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Water is often employed as the oxygen source in metal oxide atomic layer deposition (ALD)

processes. It has been reported that variations in the amount of water delivered during metal oxide

ALD can impact the oxide film properties. Hence, one contribution to optimizing metal oxide ALD

processes would be to identify methods to better control water dose. The development of rapid,

quantitative techniques for in situ water vapor measurements during ALD processes would be

beneficial to achieve this goal. In this report, the performance of an in situ tunable diode laser

absorption spectroscopy (TDLAS) scheme for performing rapid, quantitative water partial pressure

measurements in a representative quarter-inch ALD delivery line is described. This implementation

of TDLAS, which utilizes a near-infrared distributed-feedback diode laser and wavelength modula-

tion spectroscopy, provides measurements of water partial pressure on a timescale comparable to or

shorter than the timescale of the gas dynamics in typical ALD systems. Depending on the degree of

signal averaging, this TDLAS system was capable of measuring the water partial pressure with a

detection limit in the range of �0.80 to �0.08 Pa. The utility of this TDLAS scheme was demon-

strated by using it to identify characteristics of a representative water delivery system that other-

wise would have been difficult to predict. Those characteristics include (1) the magnitude and time

dependence of the pressure transient that can occur during water injection, and (2) the dependence

of the steady-state water partial pressure on the carrier gas flow rate and the setting of the water am-

poule flow restriction. [http://dx.doi.org/10.1116/1.4948360]

I. INTRODUCTION

Atomic layer deposition (ALD) is a deposition technique

that is widely employed for depositing nanometer-scale, con-

formal layers of metal oxides, e.g., high permittivity (high e)
gate dielectrics in complementary metal oxide semiconduc-

tor technology and capacitor dielectrics in dynamic random

access memory technology.1–4 For deposition of metal

oxides, water is often employed as the oxygen source.1–4 It

has been shown that varying the amount of water utilized

during metal oxide ALD can result in differences in the dep-

osition rate,5,6 oxide phase or structure,7–10 and electrical

properties5,10 of the deposited film. Hence, to minimize var-

iations in film properties, it is important to reproducibly

deliver water during ALD processes, preferably in known

quantities. The development of rapid, quantitative techni-

ques for in situ water vapor measurements during ALD proc-

esses would help achieve this goal, whether such a technique

was utilized as an in-line process diagnostic or an off-line

metrology for evaluating different water delivery systems.

A number of analytical techniques have been used to

measure the partial pressure of water vapor in semiconductor

process gases, including optical spectroscopy, mass spec-

trometry, quartz crystal microbalance, chilled mirror hy-

grometer, and capacitance-based sensor techniques.11 A

measurement technique in ALD processes must be compati-

ble with systems operating at low pressures (ALD processes

generally operate at pressures between 13 and 1333 Pa)3,4

and elevated temperatures, while providing rapid response

and having a minimal impact on the design of the deposition

system. Such requirements have resulted in relatively few

techniques being utilized for time-resolved water vapor

measurements during ALD processes. Reported investiga-

tions in this area have utilized either Fourier transform infra-

red (FT-IR) spectroscopy12 or tunable diode laser absorption

spectroscopy (TDLAS).13–15 While the FT-IR spectroscopy-

based investigation described by Sperling et al.12 provided

quantitative water measurements, the temporal resolution of

FT-IR spectroscopy is generally insufficient to capture the

water partial pressure transients which may be present in an

ALD injection cycle.

TDLAS methods can potentially provide higher temporal

resolution than FT-IR spectroscopy, making such techniques

better suited for ALD process measurements. Inman et al.13

utilized a TDLAS system based on a mid-IR lead salt diode

laser and employing wavelength modulation spectroscopy

(WMS) to monitor water vapor in an ALD system using the

water transition at 1456.888 cm�1. While monitoring water

transitions in the mid-IR compared to the near-IR spectral

region offers the potential for lower detection limits (the line

strength of water transitions in the mid-IR can be signifi-

cantly larger than transitions in the near-IR), near-IR lasers

tend to be less expensive than mid-IR lasers and can be eas-

ier to integrate into an optical system (near-IR lasers pack-

aged with silica fiber optic coupling are widely available).

Hence, if sensitivity in the near-IR is not a limitation, there

are advantages to employing near-IR TDLAS. Previousa)Electronic mail: tariq.ahmido@nist.gov
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reports have described monitoring water vapor during ALD

processes using near-IR TDLAS with WMS (Ref. 14) and

without WMS.15 However, these reports described neither

the quantitative measurement of water partial pressure (i.e.,

no effort was made to calibrate the relationship between op-

tical response and water partial pressure) nor the overall per-

formance of the near-IR TDLAS water measurement system

(no description of detection limit or noise characteristics was

provided). Hence, it is difficult to quantitatively evaluate the

potential of near-IR TDLAS measurements for in-line water

delivery measurements based on previous reports.

There are two main objectives of this report: (1) to

describe the performance of a near-IR TDLAS technique

for rapid, quantitative measurements of water partial pres-

sure during water injection in an ALD delivery line and (2)

to demonstrate the utility of this technique by identifying

performance characteristics of a representative ALD water

delivery system that otherwise would be difficult to

predict.

II. EXPERIMENTAL DETAILS

A. TDLAS system

Figure 1 shows a schematic of the in situ optical system

used for TDLAS measurements. A near-IR distributed-

feedback diode laser was used to probe the rovibrational

water transition (�1,�2,v3)JKa,Kc¼ (0,0,0)30,3 ! (1,0,1)20,2

at 7181.156 cm�1. At room temperature, this transition has

a line intensity of 1.51 � 10�20 cm molecule�1.16 For quan-

titative measurements, the pressure in the optical cell was

kept below 1333 Pa, which ensured that the water transition

line was primarily Doppler-broadened and isolated from

other water lines. The peak absorption cross section was 4.8

� 10�19 cm2 molecule�1 at room temperature. Wavelength

selection was achieved by using a commercially available

temperature controller, which regulated the temperature of

the laser head to 610�3 K. To obtain a better signal-to-

noise ratio than generally possible with direct absorption

techniques, a WMS scheme was employed in which the op-

tical signal detected at the second harmonic of the modula-

tion frequency (the 2f signal) is theoretically proportional

to the water vapor partial pressure in the beam path.17–19

Wavelength modulation was achieved by using a function

generator to modulate the laser current from a commer-

cially available current source (60.01 mA current resolu-

tion). The laser wavelength was modulated across the

7181.156 cm�1 transition at 30 kHz and at a frequency

modulation depth of approximately 0.02 cm�1, the nominal

full-width at half-maximum (FWHM) of the Doppler-

broadened water line. A wavelength meter was used to ver-

ify that the laser wavelength tuning range corresponded to

the water transition. The laser output was coupled into a

single-mode fiber, which was subsequently split in a 90:10

ratio. The output of each leg was collimated. The higher-

power leg was directed through the optical flow cell, and

the lower-power leg was directed to a reference cell con-

taining pure water vapor. Each leg was monitored using

nominally identical 10 MHz-bandwidth InGaAs photode-

tectors with integrated preamps and electronic band-pass

filters. The 2f signal that was in-phase with the laser modu-

lation frequency was monitored using a lock-in amplifier

with a 3 ms integration time. Upon start-up of the laser

diode (the laser was not typically operated overnight), it

was verified that the laser emission wavelength coincided

with the water absorption line wavelength by observing the

reference cell detector signal on an oscilloscope as the laser

wavelength was scanned across the water transition wave-

length (as a result of the current modulation) and adjusting

the DC current on the laser current driver as necessary. The

nominally constant 2f reference detector signal was also

used to optimize experimental parameters prior to in situ
flow measurements in the delivery line in the following

manner. First, the DC current on the laser current driver

was adjusted to produce the maximum 2f reference signal

FIG. 1. (Color online) Schematic of the in situ optical system used for the TDLAS measurements.

031512-2 Ahmido et al.: In situ metrology to characterize water vapor delivery 031512-2

J. Vac. Sci. Technol. A, Vol. 34, No. 3, May/Jun 2016

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. IP:  129.6.144.28 On: Fri, 12 Aug 2016 21:48:45



(while the oscilloscope was monitored to ensure that the

modulated laser wavelength was still scanning across the

water transition). Then, the lock-in amplifier phase was

adjusted to produce the maximum 2f reference signal. The

DC current and lock-in amplifier phase were further

adjusted in an iterative process. The reference detector was

only used for these functions and prior to flow measure-

ments; all subsequent 2f signal measurements described in

this report only refer to the 2f signal from the flow cell de-

tector. The flow cell detector 2f signal was digitized at a

rate of 300 or 100 Hz.

The in-line optical flow cell was designed to simulate the

flow conditions in a delivery line by boring a 4.8 mm diameter

hole (the nominal internal diameter of quarter inch tubing

used to construct the water delivery system) into a stainless

steel block. Optical access was achieved by mounting two

uncoated BaF2 windows (12.7 mm diameter � 2 mm thick

with a 0.5� wedge to reduce �etaloning effects) on opposite

sides of the steel block, the window-to-block seals being

made with elastomer O-rings. Measurements were made in a

single-pass and the optical path length from window surface

to window surface inside the cell was 5 mm. The optical cell

was maintained at nominally 110 �C for all measurements

described in this report, with heating accomplished by jacket-

ing the cell with aluminum blocks into which cartridge heat-

ers were inserted. The optical path in the laboratory ambient

was enclosed with lens tubes to minimize laser intensity fluc-

tuations on the detector when the optical cell was heated.20

The reference cell was a glass tube with Brewster-angle

windows at each end and a path length of about 45 cm. The

reference cell was at ambient temperature and contained

about 266 Pa of water vapor.

B. Water delivery system

Figure 2 shows a schematic of the water delivery system.

It was designed to minimize water pressure transients in the

delivery line to a deposition chamber and has been used to

deposit ALD metal oxides for a number of investigations.21

The design is a variation on typical water delivery systems

that employ a needle valve to control water flow rate,22 and

the rationale for the variation will be discussed in more

detail subsequently. The geometry of the delivery system

was based on commercially available quarter-inch (outside

diameter) tubing commonly used in ALD injection systems.

The flow lines were electropolished stainless steel tubes with

a 4.8 mm internal diameter and a 6.3 mm outer diameter

(quarter inch tubing). The carrier gas was 99.999% nitrogen

and the flow rate was controlled by a thermal mass flow con-

troller (MFC). Water vapor was delivered from a nominally

0.5 L stainless steel ampoule containing deionized water

with a resistivity of 18 MX cm or greater at 21 �C. No active

temperature control was employed for the water ampoule

(the ampoule was exposed to the laboratory ambient). Water

flow rates were controlled using a manual needle valve as a

variable flow orifice. The needle valve was a bellows-sealed

metering valve with a micrometer handle which permitted

the valve stem position to be measured in 0.0254 mm incre-

ments. One complete turn of the valve nominally corre-

sponded to a 0.635 mm valve stem movement. Water was

introduced into the carrier gas via a fast-switching, pneu-

matically actuated three-port injection valve located on the

delivery line. The water reservoir line was vented to a dry

scroll pump using an additional fast-switching, pneumati-

cally actuated three-port vent valve. The three-port valves

employed in this work were configured in a “T” in which the

FIG. 2. (Color online) Schematic of the water delivery system.
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stem of the T was valved and flow was unimpeded through

the arm of the T (see Fig. 2 for a representation).

Venting the water reservoir line is the previously men-

tioned variation on the typical water delivery system. While

water delivery systems such as that described in Ref. 22 are

straightforward to assemble and provide adjustable water

flow rates (if not always a well quantified water flow rate),

these systems can exhibit initial pressure transients during

water injection. This is because, even when water is not

being injected into the delivery line, water can diffuse into

the volume between the injection valve and the needle valve

(this volume is subsequently referred to as Vi-n); given time,

the water vapor partial pressure in Vi-n will increase to the

vapor pressure of water at the temperature of Vi-n. When the

injection valve is opened, a positive pressure transient will

occur. The configuration employed for this work allows Vi-n

to be vented and thereby control the degree to which Vi-n

pressurizes between water injections. In other words, the

water flow can be established through the venting valve

before switching the water flow to the delivery line, thereby

decreasing pressure transients.

Optical access to the water delivery line was achieved via

the installation of the optical flow cell. The total system pres-

sure was measured approximately 12.5 cm downstream of

the optical flow cell using a capacitance diaphragm gauge

(CDG) that was temperature-controlled at 100 �C and that

had a 1.33� 103 Pa (10 Torr) full scale range. The nominal

carrier gas molar flow rates at standard temperature and pres-

sure (0 �C and 101.3 kPa) ranged from 75 ml/min (standard

cm3 per min, subsequently denoted as SCCM) to 150 ml/min

(SCCM) and the corresponding nominal total pressure

ranged from 600 to 910 Pa at the pressure gauge location.

The lines and valves from the pneumatically actuated two-

port valve and the needle valve to the pressure gauge (see

Fig. 2) were heated using a series of heating tapes. The ana-

log output of the CDG was digitized at the same rate as the

TDLAS 2f signal.

For water delivery measurements, water was introduced

into the carrier gas stream in the following manner. First, the

MFC was set to the desired flow rate and the pneumatically

actuated two-port valve was opened to initiate gas flow.

Second, the needle valve was set to the position needed to

control the ultimate water flow rate. Third, the vent valve

was opened to vent water vapor from Vi-n. Fourth, the vent

valve was closed. Fifth, the injection valve was opened after

a time delay (tdelay). Sixth, the injection valve was closed af-

ter the desired injection time.

III. CHARACTERIZING THE TDLAS SYSTEM
PERFORMANCE

Figure 3 shows (a) the measured signal and corresponding

water vapor partial pressure during a single water injection

compared to the signal averaged for 100 injections and (b)

the standard deviation of the background and signal for a sin-

gle injection and from 2 to 100 averaged injections. For each

injection, the standard deviation of the background and the

signal was obtained for the time interval of 0.5–1.5 s and

5.0–7.0 s, respectively. Figure 3(b) shows that the signal-to-

noise ratio can be readily improved by averaging multiple

injections up to at least 100 injections.

The optical response of the measurement system was cali-

brated by measuring the 2f signal as a function of pure static

water pressure in the optical cell, i.e., in the absence of a car-

rier gas and with no gas flow. Static conditions were

achieved by closing the up-stream two-port pneumatic valve

and the down-stream isolation valve (see Fig. 2) and then

directly injecting different amounts of water vapor without a

carrier gas. The background 2f signal and pressure trans-

ducer voltage were measured when the system was pumped

down to the scroll pump base pressure and the respective

background measurements were subtracted from the 2f sig-

nal and pressure transducer signal measured during water

injection. Figure 4 shows a typical set of 2f signal values and

corresponding water vapor density values (calculated from

the measured water pressure assuming ideal gas behavior).

The 2f signal and water density values shown in Fig. 4 were

obtained from the average of forty water injections. The sys-

tem sensitivity, S, corresponds to the slope of a proportional

FIG. 3. (Color online) (a) Measured signal and corresponding water vapor

partial pressure during a single water injection compared to the signal for

100 averaged injections and (b) standard deviation of the background and

signal for a single injection and from 2 to 100 averaged injections. The solid

line has a slope equal to the square root of the reciprocal of the number of

injection cycles.
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fit to the relationship shown in Fig. 4. For this example,

S¼ 6.41 � 10�17 V cm�3.

The detection limit, qL, of this technique can be estimated

using the following:23

qL ¼
ksbl

S
; (1)

where the constant k is a numerical factor corresponding to the

desired confidence level and sbl is the standard deviation of the

blank measurements. From Fig. 3(b), the sbl value ranges from

approximately 3� 10�3 for a single injection to 3� 10�4 for

the average of 100 injections in this typical example. The cor-

responding range of qL is from 1.40� 1014 cm�3 (�0.80 Pa

water partial pressure) to 1.40� 1013 cm�3 (�0.08 Pa water

partial pressure) for values of S¼ 6.41 � 10�17 V cm�3 and

k¼ 3.

In order to characterize the stability of the optical system,

S values obtained over a period of two weeks were com-

pared. The value of S tended to vary <2% over a day, but

could vary by as much as 9% from day to day. The reason

for the variation is unknown. However, it is presumably

related to drifts in the laser wavelength or output intensity,

caused by, for example, changes in the laboratory ambient

temperature. This presumption is supported by the observa-

tion that changes in S value were reasonably correlated with

changes in the laser output power (data not shown).

IV. CHARACTERIZING THE WATER DELIVERY
SYSTEM PERFORMANCE

In this section, the utility of TDLAS system is demon-

strated by identifying performance characteristics of the ALD

water delivery system described previously (see Sec. II B)

with an emphasis on characteristics that would be difficult to

identify without a technique such as TDLAS. The emphasis is

not on the measured values of water partial pressure because

these values will strongly depend on the specifics of the depo-

sition system (e.g., the vacuum conductance and measurement

geometry), making it difficult to use the data measured here

to estimate the performance of a different delivery system.

As discussed previously, a concern for some water deliv-

ery systems is the presence of a pressure transient prior to

establishing steady-state flow conditions. Such a transient

can negatively impact a deposition process, especially one

involving short water injection times. In the present water

delivery system configuration, pressure transients can be

observed depending on the length of tdelay (the time delay

between closing the vent valve and opening the injection

valve). This is illustrated in Fig. 5, which shows the time-

dependent (a) water partial pressure and (b) total pressure

for tdelay values equal to 0.70, 0.38, and 0.10 s. Water was

injected as previously described (see Sec. II B). The total

water injection time was 6 s, the carrier gas flow rate was

75 ml/min (SCCM), and the needle valve position was one

turn open. For tdelay¼ 0.70 s (the longest delay), positive

water pressure transients were observed at the optical cell

and pressure transducer. These positive transients are attrib-

uted to a water pressure in Vi-n that was significantly higher

than the carrier gas pressure in the delivery line.

The magnitude of the water partial pressure transient

measured with the TDLAS is about 8.5� greater than that

measured with the CDG. The duration of the transient

FIG. 5. (Color online) Time-dependent (a) water partial pressure and (b) total

pressure for tdelay values equal to 0.70, 0.49, and 0.10 s. The carrier gas flow

rate was 75 ml/min (SCCM) and the needle valve position was one turn

open.

FIG. 4. (Color online) Example of the proportional relationship between the

2f signal and water vapor density.
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(FWHM) measured with the TDLAS is about 2.5� narrower

than that measured with the CDG. These differences are

attributed to the slower response time of the CDG, which the

manufacturer specifies as 30 ms.

For tdelay¼ 0.10 s (the shortest delay), the observation of

the initial water signal and the establishment of the steady-

state water signal are both delayed compared to the other

two tdelay values. In addition, a negative pressure transient is

observed at the pressure transducer. These characteristics are

attributed to a water pressure in Vi-n that was lower than the

carrier gas pressure in the delivery line, causing carrier gas

to flow from the delivery line into Vi-n prior to the establish-

ment of steady-state flow. For tdelay¼ 0.38 s (the intermedi-

ate delay time), the time-dependent water partial pressure

profile corresponds fairly closely to that observed for

tdelay¼ 0.70 s (i.e., only a small delay in the observation of

the initial water signal and the establishment of steady-state

flow) but without the positive pressure transient. In the case

of the total pressure, no transients are observed either.

If one had no means to measure the water partial pressure,

one could try to estimate it from the difference between the

total pressure with only nitrogen flowing and with nitrogen

and water flowing. However, this method can be flawed, as

illustrated in Fig. 5(a). For tdelay¼ 0.38 s, the water partial

pressure measured using TDLAS was 25.6 Pa, while the total

pressure increased by only 632.0 – 617.4 Pa¼ 14.6 Pa. This

difference indicates that adding the water flow caused the

nitrogen partial pressure to decrease. That decrease likely

occurred because the flow through the isolation valve (see

Fig. 2) was viscous or transitional, not molecular, and

increasing the total pressure increased the flow conductance

of the valve (decreasing the nitrogen partial pressure corre-

sponding to a given nitrogen flow rate).

For the current and related water delivery systems, the

needle valve position ultimately controls the water flux from

the water reservoir. However, the relationship between the

needle valve position and the water partial pressure in the

delivery line is not necessarily simple. Figure 6 shows the

steady-state water partial pressure as a function of (a) needle

valve position for a series of carrier gas flow rates and (b)

flow rate for a series of needle valve positions. As expected,

the water partial pressure increases with increasing needle

valve position [see Fig. 6(a)]. However, the relationship

between water partial pressure and needle valve position is

not expressed by a single function. At intermediate valve

positions (two to five turns open), the relationship is approxi-

mately linear with a slope that depends on the flow rate,

while at other positions the relationships are nonlinear.

In contrast to the influence of needle valve position, an

increase in carrier gas flow rate results in a decrease in water

partial pressure at a given needle valve position [see Fig.

6(b)]. The decrease in water partial pressure could be attrib-

uted to at least two effects, depending on the pressure drop

across the injection valve. If the pressure in the delivery line

is less than approximately half of the pressure upstream of

the injection valve, then flow through the injection valve

is choked and the water flow rate through this valve is

independent of the delivery line pressure. In this case, the

observed decrease in water partial pressure with increasing

carrier gas flow rate (and delivery line pressure) is attributed

to the increased conductance of the isolation valve at higher

pressures. If the pressure in the delivery line is greater than

approximately half of the pressure upstream of the injection

valve, then flow through the injection valve is not choked

and the water flow rate through this valve is dependent of

the delivery line pressure. In this case, the observed decrease

in water partial pressure with increasing carrier gas flow rate

is attributed also to a decreased pressure drop across the

injection valve and a concomitant decrease in water flow

rate across the valve and into the delivery line. In either

case, the dependence of water partial pressure in the delivery

line with carrier gas flow would have been difficult to predict

without a measurement technique such as TDLAS.

V. CONCLUSION

The performance of a near-infrared TDLAS scheme for

in situ, rapid, quantitative measurements of water partial

pressure in a representative quarter-inch ALD delivery line

was demonstrated, with minimal impact on the geometry of

FIG. 6. (Color online) Steady-state nominal water partial pressure as a func-

tion of (a) needle valve position for a series of carrier gas flow rates and (b)

flow rate for a series of needle valve positions. (The dashed lines are shown

as an aid to the eye.)
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the line and, hence, flow dynamics in the line. Depending on

the degree of signal averaging, the TDLAS system was capa-

ble of measuring the water partial pressure with a detection

limit in the range of 0.80–0.08 Pa (at k¼ 3) at a maximum

sampling rate of 300 Hz. The utility of this TDLAS scheme

was demonstrated on a representative water delivery system

by identifying performance characteristics that would be dif-

ficult to identify without such a measurement technique.

Water partial pressure transients were readily measured,

allowing valve actuation times to be optimized to minimize

those transients. The dependence of water partial pressure on

both needle valve position and on carrier gas flow rate was

also established, each exhibiting a dependence that otherwise

would have been difficult to predict.
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