhat less in the case of P°PS!. In this case, the relative error varies
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Fig. 6. (a) Calculated and measured P! values and (b) corresponding relative error at different carrier gas flow rates.

from ~—4 % at low pressures to values between 0 % and 1 % above ~6 kPa. The reason for the lower relative errors
in the case of P°PS! compared to PS is not known. Perhaps the reason is related to the neglect of the ampoule
entrance and exit pressure drops in this analysis. In this case, some of the effects may be counteracting as flow
transitions from the tube into and then out of the ampoule. Whatever the underlying reasons for the errors, it appears
that estimates of the headspace pressure within ~10 % of the measured value can be obtained when operating the
system under conditions such that choked flow in the valves is avoided. Furthermore, estimates of the headspace
pressure within ~2 % of the measured value can be obtained when operating at pressures greater than ~6 kPa.

6. Summary
The design and performance of an apparatus that, when coupled with an in situ optical technique, can be used to

characterize vapor-phase precursor delivery processes was described. The flow system was designed to approximate
a single precursor delivery line with an optical flow cell installed downstream of a precursor-containing ampoule.
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Pressure transducers were located upstream of the ampoule and downstream of the flow cell. The downstream
pressure can be used to calculate pressure just downstream of the ampoule with relatively small errors, particularly
when choked flow through the ampoule valves is avoided. Knowing that line pressure permits determination of the
precursor flow rate (when the carrier gas flow rate is known). Subtracting the calculated line pressure from the
pressure measured upstream of the ampoule provides an estimation of the maximum pressure drop across the
ampoule and ampoule valve cluster. In addition, these transducer readings can be used to estimate the ampoule
headspace pressure, in selected situations. Hence, this system can be used to investigate in a general manner the
effects on precursor delivery of the delivery apparatus, the ampoule design, and the precursor properties. Such
results could facilitate the optimization of deposition recipes and the development of improved ampoule designs.
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