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Ammonia (NH3) as a precursor for epitaxial nitride ﬁlms is required to be
free of trace oxygenated impurities, such as CO2, that have been shown to
negatively affect growth processes and device performance. Carbon dioxide
can react reversibly with the NH3 gas to form ammonium carbamate,
NH4COONH2 (a solid with low solubility in liquid NH3) and, therefore, can be
present in cylinder sources both in the free and chemically bound form. A gas
chromatograph (GC)-based method has been developed to accurately quantify
the total CO2 content in both vapor- and liquid-phase NH3 streams. A heated
GC-sampling manifold is used to thermally decompose any NH4COONH2 present in the sample or calibration standard so that all CO2 is analyzed in its
free form. Several commercial cylinder sources maintained at room temperature were analyzed by this method, and in all cases, equilibrium concentrations of ⬍75 parts-per-billion by volume (ppbv) CO2 were present in the gas
phase as long as residual liquid was present. Slightly higher concentrations
were found in the liquid phase, and upon exhaustion of the liquid phase and
heating, CO2 levels strongly increased to parts-per-million by volume (ppmv)
levels. The excess CO2 is likely adsorbed on the cylinder walls or dispersed in
the liquid as solid NH4COONH2. These results are consistent with thermodynamic calculations based on equilibrium data for the carbamate system available in the literature. To meet the purity requirements of organo-metallic
vapor-phase epitaxy processes, the performance of an adsorbent-based puriﬁer
that is capable of removing residual CO2 in both free and chemically bound
forms from NH3 streams is discussed.
Key words: Carbon dioxide, impurities, ammonia, ammonium carbamate,
gas chromatography

INTRODUCTION
Minimizing the incorporation of oxygen in GaN
and other epilayers during metal-organic chemicalvapor deposition is critical to the performance of
high brightness light-emitting diodes and laser
devices. Oxygen, which is believed to be a shallow
donor,1 can cause crystal lattice defects that affect
optical and electrical properties, such as photoluminescence, optical absorption, thermal conductivity,
and Hall mobility.2–5 Also of concern is carbon,
an amphoteric impurity that is predicted to be a
(Received July 13, 2003; accepted January 15, 2004)

shallow acceptor in (Al)GaN and can result in donor
compensation and yellow luminescence commonly
observed in GaN.1
Even though trace oxygenated impurities may be
introduced from a number of sources, such as the
carrier and purge gases or from the organo-metallic
precursors,6–8 the ammonia (NH3) process gas can
be a signiﬁcant source of oxygen contamination from
impurities, such as moisture and carbon dioxide. In
the case of carbon dioxide, unintentional carbon incorporation during ﬁlm growth also cannot be ruled
out. It is, therefore, important to develop sensitive
detection methods for the key impurities to understand the physical behavior of the contamination
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sources and to ultimately minimize the concentration of these impurities for improved process control. Even if appropriate analytical techniques are
available, however, trace contaminants are often difﬁcult to accurately quantify in liqueﬁed gas sources
because of partitioning into the liquid phase9 and/
or their tendency to form reaction products with the
reactive source gas.
In the ﬁrst part of this series, the thermodynamic
behavior of trace moisture impurities in liqueﬁed
NH3 was studied experimentally using Fouriertransform infrared spectroscopy.10 Moisture was
found to dissolve readily in liquid NH3. Gas-phase
sampling from wet NH3 sources resulted in strongly
ﬂuctuating moisture concentrations caused by equilibrium shifts, boiling processes, and enrichment of
the less volatile moisture as the sources were consumed. More accurate information about the true
moisture content in the cylinder was obtained by
continuously sampling from the liquid phase and
vaporizing the sample prior to analysis. The system
could be qualitatively described by a two-component
vapor/liquid equilibrium approach.
In addition to partitioning effects, it is important
to consider that oxygenated impurities can chemically react with Group V hydride gases to form insoluble or only partially soluble reaction products.
Introduction of trace atmospheric oxygen into arsine
and phosphine, for example, is known to result in the
formation of oxides and oxy-acids that escape detection by standard analytical approaches monitoring
for free oxygen impurities only.11 Furthermore, as
chemical reactions can be reversible, gaseous impurity levels that are detected may vary depending
on analysis or gas usage conditions that affect the
reaction equilibrium.
This work attempts to complement the conclusions from the moisture studies by investigating the
properties of carbon dioxide traces in liquid NH3 as
a model system for an impurity that can reversibly
react with the source gas. A new analytical sampling
procedure is reported for reliable detection of CO2
in NH3, and a thermodynamic model that describes
the behavior of this system is discussed. Finally, the
performance of an adsorbent-based puriﬁer for efﬁciently removing trace CO2 in gaseous NH3 streams
is presented.

NH4COONH2 → NH2CONH2 ⫹ H2O

The enthalpy of endothermic reaction 2 is ⬃31.4 kJ/
mol.16 The equilibrium concentration of urea is negligible at ambient temperature13,17 but approaches
⬎80% at temperatures above 150°C.18 Another side
reaction is the reversible formation of ammonium
carbonate in the presence of water that is shifted to
the precursors above ⬃60°C:
NH4COONH2 ⫹ H2O [ (NH4)2CO3

EXPERIMENTAL APPROACH
Analytical Instrumentation and Sampling
Manifold
A new method based on gas chromatography with
a pulsed-discharge ionization detector (GC-PDID)
was developed to quantify trace CO2 in NH3 at
the low parts-per-billion by volume (ppbv) levels. A
Shimadzu GC-14A GC (Kyoto, Japan) equipped with
a PDID (Valco Instruments, Houston, TX), a heated
switching valve oven, and two porous-polymer 6′ ⫻
2-mm inner diameter packed columns were used for
all measurements. Figure 1 illustrates the column
setup with a standard back-ﬂush conﬁguration to
prevent the analyte gas from entering the detector.
All lines were heated above 60°C to minimize the
formation of solid NH4COONH2, according to Eq. 1,
and shift the equilibrium toward the reactants.
A schematic of the sampling manifold including
temperature-controlled zones to calibrate the instrument, optimize the CO2 response, and perform
puriﬁer investigations is shown in Fig. 2.
Without heating of the lines, as much as 50% of
the CO2 added to the gas stream is lost because of

The reaction of NH3 with CO2 has been studied
extensively because of the commercial importance
for urea synthesis.12–15 The NH3 reacts in a ﬁrst reversible step with CO2 to form ammonium carbamate
(NH4COONH2), a white crystalline solid (molecular
weight ⫽ 78 g/mol) according to Eq. 1:
(1)

This reaction is exothermic with a heat of dissociation of ⬃159 kJ/mol.15 Upon heating above ⬃100°C,
NH4COONH2 slowly decomposes by releasing water
to form urea according to

(3)

Of primary interest for the measurement of trace
CO2 contamination in liqueﬁed NH3 sources is the
ﬁrst reaction step that determines the concentration
of free CO2 in the cylinder headspace and precipitation of excess CO2 as solid NH4COONH2 dispersed
in the liquid reservoir or adsorbed on the cylinder
walls.

REACTION CHEMISTRY

2 NH3 ⫹ CO2 [ NH4COONH2

(2)

Fig. 1. Schematic diagram of the GC-PDID system.
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Fig. 2. Sampling manifold with two independently heated zones for
calibration, liquid- and vapor-phase sampling of NH3 cylinders, and
puriﬁer evaluations.

NH4COONH2 formation,19 indicating that trace CO2
exists simultaneously in both free and chemically
bound forms in NH3 depending on the temperature
of the sampling system. The effect of sampling manifold temperature on free CO2 response was investigated by heating both zones 1 and 2 in Fig. 2 in the
range from 30°C to 250°C and analyzing NH3 spiked
with 90 ppmv CO2. As shown in Fig. 3, the CO2 response increased with increasing line temperature,
and after reaching a maximum near 110°C, started
to decrease as the temperature was raised further.
The decreased response above 110°C is likely due
to the formation of urea according to Eq. 2 that is
favored at higher temperatures. All cylinder measurements were performed at line temperatures of
110°C to maximize sensitivity.
Calibration and Data Analysis
A comparison of calibration curves obtained in
NH3 and He (Fig. 4) indicates that even at optimized
conditions, the detector response in NH3 is only
about 50% of the response in He. This discrepancy
may be due to (1) incomplete decomposition of the
NH4COONH2 in the heated lines and manifold; (2)
the occurrence of other side reactions, such as urea
formation; or (3) reduced instrument sensitivity
caused by NH3. The limit of detection for CO2 in
NH3 calculated from 3 signal/noise20 was 11 ppbv.
Using the more stringent International Union of
Pure and Applied Chemistry deﬁnition based on
3 σ/m (σ ⫽ standard deviation of peak area ﬂuctuations; m ⫽ slope of calibration curve),21 the limit of
detection was 30 ppbv. All cylinder data presented
are based on calibrations performed in NH3 and
care was taken to prevent exposure of the sample
stream to temperatures above 110°C to avoid urea
formation.
Partitioning of CO2 in the Gas and Liquid
Phases
The measurement of CO2 concentrations in the
liquid and gas phases of liqueﬁed NH3 cylinder
sources at different total CO2 contents provides

875

Fig. 3. Effect of manifold temperature on GC response to 90-ppmv
CO2 added to puriﬁed NH3.

Fig. 4. Calibration curves for CO2 in He (■) and NH3 (▲) matrices.

information about the validity of the previously
discussed reaction equilibrium. The gas-phase concentration directly reﬂects the equilibrium vapor
pressure, whereas liquid concentrations could be
due to either dissolved NH4COONH2 or dispersed
particles entering the sampling system.
Liquid Sampling Procedure
Cylinders were inverted using a custom valve
jacket or a cylinder inverter for sampling of the
liquid phase. The liquid withdrawn in the inverted
orientation was completely vaporized in a heated
line segment at a temperature of ⬃110°C.10 The
pressure in the heated line segment was determined
by the vapor pressure of the liquid in the cylinder at
ambient temperature (⬃8.5 atm), and the ﬂow rate
was controlled by a mass ﬂow controller.
CO2 Addition to Cylinder Source
Small amounts of CO2 were added into a cylinder
containing ⬃4-kg high-purity liquid NH3, by pressurizing a 5-cc sample line connected to the cylinder
valve with CO2, to a pressure of ⬃5 atm above cylinder pressure. By brieﬂy opening the cylinder valve
to avoid NH3 back-diffusion, the CO2 expanded into
the cylinder until cylinder pressure was reached.
Added CO2 concentrations were calculated using
the ideal gas law. The cylinder was inverted and
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rolled several times after each CO2 addition and
stored overnight to re-equilibrate before sampling
was initiated.
Mixing of CO2 and NH3 Streams
A glass vessel was equipped with two inlet lines
and a vent line to determine the ease of NH4COONH2
formation at ambient conditions by visible observation. Prior to introducing the reactant gases, the vessel was purged with dry N2 and heated with a heat
gun to minimize residual moisture.
Puriﬁer Testing
A 60-cm3 stainless steel vessel was ﬁlled in a dry
N2 purged glove box with a Nanochem® NHX puriﬁer
material (Matheson Tri-Gas, Inc., Longmont, CO)
and equipped with a 0.003-µm particle ﬁlter at the
outlet. Impurity challenges for the measurement of
puriﬁer efﬁciency were obtained by mixing CO2
standard gas with NH3 using mass ﬂow controllers
(Fig. 2). For puriﬁer capacity measurements, the CO2
challenge was supplied in He carrier gas because the
formation of NH4COONH2 results in blockage of the
unheated puriﬁer vessel at concentrations of ⬃500ppmv CO2 that are necessary to saturate the puriﬁer
within a reasonable time frame.
RESULTS AND DISCUSSION
NH4COONH2 Formation
By adding CO2 to a dry NH3 stream at ambient
conditions inside a dry glass container, qualitative observations of NH4COONH2 formation were possible.
As shown by the photographs in Fig. 5, the formation
of a white cloud was visible at the mixing point of
the two gas streams a few seconds after the CO2
gas stream was initiated. The glass surface and the
ends of the gas lines, however, were quickly coated
with a white ﬁlm that could be removed by heating
the vessel with a heat gun. The ﬁlm was assumed
to be NH4COONH2, but a fraction of ammonium car-

bonate from reaction with residual moisture (Eq. 3)
on the glass wall could not be ruled out completely.
The kinetics of formation of NH4COONH2 from
NH3 and CO2 has not been studied widely, and results are controversial.22–24 Solid surfaces appear to
play an important role for nucleation even though
the experimentally observed cloud formation indicates the possibility of gas-phase reactions or nucleation on dust particles in the gas stream. Traces of
moisture are believed to facilitate the reaction because both NH3 and CO2 are more readily adsorbed
on moist surfaces.22 The rate of reaction increases
with decreasing temperature, and equilibrium is
typically established a few minutes after an induction period that depends on the afﬁnity of the
reaction surfaces for adsorption of the precursors.
Reaction in the condensed liquid phase also cannot
be ruled out.22 The impact on a large excess of one of
the precursors, such as in liqueﬁed NH3 cylinders,
has not been discussed by the cited sources.
One of the questions that arise from the preceding
assumptions about the kinetic mechanisms is the
location of the precipitated solid. In a liqueﬁed gas
source, the solid could either be dispersed more or
less ﬁnely in the liquid or attached to the cylinder
walls above or below the liquid level. Depending on
the adhesion strength to the wall, agitation of the
cylinder content might dislocate attached carbamate particles into the liquid. As surface tension of
small particles is large, and assuming a ﬁnite solubility, dispersed particles might also slowly dissolve
in the liquid and reprecipitate on the cylinder wall.
Cylinder Analysis
Liquid- and gas-phase NH3 from different cylinder sources was analyzed using heated sampling
lines to evaluate the partitioning of CO2 between
the two phases. Table I lists the results for nine different cylinders. The CO2 concentrations reported
are based on an average of ﬁve GC analyses. In full
cylinders, CO2 concentrations in the gas phase were
⬍75 ppbv and remained in this range as gaseous
NH3 continued to be withdrawn from the cylinder.
Liquid-phase CO2 levels were similar or only
slightly higher than gas-phase concentrations,
Table I. CO2 Concentration in the Gas and
Liquid Phases of NH3 Cylinders*

Fig. 5. Photograph of ammonium carbamate (NH4COONH2) ﬁlm
formed by mixing 25-sccm CO2 and 100-sccm NH3 streams inside a
glass tube at ambient pressure and temperature.

Cylinder

Gas Phase CO2
(ppbv)

Liquid Phase CO2
(ppbv)

1 (full)
2 (full)
3 (full)
4 (full)
5 (full)
6 (full)
7 (full)
8 (full)
9 (370 g)

22 ⫾ 4
18 ⫾ 6
27 ⫾ 4
58 ⫾ 7
47 ⫾ 4
NA
61 ⫾ 4
30 ⫾ 4
22 ⫾ 19

48 ⫾ 2
23 ⫾ 14
58 ⫾ 10
59 ⫾ 7
NA
207 ⫾ 40
91 ⫾ 9
40 ⫾ 3
921 ⫾ 684

*Analysis uses heated lines at 110°C.
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except for cylinder 9 as the liquid phase was close
to being depleted. With about 370-g residual liquid
phase, CO2 concentrations in the liquid phase were
strongly ﬂuctuating at ⬃1 ppmv, suggesting that loose
NH4COONH2 or ammonium carbamate-coated rust
particles were entering the sampling system. The gasphase concentrations remained at ⬃22 ppbv in the depleted cylinder 9 while the liquid phase was present.
After all liquid was evaporated, CO2 concentrations typically increased strongly as sampling of the
residual gas-phase NH3 was continued. Heating
the cylinder walls further magniﬁed this effect as
the dissociation equilibrium in Eq. 1 was shifted
from solid NH4COONH2 to the reactants.
Cylinder 3, for example, which originally contained 27-ppbv CO2 in the gas phase and 58-ppbv
CO2 in the liquid phase when full, was later found to
contain 0.5-ppmv CO2 when liquid dry (cylinder conditions: 4 atm and 22°C). As shown in Fig. 6, the CO2
concentration increased signiﬁcantly as the cylinder
temperature increased. A concentration of 9.8-ppmv
CO2 was measured as the cylinder temperature
reached ⬃101°C. The remaining high concentration
observed after decreasing the cylinder temperature
to 68°C is likely due to a lack of equilibration time
and limited sample ﬂow because the experiments
were performed in a continuous run over the course
of ⬃5 h. By integrating the data in Fig. 6 and assuming that at 101°C the majority of NH4COONH2
was decomposed, the amount of residual CO2 in
the cylinder was estimated to be ⬃0.003 g after
the liquid reservoir was exhausted. A content of
3 mg of solid NH4COONH2 (size ⬃20 Å2) evenly dispersed on the internal surface of a typical cylinder
(⬃0.9 m2) would result in a layer thickness of only
about 6 monolayers.
From the liquid and gas CO2 concentrations of a
full cylinder containing ⬃22.6-kg NH3 that typically
amounted to ⬃0.1 ppmv or less, an additional 0.003-g
CO2 were calculated. Because liquid phase concentrations were similar for most cylinders, even though
additional CO2 was present as solid NH4COONH2
(Fig. 6), detected concentrations appear to be dictated

by the solubility limits of NH4COONH2 in liquid
NH3, amounting to a solubility of ⬃ 1 ⫻ 10⫺6 mol/l.
Because the range of CO2 concentrations in the
cylinders studied was relatively narrow, pure CO2
was intentionally added to a cylinder containing 4 kg
of high-grade NH3 to study a wider concentration
range and to conﬁrm that gas and liquid concentrations are limited by the solubility and NH4COONH2
dissociation equilibrium. The liquid- and gas-phase
concentrations after consecutive addition of 6.3 ppmv
and 32.4 ppmv of CO2 are shown in Fig. 7 as a function of total calculated CO2 content in the cylinder.
The cylinder was rolled and equilibrated over night
after each addition prior to the measurements. Each
data point was averaged from ﬁve consecutive measurements. The maximum concentrations in the gas
phase after addition of 6.3 ppmv were similar to the
previously detected levels in several cylinder sources
(Table I). After further introducing 26.1 ppmv of
CO2 to the cylinder for a total content of 32.4 ppmv,
gas-phase concentrations showed larger ﬂuctuations
even though overall concentrations rose only slightly
to ⬃250 ppbv. It appears that all free-added CO2
precipitates on the cylinder walls according to the
carbamate equilibrium or enters the liquid phase.
The increase in variance of the measurement might
be caused by NH4COONH2 particles deposited close
to the cylinder valve that are dislocated during
sampling. Liquid phase measurements showed a
more pronounced increase in CO2 concentration to
⬃0.6 ppmv and 1.5 ppmv, respectively. Fluctuations
of the data points increased strongly with increasing
CO2 content, which is also very likely due to random
sampling of free ﬂoating or dislocated NH4COONH2
particles.
Heating the cylinder while still containing liquidphase NH3 incrementally to 65°C initially caused gasphase CO2 concentrations to increase to 2–3 ppmv,
but after continued sampling, again decreased to
concentrations close to those observed at ambient
temperature. These observations are inconsistent

Fig. 6. The CO2 concentrations of a gas stream withdrawn from a
liquid-dry cylinder (Cylinder 3 in Table II) with ~3.7-atm residual NH3
pressure at different cylinder temperatures.

Fig. 7. The CO2 concentration in the gas and liquid phases of an
intentionally doped NH3 cylinder (: gas-phase samples, ●: liquidphase samples).

CO2 Addition
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Kp ⫽ pNH32 pCO2
(4)
The terms pNH3 and pCO2 are the partial pressures of
NH3 and CO2, respectively, in the gas mixture.
Several studies discuss this reaction in detail.
Bennet et al.25 determined Kp between 24°C and
63°C by measuring the stoichiometric dissociation
pressure, Pdiss, of samples of solid NH4COONH2:
pNH3 ⫽ 2 pCO2
(5)
With Pdiss ⫽ pNH3⫹ pCO2 at a given temperature,
pNH3, pCO2, and Kp can be calculated:
pNH3 ⫽ 2Pdiss/3 and pCO2 ⫽ Pdiss/3
(6)
Fig. 8. The CO2 emissions from a heated liquid-dry cylinder containing 32-ppmv CO2 prior to exhaustion of the liquid phase (■: ﬁrst
heating cycle, ●: second heating cycle).

with the assumption of the carbamate equilibrium,
which favors the precursors at higher temperatures,
and other factors have to be considered. Among
the possible causes are the increased solubility of
NH4COONH2 or free CO2 in the liquid phase, insufﬁcient sampling time because of the large headspace in
the cylinder, variation in the cylinder temperature,
localized cooling caused by vaporization of NH3 from
the liquid phase, or precipitation of NH4COONH2 in
cool spots.
After the liquid phase was exhausted and the
residual gas-phase pressure reached ⬃3 atm, the
cylinder was incrementally heated to 100°C to qualitatively verify that the added CO2 that was assumed
to be stored as NH4COONH2 could be released. In
Fig. 8, the results of two heat cycles are shown. Free
CO2 concentrations above 35 ppmv were detected at
temperatures approaching 100°C. Calibration data
were only collected to ⬃10 ppmv; higher concentrations were extrapolated using the slope of the calibration curves.
Thermodynamic Predictions
The measured gas-phase concentrations were
compared with thermodynamic calculations based
on literature data for the NH3/CO2/NH4COONH2
equilibrium. The equilibrium constant Kp for the
formation of NH4COONH2 (Eq. 1) can be calculated
based on the stoichiometry and the formation of a
solid reaction product:

Kp ⫽ 4Pdiss3/27
(7)
Similar experiments were also performed by
Janjic26 and equilibrium constants and calculated
free energies were comparable. From these data, the
maximum concentration of free CO2 CCO2(in ppmv)
in a cylinder containing liquid NH3 and an excess
of solid NH4COONH2 can be estimated with Eq. 4
because the total pressure in the cylinder equals the
vapor pressure pNH3 in good approximation:
CCO2 ⫽ pCO2 /pNH3 ⫻ 106 ⫽ (Kp /pNH32)/pNH3 ⫻ 106

(8)

In Table II, results of such estimations for different
temperatures are listed. For example, at 20°C, the dissociation pressure Pdiss ⫽ 0.0874 atm.25 From Eq. 7,
an equilibrium constant Kp ⫽ 9.89 ⫻ 10⫺5 atm3
follows. With a vapor pressure for NH3 of ⬃8.5 atm
at this temperature, the maximum concentration of
free CO2 in the gas phase is about 162 ppbv. Further
addition of CO2 will result in precipitation of solid
NH4COONH2 without an increase in the gas-phase
CO2 concentration. The predicted concentrations of
free CO2 in the cylinder headspace are similar in
magnitude but somewhat higher than the measured
data in Table I. Because temperatures inside the
cylinder were not controlled during gas withdrawal,
evaporative cooling might have caused decreases in
the cylinder temperature. As indicated in Table II,
decreasing the temperature strongly decreases the
equilibrium concentration of free CO2. Additionally,
deviation from the ideal behavior of the equilibrium
constant caused by the presence of liquid NH3, elevated pressure, and low total CO2 content have to be
considered.

Table II. Estimated Concentrations of Free CO2 in the Headspace of a Cylinder Containing Liqueﬁed NH3

T (°C)
0
10
20
24.4
30
40
*From Ref. 25.

Dissociation
Pressure*

Kp ⫽ 4 ⫻ Pdiss3/27

Vapor
Pressure

CCO2 ⫽ (Kp/pNH32)/
pNH3 ⫻ 106

Pdiss (atm)

Kp (atm)

pNH3 (atm)

CCO2 (ppmv)

0.0188
0.0417
0.0874
0.1172
0.1744
0.3333

9.84 ⫻ 10⫺7
1.07 ⫻ 10⫺5
9.89 ⫻ 10⫺5
2.38 ⫻ 10⫺4
7.86 ⫻ 10⫺4
5.49 ⫻ 10⫺3

4.28
6.11
8.49
9.76
11.55
15.30

0.013
0.047
0.162
0.257
0.510
1.532
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Fig. 9. Calculated CO2 concentration of NH3 withdrawn from a
liquid-dry cylinder containing solid NH4COONH2 at 20°C as the
residual gas-phase NH3 is exhausted.

The solubility of NH4COONH2 in liquid NH3 is assumed to be very small even though literature data
are not conclusive27 and reports range from “highly
soluble”28 to completely insoluble.29–31 No experimental study has investigated solubility of CO2 in
the parts per million by volume or parts per billion
by volume range, which is of interest for the highpurity applications discussed in this study.
As cylinders are used to dryness and the pressure
decreases as residual gas-phase NH3 is withdrawn,
strongly increasing free CO2 concentrations are
expected, assuming solid NH4COONH2 residuals
are present. The decreasing NH3 pressure results in
an increase in CO2 partial pressure as demanded by
reaction equilibrium for the NH4COONH2 formation (Eq. 4). Additionally, the relative concentration
of CO2 increases as the overall pressure decreases
according to Eq. 8. Estimated CO2 concentrations as
a liquid-dry cylinder is exhausted based on these
calculations are shown in Fig. 9.
CO2 REMOVAL FROM NH3
Oxygenated impurities, such as CO2, are detrimental to the performance of III/V semiconductor
devices, and point-of-use puriﬁcation, in addition
to high-grade gas sources, are often implemented
to optimize ﬁlm growth processes. The complex
thermodynamic behavior of CO2 impurities in NH3
opens questions about the requirements for puriﬁer
technologies for these applications. Because gasphase CO2 concentrations in NH3 withdrawn from
liqueﬁed sources do not appear to exceed CO2 levels
of ⬃75 ppbv, independent of the total CO2 content of
the cylinder, CO2 removal might not be necessary for
less sensitive applications unless the liquid reservoir is exhausted. In case of high-purity requirements or if NH3 is delivered from the liquid phase
using total vaporization, state-of-the-art puriﬁer
materials are commercially available to reduce CO2
contents by several orders of magnitude.
Point-of-use puriﬁers will also remove atmospheric impurities that are potentially introduced
to the delivery system during cylinder change out.
Residual CO2 as an atmospheric contaminant might
result in the formation of solid NH4COONH2 by
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Fig. 10. Efﬁciency of Nanochem® NHX puriﬁer material for removal of
50-ppmv CO2 in NH3 (temperature zones 1 and 2 heated to 110°C).

reaction with NH3 and deposit in the cylinder valve
and line system. This NH4COONH2 residue will
slowly decompose, potentially causing elevated CO2
levels in the gas stream for extended time periods or
enter the process tool in particulate form.
As an example for the efﬁciency of commercial
technology, Fig. 10 shows the outlet concentration of
a puriﬁer based on a proprietary inorganic-adsorbent material (Nanochem NHX, 0.003-µm particle
ﬁlter) challenged with 50-ppmv CO2 in NH3 using
heated lines prior to entering the puriﬁer. As CO2
and NH3 are mixed in heated lines but pass the unheated puriﬁer inlet valves and puriﬁer vessel,
NH4COONH2 formation is expected to some degree
in the unheated components. Both free CO2 and
NH4COONH2 particles suspended in the gas stream
might then pass into the puriﬁer.
Gas-phase CO2 concentrations are below the detection limit of the GC-PDID at the puriﬁer outlet, indicating removal efﬁciencies of at least three orders of
magnitude at challenges in the parts-per-million by
volume range. The mechanism for CO2 removal from
NH3 is assumed to be a combination of CO2 adsorption on the active sites of the puriﬁer material and
the formation and adsorption of NH4COONH2 in the
presence of a high surface-area material.
Another beneﬁt of the concentration threshold
that is expected in gas-phase NH3 withdrawn from
liqueﬁed sources is improved accuracy in the prediction of puriﬁer lifetimes. Figure 11 shows a CO2
capacity measurement performed with a Nanochem®
NHX puriﬁer at a 500-ppmv CO2 challenge, resulting in a capacity of ⬃5.5 l CO2/l puriﬁer. The experiment was performed in He instead of NH3 as
measurements in NH3 resulted in blockage of the
puriﬁer inlet with crystallized NH4COONH2. Sizing
of puriﬁer beds based on the measured capacity
and predicted impurity calculated from the thermodynamic properties of CO2 in NH3 will be intrinsically more accurate than estimates for potentially
strongly ﬂuctuating impurities, such as H2O.
CONCLUSIONS
The NH3 gas delivered from cylinder sources may
contain CO2 in both free and chemically bound
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Fig. 11. Removal of 500-ppmv CO2 from He by Nanochem® NHX
puriﬁer until breakthrough is reached (ﬂow rate: 1 slpm, puriﬁer
volume: 60 cm3).

forms at levels up to ⬃75 ppbv at ambient temperature. Higher concentrations can be expected if vaporized liquid sources are used close to depletion of
the liquid phase or if the cylinder becomes liquid
dry. If the sources are not used to complete dryness,
CO2 levels in the gas phase remain steady in accordance with the dissociation equilibrium, independent of the total amount of CO2 present in the
cylinder. Liquid concentrations are similarly based
on the solubility of NH4COONH2 but excess solid
NH4COONH2 might be sampled as particulates dispersed in the liquid stream, resulting in increased
concentrations.
For high-purity applications where CO2 is of potential concern, such as some microelectronic fabrication
processes, point-of-use puriﬁcation can remove both
free and chemically bound CO2 (as NH4COONH2)
from an NH3 gas stream.
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