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Diagnostic in CVD processes by IR pyrometry

Cyrille Gasqueres, Florin-Daniel Duminica, Francis Maury *

Centre Interuniversitaire de Recherche et d’Ingénierie des Matériaux (CIRIMAT),
ENSIACET 118 Route de Narbonne, 31077 Toulouse Cedex 4, France

Abstract

The control of CVD processes requires in situ analysis techniques and real time monitoring to identify the chemical species involved in the
mechanism, to determine the growth kinetics and more generally to detect and analyze the dynamics of any event occurring during the growth
of the film. We demonstrate through four representative examples that IR pyrometry allows to answer to the last two items, which make it
an attractive diagnostic tool for CVD processes, simple to use, sensitive at nanometric scale, economic and being able to operate either under
atmospheric or low pressure. Thus, we monitored the initial stages of the growth of conducting diffusion barriers CrC,N, on Si and as a second
example, we have followed their heat treatment to detect possible phase transformations. The case of MOCVD of Fe reveals the high sensitivity
of this diagnostic technique. Indeed, the abrupt changes of the pyrometric signal correlate remarkably to changes in the growth mode. Lastly, the
characteristic oscillations due to multireflexions at the interfaces observed in the first stages of the growth of transparent TiO, film allow the real
time determination of the growth rate. These examples show the great diagnostic potentialities of IR pyrometry for the optimization and the control

of CVD processes.
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1. Introduction

In addition to its first function of temperature measurement,
we show in this paper through four representative examples
that IR pyrometry can be used as an original diagnostic tool
for CVD processes. The understanding, the data acquisition for
modelling and the control of CVD processes require the imple-
mentation of several techniques, more or less sophisticated, for
the in sifu and real time analysis of: (i) the chemical species,
(ii) the kinetics of growth and (iii) more generally of any event
occurring during the growth of a thin film (incubation period,
growth mode, transformation, etc . . .). If various methods make
possible the identification of the nature of the chemical species
in CVD processes as for example the optical spectroscopies,
generally they cannot be used to analyze the kinetics of the sur-
face reactions and the dynamics of the layer growth. For this
goal, specific techniques are carried out like those operating
under very low pressures like RHEED diffraction [1] and the
near-threshold photoemission [2], or rather heavy equipments
and non-trivial treatment of the data such as reflectance differ-
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ence spectroscopy (RDS) [3], surface photo-absorption (SPA)
[4] and p-polarized reflectance spectroscopy (PRS) [5] and to a
less extent ellipsometry.

The great sensitivity of the optical pyrometry makes possible
to detect the dynamics of surface phenomena during the growth
of thin layers with the advantage of a particularly simple and
low cost technique, working under the specific ambient of CVD
processes under atmospheric pressure since low pressures are
not necessary for this analysis. The IR pyrometry was used for
example to study the germination of diamond [6] and to deter-
mine the growth rate in a microwaves plasma process [7-9]. It
was also used during the MBE growth of partially opaque layers
of III-V semiconductors [10,11]. We show in this article that
it offers greater potentialities and that it can be applied in vari-
ous processes and for the control of the growth of an extended
variety of thin film materials.

2. Experimental

The optical bi-band pyrometers are specifically designed to
measure the real temperature of the aimed objects whatever the
differences in emissivity of the materials (an auto-correction
being done). They are obviously powerful tools for this func-
tion covering a wide range of temperature. On the other hand,
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a basic monochromatic pyrometer will be cheaper but it will be
very sensitive to the variations of emissivity of the heated body.
The determination of the temperature in this case requires the
knowledge and a manual correction of the emissivity coefficient.
If this parameter is deliberately fixed, the detected pyrometric
signal will follow the variations of emissivity of the concerned
object to give an apparent temperature. These variations and
their origins are exploited when the IR pyrometry is used as a
diagnostic tool.

A vertical cold wall MOCVD reactor was used to deposit
various films of non-oxide ceramic type (CrC;N,), metal (Fe)
and functional oxide (TiO;). The temperature of the substrates
was measured by a thermocouple inserted into the sample-
holder near to the substrate. A monochromatic IR pyrometer
(A =1.6 pm; model AOIP TR7020E) was used to monitor the
radiation emitted by the substrate through the quartz wall of the
reactor at an incidence of approximately 30° compared to the
normal. Unless otherwise specified, the emissivity coefficient
was fixed at the value of Si (¢ =0.68). The real time acquisition
of the pyrometric signal was made on a computer.

3. IR pyrometric monitoring of CrC;Nj, films on Si
3.1. Influence of the film thickness

The CrC;N, layers are conducting diffusion barriers which
have a metallic like aspect. Fig. 1 shows that in the early stage of
the growth of CrC,N,, on Si the apparent temperature decreases
before to be stabilized after a certain time, i.e. a certain thickness.
At the beginning, i.e. prior to deposition the detected radiation
originates from the Si substrate, the difference between the real
temperature (400 °C) and the value measured by IR pyrome-
try (387 °C) is explained by the incidence angle which is not
normal to the surface and the passage through the reactor wall.
As soon as the growth starts, the radiation emitted by the sub-
strate is partially absorbed by the film until a critical thickness
beyond which it becomes opaque. The apparent temperature is
then significantly different from the real temperature due to the
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Fig. 1. Typical dependence of the pyrometric signal on the time during the
growth of CrC;N, films on Si. The arrows indicate the starting (opening of the
Cr precursor bubbler) and the end of the deposition (7=400°C; ¢ =0.68).

difference of the emissivity coefficients ¢ between the film and
the substrate. This emissivity variation of the film—substrate cou-
ple can be modelled by taking into account the deposition rate
G, the absorption coefficient « of film and spectral brightness L,
as detailed elsewhere [12]:

film/sub
LA, T

= exp(—aG)eS"y LY, (1)

Clearly, if « is known (which is not the case for the CrC,N,
phase) the deposition rate could be determined in the early stages
of the growth.

3.2. Control of CVD processes: detection of an interphase

Under certain CVD conditions, the decrease of the pyromet-
ric signal is observed only after a period (#j¢) more or less long
(Fig. 2). The first assumption about this period was the exis-
tence of an incubation time. However, even after a few seconds
of deposition, XPS analyses have revealed the presence of Cr, C,
N and O on the substrate which discards this hypothesis. In fact,
the formation of thin layer transparent to the radiation emitted
by the substrate occurs in the early stages with likely an emis-
sivity coefficient similar to the substrate. SIMS profiles clearly
confirmed the formation of this oxidized interphase (Fig. 3). It
is probable that this oxidized Cr-containing interphase has an
emissivity coefficient close to that of CrpO3 (¢ =0.7) which is of
the same order than that of Si (¢ =0.68). When residual oxygen
likely present on the reactor wall was consumed, the CrC;N,
layer starts to grow and its emissivity coefficient is then related
to that of Cr metal (¢=0.3) inducing a significant decrease of
the pyrometric signal. This interpretation is confirmed by the
good agreement between the thickness of this interphase deter-
mined by SIMS and by IR pyrometry (Table 1). Indeed, this
thickness can be directly measured from SIMS profiles (Fig. 3)
and can also be determined from the period f;,; measured by IR
pyrometry (Fig. 2).
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Fig. 2. Temporal variation of the pyrometric signal in the initial stages of the
growth of CrC,;Nj, thin films deposited on SiO; substrates at 400 °C (¢ =0.68).
The parameters determined from these in sifu analyses and reported in Table 1
(after Ref. [12]).



Table 1
Correlation between data resulting from the in situ analyses by optical pyrometry and a posteriori by SIMS showing a good agreement between the calculated

thickness of oxidized interphase ([i?&) and experimental thickness (tg(;,
Sample Growth conditions IR pyrometry Thickness (SIMS)
T(°C) Substrate Time (min) AT (°C) fine (Min) té',‘(‘p (nm) té‘;‘l (nm) total (NM)
Cr23 400 Si0; 90 64 20 21 25 71
Crl9 400 Si0, 90 67 28 35 35 120
Crl5 400 Si0; 50 25 32 38 40 47
Cr20 400 Si0; 55 25 35 34 44 40
Cr22 420 Si0; 55 36 30 51 38 56
Cr33 400 Si 190 99 7 9 9 260
Cr24 400 Si 25 5 25 23 31 23
Cr29 420 Si 35 52 3 5 4 30
Cr25 420 Si 25 3 25 26 31 26
le+8 ' : : . : modification. During annealing either under vacuum or under
Hy, the CrC;N, film crystallizes to form the ternary compound
Lot ] L Cr3(C,N); and no variation of the pyrometric signal is observed.
e Structural change does not affect the. err}issivity of the mate-
%\ oz interphase i r1a1: Under He at 650 °C, the pyrome.trlc s.1gna1 does not change
= during the heat treatment for 30 min (Fig. 4a). The apparent
‘g temperature is slightly lowered compared to the real tempera-
ERGEE I e gﬁg:f‘g 3 ture because the emissivity coefficient of the film is lower than
—&— 0'(Cr-19) that of Si. By contrast, during annealing at 700 °C under He
o ﬂ_ Zi+ fg:;;) L atmosphere, after the transition stage (2-3 min) leading to the
stabilization of the true temperature (steady range), a progressive
increase of the pyrometric signal occurs which is not observed
e 20 40 60 80 100 120 140 under the other annealing conditions (Fig. 4b). The apparent

Sputtering Depth (nm)

Fig. 3. SIMS depth profiles of CrC, Ny, films grown at 400 °C on SiO; substrates.
As a result of a partial oxidation of the interface, a CrC,N,O, interphase is
formed whose thickness depends on the CVD parameters. The film—substrate
interface is indicated on the oxygen profiles by a vertical line. Only one profile
of Si is shown as representative example (sample Cr19).

4. Heat treatment of Cr3(C,N); coatings controlled by
IR pyrometry

Various heat treatments of amorphous as-deposited CrCNy,
layers were carried out directly in the deposition reactor in order
to study their thermal stability. These post-treatments were con-
trolled in situ by IR pyrometry in order to detect any surface
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temperature becomes approximately equal with the real temper-
ature after about 15 min, indicating that the emissivity of the
sample surface increases up to a value close to that of silicon.
For this sample, the X-ray diffraction (XRD) analysis reveals the
presence of chromium oxide Cr,Oj3 after annealing at 700 °C,
whereas no significant change of the diffraction patterns was
observed for samples annealed under He at lower temperatures
(Fig. 5).

Moreover, oxidized chromium has an emissivity of about
0.7 very close to that of Si fixed on the pyrometer (0.68).
The emissivity of the sample thus increases due to the sur-
face oxidation. The oxidation being observed at the end of the
heat treatment, this means that this oxide is doubtless formed
on the external surface of the sample likely due to oxygen
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Fig. 4. Time dependence of the pyrometric signal during annealing of the Cr3(C,N); film under He: (a) 30 min at 650 °C; (b) 30 min at 700 °C. The emissivity was
fixed at the value of silicon (es; =0.68). The arrow noted off shows when the heating is stopped.
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Fig. 5. X-ray diffraction patterns (grazing incidence 2°) of Cr3(CosNo2)2
(350 nm)/Si0O,/Si samples annealed at various temperatures during 30 min under
helium atmospheric pressure.

contamination of the reactor. SIMS depth profiles confirm this
interpretation.

5. IR pyrometry analysis of the growth mode of an Fe
MOCYVD process

The third example relates to the monitoring of Fe depo-
sition by MOCVD starting from the gas mixture FeCp, and
H;O. In this process described elsewhere, the presence of water
vapor avoids the nucleation in homogeneous phase and a strong
incorporation of carbon into the film [13]. The growth mode
is particularly original. Indeed, a very powdered black layer is
formed during the first minutes of deposition then, after approx-

imately 10 min, the film transforms very quickly during the
deposition (in a few seconds) in order to become a grey and
compact metallic film whatever the substrate. Generally, the
compact grey layer starts to be formed from the black powdered
layer at one edge of the sample and extends across the sample
by lateral growth forming the metallic grey layer in few tens
of seconds. These visual observations are confirmed by SEM
analyses (Fig. 6). In the early stages (time < 12 min), the black
films are very porous and constituted of spherical, monodisperse
and nanometric grains. Then, they rapidly grow to a micromet-
ric size and they form a compact metallic layer. XRD diagrams
reveal that the black porous layers are constituted mainly of iron
with a small amount of Fe3C and are strongly contaminated by
C and iron oxides (FeO and Fe304). The quantities of carbon
and oxides decrease by increasing the deposition time to become
negligible in the dense metallic film obtained after 15 min.

The temporal variation of the pyrometric signal during this
process is shown in Fig. 7. The curve is slightly disturbed due
to the temperature regulation of the HF generator. In addition to
a short period due to the nucleation which increases the surface
roughness and thus the emissivity, a first range is observed which
is related to the growth of the powdered black layer. Then, an
abrupt change of the pyrometric signal is observed before to be
stabilized to a characteristic value related to the grey compact
layer. In agreement with the XRD analyses, we attribute this
evolution of the growth mode to a reduction of the oxides formed
in the first stages by the co-deposited carbon. Indeed, according
to the Ellingham’s diagram the following reactions are expected

to occur:
at640°C: 4C + Fe304 — 4CO + 3Fe

at710°C: C + FeO — CO + Fe

12 min
y 3

Fig. 6. SEM micrographs of Fe layers obtained starting from FeCp, and H,O at 750 °C on Si(1 00) under atmospheric pressure for different deposition time

(H,O/FeCpy, molar ratio=4).
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Fig. 7. Variation of the pyrometric signal vs. the deposition time during Fe
growth at 750°C on steel substrate starting from the reactive gas mixture
H,O/FeCp, (molar ratio =6). The continuous line represents the smoothing of
pyrometric signal and the oscillations are due to the temperature regulation. The
phases indicated were identified by XRD, Fe being the dominant phase.

Once these reactions being complete, i.e. after approximately
15 min, the compact Fe layer that has been already formed con-
tinues to grow and probably exhibit an autocatalytic effect for
the process which avoids the formation of oxide and carbon as
in the early stages of the run.

6. CVD TiO; monitoring by pyrometric interferometry

The last example deals with the use of IR pyrometry as
already reported in the literature to monitor the growth of dia-
mond film in a microwaves plasma process [7-9] or the growth
of III-V semiconductors by MBE [10,11]. Here, the technique
has been used in a CVD process operating under atmospheric
pressure for the growth of TiO,. Two specific growth conditions
lead to different characteristics of the TiO; layers (they will be
called examples 1 and 2 in the following). The radiation emitted
by the heated substrate undergoes multiple reflections at the var-
ious interfaces (pyrometric interferometry) in good agreement
with the phenomena occurring during the conventional spectro-
scopic analysis in transmission and reflection. The fundamental
theoretical details are presented elsewhere [14].

The CVD process was previously described. It uses a similar
reactor as for the above examples and it is known that the growth
rate of TiO» film increases with the molar fraction of Ti(O'Pr)4
used as organometallic source [15]. Fig. 8 shows the temporal
variation of pyrometric signal during the growth of TiO; using
various molar fractions of precursor which means as a function
of the growth rate. The pyrometric signal oscillates then damps
before to stabilize at a constant value. From this figure, it is
obvious that the oscillation period decreases when the deposition
rate increases. In fact, as for other spectroscopies, the period P
is related to the deposition rate G according to the relation [11]:
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Fig. 8. Variation of the pyrometric signal with the deposition time during three
TiO, CVD runs carried out at 500 °C on Si(1 00) using different mole fractions
of Ti(O'Pr),: 170, 500 and 1000 ppm.

where X is the wavelength of the pyrometer and n the optical
index of the film. Consequently, the thickness may be deter-
mined in situ if the refractive index n is known. Furthermore,
the thickness uniformity may be checked in real time in sev-
eral points of a large sample. A model suggested by Yin shows
that the oscillations amplitude depends on the optical index of
the film while the damping depends on the roughness [16]. The
application of this model to our experimental data does not give
entire satisfaction (dotted lines in Fig. 9). We propose to improve
this model by taking into account the emissivity of the film dur-
ing the growth. The detail of this model is reported elsewhere
[14]. Here, it suffices to mention that the radiation emitted by the
film—substrate system originates both from the substrate through
the thin film (as in the example 1 of this paper) and directly from
the film considered as a semi-transparent medium and not as a
transparent one as in the Yin’s model.
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Fig. 9. Experimental and theoretical variations of the pyrometric signal with
the deposition time for a TiO, CVD run carried out on Si(100) at 550°C.
The parameters provided by the amended model are: G=2.7 nm/s; ngim = 1.45;
kiim =0.015; o (nm)=0.4 (t with t=time (s); thickness = 1620 nm (thickness
measured by SEM = 1600 nm).
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Fig. 10. Experimental (doted line) and theoretical variations (full line) of
the pyrometric signal with the deposition time for a run carried out at
500°C. The parameters provided by the model are: G=0.92 nm/s; ngm =2;
keiim = 0.0013; oim (nm) =0.035 (t+ ogypst, With t=time (s) and o gypse =40 nm;
thickness =2760 nm (thickness measured by SEM =2800 nm).

Fig. 9 shows that this new model (full line) simulates quite
well the experimental variation of the pyrometric signal during
the growth. In situ determination of the growth rate on Si(100)
give a film thickness (1620 nm) in very good agreement with
ex situ measurement made by SEM (1600 nm). Moreover, the
model allows the determination of optical index and roughness
values which are however fitting parameters that must be used
with precaution (example 1).

TiO; films grown under other conditions (example 2) are par-
ticularly uniform and denser compared with atmospheric CVD
layer of example 1. Fig. 10 shows the pyrometric signal dur-
ing the growth of TiO; at 500 °C on a substrate with a different
emissivity. Many oscillations are observed with amplitude sig-
nificantly higher than for CVD films on Si indicating that these
TiO; layers have a higher optical index. The agreement between
the thickness determined by in situ pyrometry IR (2760 nm) and
measured ex situ by SEM (2800 nm) is very satisfactory. The
value of the optical index determined by this method is larger
for films of the second series (n=2) compared to those of the
first one (n = 1.35) in agreement with their difference of porosity.

7. Conclusions

Under certain MOCVD conditions, the formation of an unde-
sired oxidized interphase was in situ revealed by IR pyrometry
during deposition of CrC;N,, conducting barriers on Si. It was
also possible to determine the nanometric thicknesses of this
oxidized underlayer which is not easy to measure by other tech-
niques. Without this interphase, the temporal variation of the
pyrometric signal was correlated to the growth rate of these bar-
riers. The determination of deposition rate in the first stages of
the growth would be then possible if the absorption coefficient of
these original barriers was known. More generally, any surface
reaction involving a change of emissivity is detected in real time.
Thus, during the heat treatment of the amorphous as-deposited
Cr3(C,N); layers, if a surface oxidation occurs, it clearly induces

a variation of the pyrometric signal resulting from the difference
in emissivity between an oxide and chromium carbonitride.

The pyrometric monitoring of Fe growth by MOCVD under
atmospheric pressure starting from the mixture FeCpy/H,O
revealed an abrupt transition of the radiation intensity due to
a rapid change of the growth mode corresponding to the reduc-
tion of iron oxides formed in the first stages by the co-deposited
carbon.

In the case of transparent TiO, films, as reported for other
spectroscopies operating in transmission or reflection mode, the
pyrometric signal oscillates in the first stages of the growth
because of multireflexions at the interfaces. The oscillations
period is directly correlated to the growth rate which can thus be
calculated in situ if the optical index of deposited film is known.
The simulation of the oscillations and their damping makes pos-
sible the determination at the same time of the thickness and the
optical index of the film. The method was applied successfully
to TiO; films grown by CVD under various conditions.

The originality of these examples shows very promising per-
spectives of IR pyrometry for the control of CVD processes, in
particular those operating under atmospheric pressure (even if it
works also under reduced pressure). Indeed, the pyrometric sig-
nal is generally independent of the reactor gaseous atmosphere
because it operates at a wavelength where usual molecules like
CO or H>O does not absorb. This is a non-invasive and sensitive
surface diagnostic tool.
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