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The design, construction, and characterization of an electron-cyclotron-resonance (ECR) plasma device and its
utilization for growing AIN polycrystals are described in detail. The plasma density and electron temperature
were measured by two types of Langmuir probes under different conditions of magnetic configuration and
RF substrate polarization. For the investigated nitrogen plasmas, the electron temperature increases towards
substrate holder and decreases with pressure. The magnetic configuration and plasma parameters required for
successful growth of polycrystal aluminum nitride have been determined.

| Introduction magnetron from commercial microwave ovens. The mi-
crowave is guided to the vacuum chamber through a rectan
Microwave plasma sources are being used increasingly forgu|ar waveguide, in th& Eo, mode, with a three-port circu-
thin film deposition and etching [1]. In particular, plasmas |ator and a stub-turner section. Vacuum seal is provided by
produced by resonant absorption at the electron cyclotrona fused quartz window between the straight and bent waveg
frequency, in the so-called ECR (electron-cyclotron reso- uide sections. The bent section is used to avoid that th
nance) devices offer a number of desirable characteristics,plasma streaming out along the magnetic field lines strike:
including high plasma density, low pressure operation, ef- directly the quartz window. However, we have found that,
ficient gas utilization, and uniform plasma with a high de- in long operations, some plasma may still strike the window
gree of ionization and decomposition of working gases [2]. causing localized heating and material damage. This will be
Due to the electrodless nature of ECR plasma production, corrected in the future by placing the vacuum window fur-
it is possible to obtain independent control of ion energy ther away from the plasma. Right before the vacuum cham
and flux by application of a low-frequency RF bias to the ber, a mode conversion section is used to converfthg,
substrate [3]. Although ECR devices are now commercially mode to al'E;; circularly polarized one. The microwave
available, they are usually designed for special applicationsincident powetP; and reflected poweP,., are monitored by
and the user has little access for controlling and characteriz-g microwave powermeter.
ing the plasma conditions. In this work we describe an ECR
dev!ce designed. and builq at t.he PIasta Laboratory of thecopper conductors dfem? cross-section with a central hole
Institute of Physics of University of& Paulo. The basic ¢ yiameter 5 mm, for water-cooling. The coils are assem-
conﬂguraﬂqn is standard, W|'_[h the magn_et!c field produced bled from two-layer modules, each one having inner diame-
by a two coil system. The main characteristics of the plasma, ter 51 cm, with 10 turns in each layer. The cooling system

in both mirror and divergent magnetic field configurations is connected in parallel between the different modules anc

h.a.ve been de.ter'mlned, as well as the necessary plasma congiis are electrically connected in series. They are fed by ¢
ditions for optimized growth of aluminum nitride crystals.

three-phase conventional rectifier, which can deliver a max:
imum current of 250 A, at 20 V.

Il Description of the ECR Device The magnetic field configuration can be changed by
varying the distance between the coils. In Fig. 3 we show

The diagram of the ECR device and a photo of the plasmathe axial profile of the magnetic field as a function of the coil
in the reaction chamber are shown in Figs. 1 and 2, respec-separation, normalized to the value of the magnetic field a
tively. The microwave power (2.45 Ghz, 1.3 kW maximum) the electron-cyclotron resonancB, = 875 G. For each

is provided by a home-made source using a conventionalconfiguration, the position of the resonant layer can be ad

The magnetic field is generated by two coils, made of
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justed to some extent by varying the currents in the coils.
For a coil separatiod = 15 e¢m, for instance, the resonant
field requires a coil currenfp = 180 A. The transition
between divergent and mirror field profiles is obtained for a

coil separationl = 10 ¢m, approximately. T —
1.10] ot %VO\. i
/V/ “V-y-y- Y- '\
A-AaAa
j 2-0-¢ .7:\. 6
y Xm
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Figure 3. Axial profiles of the normalized magnetic field for c
ferent coil separations (7-15 cm).

The basic vacuum conditions are produced Bp@! /s
turbo-molecular pump. The base pressurkis® mbar and

= RF Source the operating pressure is varied within the range* —
TurboVac-450 13.56 MHz ) 10~ mbar for nitrogen and argon plasmas. The subst
30-300W RF-bias holder has a tantalum plate ¢%.6 cm diameter, which, ir

the presence of the plasma, can be dynamically polar

to approximately—120 V/, by an independerg00 W RF

power supply. The maximum RF power density delivere
Figure 1. Schematic diagram of the ECR device. the substrate holder &6 W/cm?2. Another more robust RI
power supply is available for sputtering source sample
desired. It can deliver up ®.0 k1 of RF power and pro:
vide a self-polarization of metal samples up+d00 V/, in
normal plasma operating conditions. The sample holde
connected to an isolated metal rod, inserted into the vac
chamber through a dynamic vacuum feedthrough, locate
the upper flange of the vacuum chamber, so that the sal
can be moved in and out of the plasma by axial rotation.

I1.1 Plasma Parameters

A movable single electrostatic probe is used to m
sure the electron temperature, plasma density, and plz
potential. The probe is assembled inside a stainless
tube, which is inserted into the vacuum chamber through
same dynamic feedthrough that is employed for the ho
of the source sample. Therefore, the measurements c:
be made simultaneously with RF sputtering. The probe
is usually sweeped from100 V to +100 V. An especially
designed RF-shielded probe, which will be discussed in
sequel, is used for operation with RF polarization of the s
Figure 2. Photo of the plasma inside the pyrex vacuum chamber. strate.
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in parallel with the capacitof';, is tuned to the frequency
13.56 M Hz. The capacito€, provides a RF ground to the

ot :f:Te . {8 compensating electrode around the probe tip.
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Figure 4. ECR plasma profiles. Mirror (a) and divergent (b) mag- Pyrex Ceramic X
netic configurations. Probe tip

L=8mm d=0,6mm
The axial profiles of the electron temperature and plasma
density are show in Fig. 4 for an argon plasma and for mir-
ror (a) and divergent (b) magnetic field configurations, with-
out RF polarization. The distances are measured from the
surface of the substrate. For the mirror field configuration,
the lowest resonant layer is locatedzat= 15 cm and for

dlvc_erg_ent_ field atz = 25 cm. It has been found thqt the The operation with RF polarization of the substrate was
OpFImIZ&tIOﬂ of the parameters (temperature, density, and carried out in aVy /Ar (80%/20%) plasma, at a somewhat
quiescence) depends on the neutral gas pressure and on tr}ﬂgher neutral pressurg,= 5.0 x 105 mbar. Only the mir-

magnetic field configuration. Actgally, the r]eutral pressure configuration was used and the microwave power was
dependence has been already discussed .|n cher WOI:kS [4]increased td.1 £W. In Fig.6 we show the axial profiles of
However, the depend_ence on the_ magngtlc field c_onflgura-the electron temperature and plasma density for two level
tion has not yet been investigated in detail. Accordingly, the of RF power, namely30 W (a) and60 W (b). Although

-5 i ig- . U ; -
neutral gas pressuredss x 10” mbar for the mirror config the profiles are similar to the ones for the mirror configura-

X ) —5 . '
uration, Fig.4a, and.0 x 10~> mbar for the divergent-field tion without RF (Fig.4a), the temperature raise towards the

configuration, Fig.4b. o substrate is much steeper and the temperature close to tt
These pressures are much below the range in which the,

devi I d : v ftom surface of the substrate increases with the RF power. Fo
ECR devices are usually operated, approximately {t0 Prr = 60 W, the self-polarization of the substrate reaches

to 102 mbar [4]. Therefore, the results presented in this pa- (Var) ~ —100 V increasing substantially the ion accelera-
per provide an extension of the plasma parameters of ECRy, towards it

devices towards the collisionless regime. . o
. o . A summary of the plasma conditions explored in this de-
To avoid self polarization of the electrostatic probe, . - o s _
Jice, for filling neutral densities below.0 x 10~ mbar is

when operating in the presence of RF fields, a compensate iven in Table 1
probe has to be used. In Fig.5 we show the scheme of a? )
probe constructed for this purpose according to the general

Figure 5. Compensating electrostatic probe.

concepts discussed by Castro et al. [5]. The miniaturized Magnetic Config. T.(eV) n.(10%m~3)
discrete components of the filter circuit are assembled in- Mirror 7—15 5—20
side a curved pyrex tube that connects the probe tip to the Divergent 8—11 6—12

holder. The resonant circuit, made by the indudigr+ Lo Mirror/RF 9—26 4-20
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Figure 6. ECR-RF plasma profiles; N2 (Ar-20%); (a) 30 W-RF (b)
60W-RF.

[1.2 Analysis of the Results

The results shown in Figs.4 and 6 are rather surprising.

From a simple-minded picture, we expect the electron tem-
perature to be the highest in the resonance region where mi-
crowave power is absorbed and to decrease monotonically
away from it. Since the plasma flow towards the substrate
occurs along divergent field lines, simple flux conservation
shows that the plasma density should decrease monotoni-
cally [6]. This is indeed observed for the mirror configu-
ration, Figs.4a, 6a and 6b, but not for the divergent field
configuration, Fig.4b. Taking the maximum neutral pressure
that has been useg, ~ 5.0 x 10~° mbar, we find that the
mean-free-path for electron-neutral collisions, which is the
dominant collisional mechanism for the experimental con-
ditions, is of the order 06.7 m, much larger than the ma-
chine dimensions. Therefore, the electron flow is collision-
less and, due to energy and magnetic moment conservation,
the perpendicular energy should be converted to parallel en-
ergy as the flow proceeds towards the substrate. Actually,
numerical simulations, including the ambipolar electric po-
tential, and experimental results indicate that the electron
temperature should be almost constant along the magnetic
field lines [7, 8]. From these simple arguments and known
results available in the literature, it follows that indeed the
temperature profiles shown in Figs.4 and 6 are rather anoma-
lous.

In our axial measurements, along magnetic field lines
under the mirror configuration with RF bias polarization,

J.A.S. da Mattat al.

we observe a sensitive plasma potential drop as the L
muir probe gets closer to the substrate (3 cm above), w
in the mirror configuration without RF bias polarizatidr),

remains almost constant along the plasma axis. The

tial profiles of plasma potential,, shown in Fig.7, indicate
this behavior. This effect is in accordance with the propo
plasma heating mechanism which describe the electron
tion under theuV B force by converting the parallel to pe
pendicular energy [10].

1.3 Application

As a simple test to characterize the performance of
ECR device for technological applications, we have tr
to grow polycrystalline aluminum nitride4d/ N, on grains
of aluminum powder spread over a silicon substrate.
thoughAIN films have already been grown in ECR devic
the techniques that have been used are somewhat diff
from ours; in particular employing complex gas mixtur
(NH3/TMA)[9].

The discharges were carried out im\& /Ar gas mix-
ture; argon was introduced into the discharge mainly to t
cleaning off thedl, O3 film on the surface of the aluminur
grains. The microwave power coupled to the plasma
kept at1.1 kW level. Distinct discharges conditions ai
magnetic field configurations were tried and the best res
were obtained for a working pressuyre= 5 x 10 ~® mbar, in
a divergent magnetic field configuration. The substrate
positioned5 cm below the resonance region.
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Figure 7. ECR plasma profiles; Ar; (a) 60 W-RF (b) 0 W-RF.
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In Fig. 8 we show a scanning electron microscopy
(SEM) image of the early phase of the nitride growth. The
crystals are rather small and oriented in different directions.
The crystals grown aftet.5 h exposition to the plasma are
shown in Fig.9. Stalactite structures have been formed with
crystal sizes of the order afum.

Figure 9. SEM image, stalactites formation.

The results of X-ray diffraction (XRD) analysis of the
grains are shown in Fig.10. The peaks associated Mifti
are clearly shown, with preferential growth in tf#2) ori-
entation, as obtained by Yasui and co-workers using a differ-
ent technique. More careful controlled experiments compar-
ing AIN thin film growth on different substrates is currently
being carried out.

11 Conclusion

A description of the first ECR device entirely designed and

built in Brazil has been presented. The plasma parameter
obtained in the region just above the substrate are somewha

unusual in that the electron temperature increases towards
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Figure 10. XRD analysis of the aluminum grains.

the substrate. A tentative explanation of these results ha
been discussed. The device has been successfully employ:
to grow ALN crystals in a simpléV, /Ar plasma.
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