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Real-Time Carbon Content Control for PECVD ZrO2

Thin-Film Growth
Dong Ni, Yiming Lou, Panagiotis D. Christofides, Lin Sha, Sandy Lao, and Jane P. Chang

Abstract—We present a methodology for real-time control of
thin-film carbon content in a plasma-enhanced metal-organic
chemical vapor deposition process using combination of online
gas phase measurements obtained through optical emission spec-
troscopy and off-line (ex situ) measurements of film composition
obtained via X-ray photoelectron spectroscopy (XPS). Initially, an
estimation model of carbon content of ZrO2 thin films based on
real-time optical emission spectroscopy data is presented. Then, a
feedback control scheme, which employs the proposed estimation
model and a proportional-integral controller, is developed to
achieve carbon content control. Using this approach, a real-time
control system is developed and implemented on an experimental
electron cyclotron resonance high-density plasma-enhanced
chemical vapor deposition system to demonstrate the effectiveness
of real-time feedback control of carbon content. Experimental
results of depositions and XPS analysis of deposited thin films
under both open-loop and closed-loop operations are shown
and compared. The advantages of operating the process under
real-time feedback control in terms of robust operation and lower
carbon content are demonstrated.

Index Terms—Carbon content, OES, PECVD, real-time feed-
back control, thin-film growth, XPS, ZrO2.

I. INTRODUCTION

THE decrease of microelectronic device dimensions has
motivated the replacement of silicon dioxide with oxides

of higher dielectric constant as a dielectric layer in metal
oxide semiconductor (MOS) devices. This is because for silicon
dioxide layers thinner than about 1.6 nm, direct tunnelling
currents through the oxide result in an exponential increase of
leakage current. Significant leakage current increases the power
dissipation and deteriorates the device performance and circuit
stability for very large scale integrated (VLSI) circuits [1], [2].
In addition, since the minimum dimension of capacitors for
1–4-Gb dynamic random access memory (DRAM) generations
falls into the deep submicron range, it is questionable whether
acceptable charge storage can be achieved with SiO within
such small size regime.

The alternative is to use layers of a “new” high- dielec-
tric, with the same equivalent oxide thickness or capacitance.
A large number of high- candidate materials have been ex-
tensively studied. Among these candidate materials, ZrO (as
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well as HfO ) has several important properties which make it
a leading candidate for an alternative dielectric. The dielectric
constant of ZrO is relatively high among the binary-metal ox-
ides , and its thermal stability on Si is very good. More-
over, studies have indicated that pure ZrO next to Si (with an
ultrathin intervening SiO layer) remains stable up to 900 C
[3]. In addition, ZrO films have superior chemical resistance,
good mechanical strength, and a low-leakage current level.

A variety of techniques can be used to prepare metal
oxide thin films. Plasma-enhanced chemical vapor deposition
(PECVD) is one of the most prominent means of preparing di-
electric thin films, especially for memory devices applications,
because of such advantages as low process temperature, high
film growth rate, and wide flexibility of deposition conditions.
The use of metal-organic (MO) chemicals as precursors in
PECVD of metal oxide thin films enables uniform film growth
over large areas and complex surface geometries. However, a
potential problem of using MO precursors is the possibility
of incorporation of impurities in the deposited thin film. One
of the most important impurity species is carbon, which is
abundant in the precursors. The incorporation of high concen-
tration of carbon in the deposited film can adversely influence
device performance by changing the dielectric constant and the
leakage current density [4].

In general, carbon can be incorporated in the films either by
forming carbides or oxides with the deposited metal or oxygen
or by occupying intergranular positions among the grains of
the main deposited compound in the form of cyclic or aliphatic
species. Carbon incorporation can even occur simultaneously
in multiple states depending on precursor, material to-be-de-
posited, and operating conditions [5], [6]. Therefore, the devel-
opment and implementation of real-time feedback control sys-
tems for carbon content control could improve the operation and
use of MO precursors in the deposition of high- materials.

Previous research on control of deposition processes has ad-
dressed control of film thickness in PECVD silicon epitaxy [10]
and control of deposition spatial uniformity in PECVD amor-
phous silicon growth [7] (see also [8] for results on feedback
control of plasma etching and [9] for results on feedback con-
trol of rapid thermal processing, as well as [17] and [18] for
results on feedback control of thin film surface roughness). Re-
cently, a method for real-time control of PECVD silicon nitride
film properties for a relatively simple deposition chemistry was
proposed in [11]; in this work, thin-film properties were indi-
rectly controlled by regulating gas phase species compositions.
At this stage, direct control of PECVD thin film properties has
not been reported due to the complexity of both plasma physics
and plasma chemistry and the difficulty to obtain real-time mea-
surements of film properties.

0894-6507/04$20.00 © 2004 IEEE
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Fig. 1. Schematic diagram of the ECR PECVD system.

Optical emission spectroscopy (OES) has been widely used
to monitor the gas phase species concentrations [12]. Moreover,
OES has been used as measurement sensor for closed-loop con-
trol to regulate process variables such as the partial pressure of
gas phase species [13], [14], and the film thickness based on em-
pirical correlations [14]. However, although many researchers
have suggested that OES signals could be utilized to control
material properties such as thin-film composition [15], [16], no
work has been done to design and implement a real-time feed-
back control system using combination of OES real-time mea-
surements and off-line X-ray photoelectron spectroscopy (XPS)
measurements to directly control the thin film composition and
to verify the closed-loop performance by characterization of the
deposited thin films.

In this work, we present a methodology for real-time control
of thin-film carbon content in a plasma-enhanced metal-organic
chemical vapor deposition process using combination of on-
line gas phase measurements obtained through OES and off-line
(ex situ) measurements of film composition obtained via XPS.
The method is used for real-time control of carbon content of
ZrO thin films. Initially, an estimation model of carbon content
of ZrO thin films based on real-time optical emission spec-
troscopy data is presented. Then, a feedback control scheme,
which employs the proposed estimation model and a propor-
tional-integral controller, is developed to achieve carbon content
control. Using this approach, a real-time control system is de-

veloped and implemented on an experimental electron cyclotron
resonance (ECR) high-density PECVD system to demonstrate
the effectiveness of real-time feedback control of carbon con-
tent. Experimental results of depositions and XPS analysis of
deposited thin films under both open-loop and closed-loop op-
erations are shown and compared. The advantages of operating
the process under real-time feedback control in terms of robust
operation and lower carbon content are demonstrated.

II. ECR HIGH-DENSITY PECVD REACTOR

The schematic of the experimental ECR PECVD reactor
system is shown in Fig. 1. It consists of an ECR type microwave
source, a reactor chamber, a pumping system, a pressure con-
trol system, a gas delivery system, an OES system, and a
computer-based real-time process control system.

Fig. 2 shows the internal configuration of the reactor
chamber. A 6-in-diameter cylindrical stainless-steel chamber is
surrounded by two circular coaxial electromagnets, which are
7 in apart. An ASTeX ECR source is on top of the chamber.
Microwave at 2.45 GHz is generated from the source and trans-
mitted into the chamber through a -in-thick vacuum-sealed
quartz window and a high-density plasma is generated. A gas
diffusion ring is located just below the top quartz window to
conduct uniform distribution of the gases. A 4-in-diameter
anodized aluminum substrate holder is centered inside the
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Fig. 2. Internal configuration of ECR PECVD chamber.

chamber. The distance between the substrate holder and the
top quartz window is adjustable in the range of 6.5 to 12 in.
The substrate holder is also connected with a 13.56-MHz radio
frequency (RF) power supply tuned by a matching network; this
allows for controlling the ion impinging energy by applying
bias voltage to the substrate.

The chamber is pumped by a 140 l/s Alcatel 5150CP turbo-
molecular pump (TMP) backed by a mechanical pump. The
base pressure is measured with an HPS I-Mag cold cathode ion
gauge. The chamber pressure can be controlled and varied be-
tween the base pressure and atmospheric pressure. The MKS
651C pressure controller takes the measurement of chamber
pressure by an MKS 626A Baratron gauge as input and manipu-
lates an MKS 253B throttle valve, thereby allowing us to control
the pressure independently from the gas flow rates.

We chose zirconium tetra-tert-butoxide [Zr(OC H ) ] (ZTB)
as our MO precursor because it has a sufficiently high vapor
pressure (0.26 mbar at 60 C) [19]. A bubbler, which is kept
at constant temperature (65 C), is used for precursor delivery
because ZTB is a liquid at room temperature (boiling point

C). Ar is used as a carrier gas of the precursor vapor and
the gas line is heated to 80 C to prevent the condensation of
precursors. O is used as an oxidant and mixed with Ar and
ZTB at a point 8 in away from the entrance to the reactor.

Throughout this study, the electric currents are fixed at 120
A for the 5 kW top magnet and 150 A for the 2.5 kW bottom
magnet. The distance between the top quartz window and the
substrate holder is kept constant at 6.5 in and no bias is applied
to the substrate.

III. OPTICAL EMISSION SPECTROSCOPY SYSTEM

OES is the central real-time measurement tool used in this
study. We use an Ocean Optics MC2000 OES system with five
channels covering the wavelength range from 200 to 1000 nm
to analyze the plasma. Each channel consists of independent
optic setups including slits, gratings, a 2048-element linear sil-
icon charged coupled diode (CCD) array, and an optic fiber
cable. The configurations of individual channels are shown in
Table I. The best optical resolution [full width at half maximum

TABLE I
OPTICAL EMISSION SPECTROSCOPY (OES) CHANNEL CONFIGURATIONS

OF WAVELENGTH RANGE, START PIXEL (SP), END PIXEL (EP), AND

RESOLUTION (IN FWHM)

TABLE II
TRANSITIONS AND WAVELENGTHS OF ATOMIC EMISSIONS OBSERVED [23]

TABLE III
TRANSITIONS AND WAVELENGTHS OF MOLECULAR EMISSIONS OBSERVED [24]

(FWHM)] for this system is 1.4 with a 10- m slit width in the
ultraviolet (UV) range. The integration time can be set within
the range of 3 ms to 60 s. A sapphire window with minimal UV
absorption is used as the OES port. The transmittance of the
window does not vary significantly during each deposition run
and the window is cleaned regularly to prevent accumulation of
material on chamber walls. The emission spectra are taken 1 in
above the substrate surface in this study so that gas phase infor-
mation near the wafer surface can be collected.

The major atomic emission peaks and molecular band heads
observed in this study are summarized in Tables II and III, re-
spectively. The analog signals produced by optical channels are
captured by an Ocean Optics ADC1000 high-speed ISA-bus
A/D converter installed in a Pentium PC. The OES data are
then transmitted through fast ethernet to the computer used for
real-time process control.

IV. FEEDBACK CONTROL SYSTEM: DESIGN AND

IMPLEMENTATION

The carbon content of the thin film cannot be measured
directly in real-time, and thus, estimates of the carbon content,
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which are obtained based on plasma composition in the reactor
chamber by OES, are used in the feedback control system.
Previous spectroscopic study of the reaction plasma [15] in
this ECR PECVD system has shown that the carbon content
in the film has a quasilinear relationship with respect to the
optical emission intensity ratio of C molecules and O atoms in
the reacting gas. This can be explained by the fact that carbon
molecules are mostly responsible for forming the precursors
for carbon incorporation into the film. This result suggests that
the information of optical emission intensity ratio of C /O can
be utilized to estimate the carbon content in the zirconium
dioxide film in real time.

In this paper, a mathematical model is constructed to estimate
the carbon content of the film based on the optical emission in-
tensity ratio which is obtained through OES in real time. Fol-
lowing the previous experimental results [15], the relationship
between the carbon content in the surface layer and the optical
emission intensity ratio can be written as

(1)

where is the atomic concentration (%) of carbon in the sur-
face of the film, is a constant which is related to the configura-
tion and chamber condition of the specific experimental system
(experimentally determined for our system to be 11.92), and
is the optical emission intensity ratio of C /O.

The dominant factor that may lead to possible variation in
the value of the parameter is the chamber wall conditions.
During the PECVD process, material deposition may occur on
the substrate as well as on the reactor chamber wall. Although
the deposition on the chamber wall is negligible compared to
the deposition on the substrate for a single deposition experi-
ment since the plasma is highly anisotropic, over time the ac-
cumulated coatings on the wall will change the chamber wall
potential and may be sputtered off the wall onto the substrate,
thereby, leading to a reactor chamber condition corresponding to
a different value of . However, in practice, for each deposition
run the change of is negligible under the range of operating
conditions of our interest. Moreover, chamber cleaning is regu-
larly scheduled to avoid material accumulation on the chamber
wall. Thus, can be considered constant for a well-maintained
system (nevertheless, to implement the control system on an-
other reactor, experimental calibration of the parameter may
be necessary).

Under the assumption that the film growth rate remains con-
stant, the carbon content of the whole film is obtained using

(2)

where is the atomic concentration (%) of carbon in the de-
posited film at time and is the time in which the deposition
starts. In this case, we treat as the time average of . Com-
bining (1) and (2), the following estimation model is obtained:

(3)

We note that although the deposition process is a batch
process in nature, an optimal operating recipe cannot be

Fig. 3. Block diagram of the closed-loop system under the proposed carbon
content controller.

obtained since no accurate mathematical model describing
the relationship between the optical emission intensity ratio
and the inlet mass flow rate is currently available. Thus, the
control problem for the process is formulated as a set-point
regulation problem; this approach is further justified by our
experimental results which clearly show that the response time
of the closed-loop system is significantly smaller than the total
deposition time.

Fig. 3 shows the structure of the closed-loop system under the
proposed carbon content controller. The input to the controller
is the difference between the desired carbon content and the es-
timated carbon content and the controller manipulates the inlet
oxygen mass flow rate. The sensor block can be treated
as a pure time delay since it takes a fixed amount of integration
time for the OES system to obtain good signal-to-noise ratios
and transfer the OES data through the network. The block is
the carbon estimator described above. The block is the con-
troller based on the proportional-integral (PI) control algorithm
(described below in detail). The block is the process block
describing the relationship between the change of oxygen mass
flow rate and the optical emission intensity ratio of the plasma.

is identified experimentally and the identification procedure
will be discussed in detail in Section V-A.

The oxygen mass flow rate is chosen as the manipulated
variable because it provides the most effective way to influence
the gas phase composition and it does not disturb the plasma
stability compared to other candidate manipulated variables
such as the microwave power, the eletromagnetic field strength,
the substrate temperature, and the chamber pressure. The argon
mass flow rate is not selected as the manipulated variable
because it significantly affects the film growth rate.

To eliminate unnecessary control actions, which may inter-
fere with the plasma and lead to poor closed-loop performance,
the control objective is to stabilize the carbon content value
close to the desired set point (i.e., within a certain tolerance ).
A PI control algorithm is used of the following form:

(4)

(5)

where is the output of the controller, is the oxygen mass
flow rate, is the Argon mass flow rate which scales with the
precursor vapor flow rate, is a steady-state bias expressed in
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Fig. 4. Experimental data of R versus the 
 from different depositions for
fixed argon flow rate 8 sccm, chamber pressure at 40 mtorr, and microwave
power 300 W.

terms of the mass flow ratio of at steady state, is the
difference between estimated carbon content and the set-point
value, is the proportional gain, and is the integral gain.
The input of the controller is defined as in (5) where is
the tolerance within which we want to approach the desired set
point.

MATLAB simulations of the entire process model are per-
formed to obtain reference values of the controller parameters
to be used in the real-time computer control system. The
reference values are initially computed by using the Ziegler
Nichols (ZN) tuning method (e.g., [20]) and then adjusted
based on closed-loop simulation runs to achieve a desired
output response.

The computer process control system was implemented on an
Intel Pentium III 700 MHz PC with 512 MByte RAM. All the
programs used in this study were written in LabVIEW language
and National Instruments LabVIEW for Windows Version 6.1
was used as run-time platform.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Open-Loop System

The objective of the open-loop experiments is to study the
dynamic behavior of the deposition process based on real-time
OES measurements.

The first set of experiments (three independent runs) were
performed to study the relationship between the steady-state
value of and the mass flow ratio of Ar O . The exper-
imental results are shown in Fig. 4; each data point is obtained
by setting at a fixed value and measuring after 200 s to
guarantee that the process has reached steady state. The experi-
mental results in Fig. 4 suggest that the optical emission inten-
sity ratio varies proportionally with respect to the cubic of the
mass flow rate ratio; this relationship is shown by the dotted line
and can be mathematically expressed as

(6)

Fig. 5. Response curve of 
 of step changes inR for argon flow rate 8 sccm,
chamber pressure 40 mtorr, and microwave power 300 W.

Fig. 6. Simulink representation for the process dynamics.

where is the steady-state value of the optical emission inten-
sity ratio and is a constant which depends on the processing
chamber conditions and the carrier gas flow rate.

In the second experiment, the process dynamics are identified
by varying the mass flow ratio in a way shown in the top
curve in Fig. 5 and measuring in real time using OES; the
experimental results are presented in Fig. 5. It can been seen that
the process can be approximated by a first-order system which
has a small time constant.

Using the experimental results shown in Figs. 4 and 5,
we constructed a Simulink model shown in Fig. 6 within a
MATLAB environment to obtain initial values of the controller
parameters by simulation; is the input and is
the output. The model parameters were identified from the
experiments to be and s.

Fig. 7 shows the evolution of the carbon concentration of the
surface (A) and of the bulk (B) of a ZrO film during a typical
open-loop deposition. The carbon concentrations are computed
based on real-time OES measurements using the proposed esti-
mation model. It can be observed that the starting stage of the de-
position has relatively higher carbon incorporation. This corre-
sponds to the OES measured high C emission intensity and low
O emission intensity during the initial stage of the deposition,
as shown in Fig. 8. Low O emission intensity indicates a low O
concentration in the plasma; this may cause incomplete oxida-
tion of the precursor, which leads to a high concentration of C
in the plasma during the initiation of the deposition process.

It can also be noticed in Fig. 7 that the carbon concentra-
tion of the bulk of the film changes throughout the deposition
process. This is not only because the bulk carbon concentration
is an average value, but also because the carbon incorporation
rate varies with time. This time variation may be explained by
the continuous increase of O concentration in the plasma due
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Fig. 7. Evolution of bulk (A) and surface (B) carbon concentration of a ZrO
film computed based on real-time OES measurements during an open-loop
deposition with microwave power 300 W, chamber pressure 40 mtorr, Ar flow
rate 8.4 sccm, and O flow rate 8 sccm.

Fig. 8. Evolution of C and O optical emission intensity during an open-loop
deposition with microwave power 300 W, chamber pressure 40 mtorr, Ar flow
rate 8.4 sccm, and O flow rate 8 sccm.

to the complex and competing serial oxidation and dissocia-
tion processes [21]. As a result, reaction products with different
compositions are generated and different amount of carbon is
incorporated into the film at different times during the deposi-
tion process. Moreover, the magnitude of the carbon incorpora-
tion rate at the initial stage of the deposition is high and unpre-
dictable (this may be due to the fact that the precursor feed rate
which scales with the Ar flow rate is unpredictable as a result of
the big pressure difference between the chamber and the bubbler
at the beginning of the deposition), the variation would result
in significant difference in the bulk carbon concentration, espe-
cially for an ultra thin film, since the total duration of the film
deposition is quite short. Due to the existence of these uncertain-
ties in the deposition process, the profile of bulk concentration
of carbon shown in Fig. 7 is not reproducible in our experiments;
this suggests that it is very difficult to obtain a desired carbon
concentration with open-loop operation.

Fig. 9. Evolution of bulk (A) and surface (B) carbon concentration of a
ZrO film computed based on real-time OES measurements and profile of
manipulated oxygen flow rate (C) during a controlled deposition experiment
with microwave power 300 W, chamber pressure 40 mtorr and Ar flow rate 8.4
sccm.

Fig. 10. Closed-loop deposition vs. open-loop deposition with same initial
deposition condition of microwave power 300 W, chamber pressure 40 mtorr,
Ar flow rate 8.4 sccm and O flow rate 6 sccm.

B. Closed-Loop System

Using the developed real-time feedback control system,
carbon content-controlled deposition experiments were per-
formed. Fig. 9 shows a 20-min-long controlled-deposition
which was carried out with microwave power fixed at 300 W,
chamber pressure controlled at 40 mtorr and Ar flow rate set at
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Fig. 11. Simulated profiles of X (left) and f (right) of the closed-loop system with K = 0:27 (dotted line), K = 0:53 (dashed line) and K = 0:80

(solid line).

Fig. 12. Simulated profiles of X (left) and f (right) of the closed-loop system with � = 5 (dotted line), � = 10 (dashed line), and � = 15 (solid line).

8 sccm. The carbon content controller was implemented with
a set-point value for the atomic carbon concentration of 1.4%,
proportional gain , integral gain and error
tolerance %.

From the bulk carbon concentration curve in Fig. 9, we can
see that the carbon content of the film was controlled very
closely to the desired value of 1.4% in spite of the initial plasma
disturbance mentioned above (this result was also verified
through off-line XPS analysis of the deposited film shown in
Fig. 16). The response time is relatively small compared to the
deposition duration which supports our set-point regulation
formulation of this control problem.

A comparison of the bulk carbon concentration profile of the
thin films under closed-loop (Fig. 9) and open-loop (Fig. 7) con-
ditions with the same initial deposition conditions is shown in
Fig. 10. It can be clearly seen that the carbon content of the
film was reduced by more than a factor of 5 under closed-loop
control.

Moreover, to examine the robustness of the closed-loop
system, we modify the set-point of the Ar mass flow controller
so that the actual is 5% higher than its nominal value. We

TABLE IV
XPS ATOMIC SENSITIVITY FACTORS (ASFs)

observed in the XPS compositional analysis that the sample de-
posited under open-loop conditions has slightly higher carbon
due to the variation in , while the sample deposited under
closed-loop operation has a carbon content that is very close
to the desired set-point value (within the error range of XPS
compositional analysis, which is about atomic percent).
This result clearly demonstrates that closed-loop operation has
better tolerance to process disturbances than open-loop opera-
tion, and thus, with currently available equipment, closed-loop
operation is expected to reduce thin film variability, which is
the result of variation in the operating conditions.

Because the controller parameters are determined based on
computer simulation using the identified values for the process
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Fig. 13. XPS survey spectra obtained from ZrO thin films deposited by
closed-loop depositions with set-point values of 1.4%, 1.9%, and 2.5%.

parameters and , we have also tested the sensitivity of the
closed-loop system with respect to variations on the values of

and . Since the experimentally determined variations of
and in the range of operating conditions of interest are

within the same order of magnitude, closed-loop simulations in
which and are varied by % have been performed.
In these simulations, the set-point of the bulk carbon content is
fixed at the original value (1.4%) and the controller parameters
determined for the original process model

and , have been used in all scenarios.
Figs. 11 and 12 show the profiles of the controlled variable
and manipulated variable for varying and respec-
tively. It can be seen that the stability of the closed-loop system
is not affected by the variations in either or and there
are no significant deteriorations in the achievable closed-loop
output response.

C. XPS Analysis

The X-ray photoelectron spectra were obtained by a VG ES-
CALAB 5 electron spectrometer using an Al K X-ray radi-
ation source (1486.6 eV). The take-off angle of 90 was used
in all analysis. Survey scans ranging from 10 to 1200 eV were
recorded using 1-eV step and 50-eV electron analyzer pass en-
ergy. High-resolution regional spectra of main elemental con-
stituents are recorded using 0.1-eV step and 20-eV electron ana-
lyzer pass energy. The sampling depth is approximately 5–6 nm.
The pressure in the analysis chamber is in the torr range.
The measured binding energy data were referenced to the sur-
face C(1s) peak at 285 eV [22]. Atomic sensitivity factors used
for the computation of the concentration of elements of interest
are listed in Table IV.

Fig. 13 shows the survey spectra obtained from ZrO thin
films deposited by closed-loop operations with set-point values
of 1.4% (top), 1.9% (middle), and 2.5% (bottom). The thickness
of all the deposited films was within the sampling depth of the
XPS system since Si(2p) substrate peaks were observable in all
spectra.

Fig. 14. Carbon 1s peaks of the XPS spectra obtained from ZrO thin films
deposited by closed-loop depositions with set-point values for carbon content
of 1.4%, 1.9%, and 2.5%.

Fig. 14 shows the carbon 1s peaks of the XPS spectra obtained
from ZrO thin films deposited by closed-loop depositions with
set-point values of 1.4%, 1.9% and 2.5%. The deconvoluted
C(1s) peaks at 285.0, 286.6 and 288.8 eV shown as dotted lines
in Fig. 14 are attributed to C-C, C-O and O-C-O (or C O)
bonds, respectively. From our previous work, we confirmed that
most of the C-C incorporation comes from the ambient con-
tamination to the film surface during sample transfer from the
PECVD system to the XPS system, and thus, the amount of C-C
bonds is not accounted for in the compositional analysis. The
area of carbon-oxygen peaks in the XPS spectra is considered as
a measure of the amount of carbon incorporation into the ZrO
films.

A comparison of the deconvoluted carbon-oxygen peaks
from ZrO films obtained by closed-loop depositions with
different set-points is shown in Fig. 15. It is evident that the
lower the carbon content set-point in the controlled-deposition,
the smaller the peak area for both carbon oxidation states,
which is a good demonstration of the effectiveness of the
real-time carbon content control system on the ZrO thin-film
deposition.

The actual carbon concentration as well as the O/Zr ratio
of ZrO thin films from closed-loop deposition with different
carbon content set-point values are computed from XPS spectra
and presented in Fig. 16. The C-C peaks which were considered
as ambient contamination were removed from the calculations.
The O/Zr ratio was computed by subtracting the O-C bonds to
obtain the actual stoichiometric ratio of ZrO in the film. The
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Fig. 15. Comparison of deconvoluted carbon-oxygen peaks in C(1s) XPS
spectra obtained from ZrO thin films deposited by closed-loop operation with
set-point values of 1.4%, 1.9%, and 2.5%.

Fig. 16. XPS compositional analysis results for closed-loop deposited ZrO
thin films.

actual carbon concentration of the closed-loop deposited films
matches quite well with the corresponding set-point values. The
O/Zr ratios for all the films are greater than 2, which implies that
fully stoichiometrically grown ZrO films were deposited. The
O/Zr ratios are slightly higher than 2; this is due to the fact that
a small portion of the measured O(1s) intensity was due to O-H
bonds whose binding energies were indistinguishable from the
O-Zr bonds in the XPS analysis.

VI. CONCLUSION

In this work, a method for real-time control of thin film
composition in a PECVD process using combination of on-line
OES and off-line XPS was presented. The method was used
for real-time carbon content control of ZrO thin films. An
estimation model of carbon content of ZrO thin films based
on real-time optical emission spectroscopy data was initially
developed. A feedback control scheme, which employs the pro-
posed estimation model and a proportional-integral controller,

was designed to achieve carbon content control. Based on this
methodology, a real-time control system was developed and
implemented on an experimental ECR PECVD system. Exper-
imental results of depositions and XPS analysis of deposited
thin films under both open-loop and closed-loop operations
were shown and compared. The advantages of operating the
process under real-time feedback control in terms of robust
operation and lower carbon content were demonstrated.
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