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A set of AIN thin-films was prepared by reactive magnetron sputtering at room temperature. The purpose of this work was to study the effect
of oxygen impurities on the structural and optical propertieAldf films. The structural and optical properties of the resulting films were
characterized using X-ray diffraction (XRD) and spectroscopic ellipsometry, respectively. Depending on the deposition conditions, films can
be hexagonal (wurtzite, Rf13) or cubic (zinc blende, Fm3m) in their microstructure. From the optical measurements, the ellipsometric
parameter$y,A) and the real refractive index as a function of energy were obtained. From the ellipsometric measurements, a model of the
Lorentz single-oscillator was employed to estimate the optical bandm®ap,

Keywords: Reactive sputtering; thin films; AIN.

Se utilizd la tcnica de eroén ibnica reactiva para crecer pailas delgadas de nitruro de aluminio (AIN). El posfio principal de este
trabajo consisti en analizar el efecto del @eno en las propiedadégticas y estructurales de las joelas. Las propiedades estructurales y
oOpticas de las muestras se caracterizaron con espectroscopia élipsamdifraccbn de rayos X, respectivamente. La microestructura que
pueden presentar las pailas puede ser hexagonal (tipo wurzitagf8) 6 cubica (zinc-blenda, Fm3m), dependiendo de las condiciones de
depbsito. A partir de la medién de los paametros elipsoktricos(y,A), se utiliz el modelo del oscilador simple de Lorentz para obtener
un estimado del anchaptico, E,.

Descriptores:Erosibn ibnica reactiva; pétulas delgadas; AIN.

PACS: 81.15.-Z, 68.55.-a, 82.80.-d

1. Introduction material for ionizing radiation antdV radiation. Besides,
AINO possesses a spectral sensitivity similar to that of hu-
man skin, which makes the AINO a candidate material for

Aluminum Nitride (AIN) is a material with a broad range of use in medical applications for UV dosimetry [11].

applications in electronic and optoelectronic devices due t . o )
its many physical and chemical properties. AIN has a high AINfilms (pure and oxidized) can be prepared using sev-
thermal conductivity (260 Wm'K—1), a direct band gap eral techniques: ch§m|cal vapor deposn@VD) [12-14],'
(E,=5.9-6.2 eV), high level of hardness {210° kgf mm~2), molecy!ar beam epitaxy (MBE) [15,16], ion l_)eam assisted
high fusion temperature (240G) and a high acoustic veloc- deposition [17,18] or direct current (DC) reactive magnetron
ity [1-6]. Polycrystalline AIN thin films oriented along the SPuttering. Application of the magnetron technique facili-
c-axiscan be implemented as a part of integrated (Ultra Largdates the growth of polycrystalline AIN films on large sub-
Scale Integrated) devices, optical sensors indkerange or ~ Strates at a low temperature (as low as OZD(DI" even at

in acoustic-optic devices [1-7]. The optimal performance off00mM temperature) with the same properties as films obtained
developing devices depends directly on the crystallographiéhrough CVD and MBE [19-22].

and electronic properties of the AIN layer [3,4,8-10]. Inad-  In a reactive-magnetron process, molecules of a reactive
dition, oxidized AIN (AINO) is a material with good ther- gas combine with the sputtered atoms from a metal target to
mal and chemical stability. AINO can be used as a protecform a compound thin film on a substrate. Thus, the optical,
tive coating and dielectric film in electronic circuits. With electronical and structural properties of the resulting films
AINO is possible to manufacture Metal Insulator Structurescan be modified by the experimental deposition conditions.
(MIS). For example, an AINO film can replace the conven-Due to the affinity of AIN for oxygen [23], AIN films may
tional passivating films of gN, or SiO, on p-silicon solar  contain a surface oxide layer, which greatly influences the
cells [1-5]. AINO has also been investigated as dosimetrighysical properties, and can modify the electronic structure
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and promote shifts in luminescence peaks [24,25]. The luthe chamber. Inside the chamber, the aluminum target was
minescence properties of AIN are determined mainly by thesputter-cleaned with argon for 20 min. There was a shutter
presence of oxygen impurities in the host lattice [11]. In theplaced between magnetron/substrate during cleaning. After
design of optoelectronic devices, the correlation between theleaning, the argon gas was replaced by a gas mixture previ-
physical dimensions and the optical parameters requires thausly prepared with a specific composition. Then the shut-

each optical parameter be determined as a function of waveer was opened and deposition of the films in the gas mix-

length as accurately as possible. ture took place. For the growth of AIN films, the sputtering

In this work, a set of samples were grown by reactiveprocess was carried out with the mixture of ArsN-or the
magnetron sputtering with varying deposition time, mag-growth of AINO films, the sputtering process was carried out
netron power, gas pressure and gas mixture. In this techniqueith the mixture of Ar+N+O,. No heating was applied dur-
it is well accepted that the properties of the films depend oring the growth of the samples. The deposition process was
deposition conditions such as substrate temperature, workinzarried out at a steady temperature of about 323 K. This tem-
pressure, gas flow rate and the incidence angle for sputtergrkrature rose with the effect of heating because of the sput-
particles. In general, the procedure for deposition consisttering process on the target. The temperature was similar for
in varying one deposition parameter at a time while keepingach sample included here.
all others fixed, in an attempt to maximize a given thin-film  The experimental conditions utilized for the growth of
property. The purpose of this work was to study the effect ofthin films are summarized in Table I. F&ample 1 Sam-
oxygen impurities on the structural and optical properties ofple 2 and Sample 4the sputtering process started with the
AlIN films. gas mixture of Ar+N. For Sample 3the sputtering process
started with the gas mixture of ArtNO,.

ForSample 4the electronic properties at the surface level
were characterized using X-ray Photoelectron Spectroscopy
(a) Deposition of films (XPS). Analyzing the surface reaction which takes place be-

tween Al with N, and G, can provide information about the
Depositions were carried out in a high-vacuum Pyrex chamnitride/oxide formation during the growth on the films at the
ber connected to a mechanic and turbomolecular pump (witBubstrate. The deposition conditions utilized in this sample
a pumping speed of 100 It/sec). Depositions started when thean recreate to some extent the reaction mechanism that also
chamber reaches a base pressure of ¥.3® ¢ mbar. The takes place in the other samples.
chamber was equipped with a magnetron on which the target
was placed. The substrate holder was located 5 cm from th@) Characterization of films
target. The substrate holder was equipped with a heater and
a thermocouple. The magnetron was connected to a direS@tructural characterization of the films was performed
current (DC) energy power supply. The power supply maddy X-ray diffraction (XRD) methods using Philips X
it possible to control the voltage (Volts) and to measure theéPert equipment (copper anode,, Kadiation, wavelength,
current (Amperes) and power (Watts) on the target. The inA=1.54A, step size 0.005. Measurements were taken in
put of high purity gases (Ar, N O,: purity of 99.999 wt.%) theta/2theta scans of Bragg-Brentano geometry.
into the chamber was controlled by individual rotometers. For indexation, the reflection peaks of the experimen-
The gas pressure was measured using Pirani (from 1 bar tal diffractogram were compared with the standards of the
6.6 x 10~3 mbar) and cold cathode (from 6:610~3 mbar  JCPDS database [26]. Next, the PowderCell Soft@aas
to 1.33x 10~% mbar) gauges. employed to determine the preferred orientation of the films.

An aluminum disc (2.54 cm in diameter, 0.317 cm. thick, The fitting of lattice parameters was obtained using a mul-
99.99 % purity) was used as a target and glass slides wetgple correlation analysis with a least squares optimization.
used as substrates. Substrates were rinsed in acetone used hs planes and angles were the variables. The lattice param-

“w N “w_n

the solvent, and ultrasonically cleaned before being placed ieters ‘a” and “c” were the fitting constants.

2. Experimental procedure

TABLE |. Experimental conditions utilized for the growth of samples.

Pressure (x 10-3 mbar)

Sample Deposition time (min.) \oltage (Volts) Power (Watts) AP Partn2 PartN2+02
1 10 300 150 9.3 12.5 */
2 15 300 120 9.5 12.2 *
3 15 300 60 9.4 10.3 11.9
4 10 370 200 26.6 28.9 *
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FIGURE 1. X-ray diffractograms for selected samples. Indexation taking the JCPDS files as standards is also included. The experimental
conditions for deposition are presented in Table I.

The dielectric function,s, film thickness,d, and the The electronic properties were characterized used an
chemical composition of AIN films were determined by ellip- AES-XPS PHI 548 system (Al and Mg anode). An Ar ion
sometry. When an incident linearly-polarized light impinged gun mounted on the system was operated at 4 KeV by differ-
on the sample, the ellipsometer measured the amplitiijle ( ential pumping. The equipment was calibrated using signals
and phaseAp change of the perpendicular component,“ of pure Cu. For XPS, with the Mg anode, a pass energy of
relative to the componenp" of monochromatic polarized- 100 eV was used to take the survey-spectra (scanning from
reflected light from a surface. The measurable parameters ( 0-1200 eV), and a pass energy of 50 eV was used to take the
Ap were related to the film and substrate using the complexigh-resolution spectra (for the windows of Al2p, N1s, Ols
reflectance ratio and C1s signals).

p=rp/rs = tant exp(iA), 1)

where “,” and “r,” are the Fresnel reflection-coefficients for

light polarized parallel and perpendicular to the plane of in-  From the XPS experimental measurements, the spectra

cidence, respectively. obtained at the core level were curve-fitted using gaussian
Experimental ellipsometric measurements were obtaineflinctions. Atomic concentrations were calculated from the

using a Woollam spectro-ellipsometer. Thickness and bangeak areas of the Al2p, N1s, Ols transitions. Photoioniza-

gap of deposited samples are estimated by fitting a paraméion cross-sections for each element were taken into account

terized model to the measured data [27]. to perform calculations of atomic concentration [28,29].
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3. Results and discussion tering. They found a change in the orientation of the films
from (002) to (001) directly related to the deposition pressure
The X-ray diffraction patterns of samples are shown in Fig. 1(~10~2 mbar). In this case, the morphological differences
(Intensity in linear scales. 2). In these diffractograms, the were attributed to the changing pressure inside the chamber,
contribution of the substrate to the signal was subtracted. which altered the direction, mobility and mean free path of
The XRD pattern oSample 1did not show well-defined the atoms. For our samples, the pressure used to grow the
crystalline features. For this sample, it appeared that the AINbample 2andSample 3vas very similar (see Table I). How-
layer was very thin. However, the diffractogram suggests thever, forSample 3here was a competition between the N
possible growth of a hexagonal structure. and the Q to react withAl. Also, it has been reported that
For Sample 2peaks at 2 = 33.1, 35.9, 37.8, and 49.8 oxygen can induce defects in the grow of AIN layers, pro-
were assigned to thgl00), (002), (101) and (102) reflec- ~ ducing a degree of amorphization [1,4,22,30]. Bample 4
tions respectively, of a wurtzite hexagonal phase (groughe chamber was more Ar-saturated than the other samples
186, file 00-025-1133 with lattice parameters a=3.14, during the deposition process. This higher pressure in the
c=4.97A [26]. The peak of highest intensity a# 2= 35.9 chamber reduced the mean free path and the deposition rate
indicated that this sample is mainly formed by crystallitesof the sputtering species. Consequently, the kinetic energy
oriented along the [0001-axisdirection. was not high enough to form a wurtzite-like structure.
ForSample 3peaks at2=33.1, 35.9, and 37°8vere as- The ellipsometric measurements, (Ap are presented in
signed to th&100), (002) and(101) reflections respectively. Fig. 2 for the three samples. The solid line represents the
Similar to theSample 2 reflections belonged to a wurtzite Model response, while the broken line indicates the experi-
hexagonal phase (grous6, file 00-025-1133 [26]. The  Mental measurement. The experimental and modeled curves
peak of highest intensity atf2= 33.1° indicated that this Were compared using a least squares process by minimizing
sample is mainly formed by crystallites oriented along the
[-12-10] a-axisdirection. X'g Z[W’m =) + (Am — Ac)7, ©)

. For Sample 4 peaks at @ = 38'.5 and 44.7 WEre as- — \ here the subscripts?t” and “e” correspond to the modeled
signed to the(111) and (200) reflections respectively, of a and experimental values, respectively. The equivalent refrac-
Izall?t?cglsggaemceutgzc pr%zz(g&u‘?rﬁsiezs oofohé]?lelsztolgzer\:v tthve index of the composite layer was calculated using the
sity at 2 = 38.5 indicated that this sample is formed mainly effective-medium-approximation theory.
by crystallites oriented in the [111] direction. For all sam-

p!es, the varying de_pos't'on conditions produced films WlthTABLE Il. XPS calculation of relative elemental concentration

different morphological features. (at.%) corresponding t8ample ACharacterization by XPS is in-
In this regard, it has been reported that the morphologicluded in Fig. 3.

cal properties of sputtered AIN films depend on the kinetics CONCENTRATION (at. %)

of arriving species and the surface migration of the atoms '

along the substrate [3,4]: at low pressure, sputtering species Al+N+0 Al+N
possess enough energy to form AIN layers of the hexagonal Al N 0 Al N C(A/C(N)
structure. Authors of Ref. 3 deposited AIN films by RF sput-  47.0 11.9 41.0 79.7 20.2 3.9
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FIGURE 2. Ellipsometric spectra for selected samples. Theoretical simulated-curves utilizing a three-layer model, Glass/AIN
+voids/AIN+Al, O3 +voids, are included. Parameters obtained from fitting are presented in Table II.
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] ' s ' ' the material absorbs the light energy more efficiently. In the
—— Sample 1 (E =9.93 ¢V) o . . . ; . .
230 Samplo 2 (Eg=6 61 6V) oA following lines, we shall consider this assumption to be valid.
______ Sample i (Eg=7'95 V) The resulting parameters obtained from the ellipsometric
2251 P e ] measurements are included in Table Il. The variation of the
220+ ] real refractive indexi() vs energy ¢V) for the three selected
> samples is presented in Fig. 3.
= 215 7 Sample landSample 2vere deposited with a similar gas
T ] mixture (see Table I). The difference between them was the
----- . n=2.10 (Sample 1) deposition time, which accounted also for the differences in
2.05 n=2.11 (Sample 2) | - the estimated thickness (see Table Il). Bample 3 oxy-
PPtas n=2.00 (Sample 3) . A .
sl gen was added to the gas mixture during the sputtering pro-
e I T cess. The thickness of this sample was slightly lower than the
1.5 2.0 25 3.0 3.5 4.0 45 value obtained foSample 2 for a similar deposition time.
Energy (eV) For Sample 3the difference in thickness could be explained

on the basis of its lowest power (60 W, compared with 120 W
for Sample 2 This loss of power could be attributed to a ni-
truration/oxidation of the target during the sputtering process.
In the process, a layer of oxide/nitride was formed at the sur-
The measurement of the parameters was repeated in diace of the target. This layer acted as an electrostatic barrier
der to ensure that fluctuations represented real signals and f@r the impinging Ar* ions, which were able to promote a
discard noise. During film growth, there were differences infeduction in the deposition rate of the sputtered species.
the obtained optical properties because of the changes in the Also from Table Il, differences in the calculated val-
preparation conditions. ues for the band gap can be observed. The band gap of
As a first approach, the model compared the experimentdfs=9-9 eV ofSample Hid not fall within the values reported
optical data starting from a single homogeneous AIN layer. for AIN. In this case, it seems that the surface roughness and
Taking into account our deposition conditions (low pres-ffhe ox?de. layer at.the surfgce level contributed to a decreased
sure/temperature), the films were at the lower end of théntensity in the ellipsometric measurements. The band gap of
Movchan-Demchishin zone model [31,32]. Apart from the this sample was similar to that repor?gd for alumlnum_OX|de.
columnar growth expected in films, experimental conditions't has been reported that the composition of the Afipecies,
produced voids in the AIN films [31]. Then, when voids were which could be the case for this sample, is very close to the
considered in the model, an improvement in the fitting wasStable AbOs [34].
obtained. Considering the reactivity of the aluminum, avery For Sample 2 the calculated band gap of, 6.6 eV
thin layer of AIN at the top of the oxide layer is added. Thus, falls within the reported values for polycrystalline AIN thin
a mixture of layers, AIO;+AIN+voids, was considered, pro- films [35-37]. For Sample 3 the calculated band gap of
ducing a significant improvement in the fittings. Under ourEg=7-95 €V was slightly higher than the value reported for
experimental conditions, the growth of the films is diffusion AIN. In this case, the oxygen was introduced into the gas
limited and hence void formation is likely. mixture during deposition. The oxygen content inside the re-
The glass layer (Si§) was characterized and the optical sulting film could be the factor in the band-gap broadening.

data for ALO; were taken from Ref. 33. The volume fraction  From the graph of Fig. 3, the refractive indeces$am-
and thickness of the layers varied from sample to sample. Plé 1L Sample 2ndSample 3at 533 nm, 2.3 eV) have a value

The refractive index model used in our simulation wasCf N=2.10, n=2.11 and n=2.02, respectively. The refractive in-
expressed through the Lorentz dispersion equation: dex for AIN films has been reported in a wide range of values,

including the following: n=1.9 for polycrystalline AIN films
deposited by DC reactive sputtering [37], and n=2.1 for a
bulk like AIN [37]; n=1.9 to 2.1 for polycrystalline AIN films
deposited by DC reactive sputtering [19]; n=1.9 for highly
where the parameter4” is the oscillator amplitude, B” is  textured [0001] oriented AIN films deposited by RF sputter-
the broadening, Ey” is the center energy location of the os- ing [35]; n=1.7 for [10-10] and [11-20] oriented polycrys-
cillator, that is, the resonance frequency of the material. talline AIN films deposited by DC reactive sputtering [35].
The method of the Lorentz oscillators describes the interThe authors of Ref. 37 report that an increase in the flow of
action between the electromagnetic field and an atom. HowA, during deposition tends to change the value of the refrac-
ever, this model is used widely to simulate the optical re-tive index. This change in value is attributed to a variation

FIGURE 3. Variation of refractive indexs photon energy (eV). At
2.3 eV, refractive index ie& = 2.10 andn = 2.11 andn = 2.0 for
Sample 1, SampleghdSample 3respectively. .

A
(E2 — E?)—iBE’

e(F) =€ + (3)

sponse of the material. The center energy locatigp”is
not formally related to the optical band-gafp,, but it pro-
vides a good idea of its position, if we argue that &g*

in the density of the films. The reported values of the refrac-
tive index for polycrystalline AIN films [19,35,37] cover our
results obtained by ellipsometry. These results regarding the

the material has its resonance frequency. At this frequencyrystallinity are also supported by the XRD measurements.
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Figure 4 displays the high-resolution XPS spectraarn- The results of the calculated atomic concentration are
ple 4, which were taken after 15 minutes of erosion with summarized in Table 1ll. The column labeled Al3ND,”
the Ar ion-gun. The deconvoluted curve for the Al2p, N2s was the calculated elemental concentration taking into ac-
and Ols transition-peaks are included. The peaks wereount the Al2p, N1s and O1ls transitions. The column labeled
composed of several contributions corresponding to Al, NAI+N” was the calculated elemental-concentration taking
C and O in different chemical states. The Al2p transi-into account the Al2p and N1s transitions. In this last case,
tion was the sum of three individual components: Al-N the O1s transition was not considered in the calculation. The
(73.9 eV) [38,39], Al-O (75.6 eV) [38,40] and AI-C-O com- last column, C(Al)/C(N), was the ratio of aluminum to nitro-
plex (78.1 eV) [41]. TheN1s transition contained the only gen concentration: this ratio was3.9. With the area below
component N-Al (397.8 eV) [38,41]. Th@&1s transition
was the sum of two components: O-Al (532 eV) [38,39] and
O — C (534.1 eV) [38,39]. This sample was not intentionally TasLE I11. Contribution in percentage for the Al2p component cor-
oxidized, but XPS detected traces of oxygen and carbon. Iresponding to Sample A.
this case, @remained in the chamber as a residual gastand

. - . . . . Al2
remained as an impurity. During the deposition process, this P
residual oxygen can react with the aluminum to form @) COMPONENT PERCENTAGE (%)
compounds near the surface of the AIN film. The oxygen Al-N 44.6
and carbon impurities can originate in the “dark zone” of the Al-O 44.2
magnetron. Al-C-O 11.06
T L T v T 4 T T T v T N T % i T T T T I v I v 1 ' I
Al2p I
~~ [ 7 Experimental curve ‘ A0 7
= | =" Theoretical fitting P -
< [ Tndivickal componentsf; %, ) Al-N
el | of fitting Doy / 1 L
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FIGURE 4. XPS spectra high-resolution windows for Al2p, N1s and O1s transitions correspondsagrpole A
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the curve of deconvoluted components “Al-N” (frord/2p” Depending on the deposition conditions, AIN thin films
transition) and “N-Al" (from “N1s” transition), the rela- can grow in a hexagonal or cubic microstructure. X-ray
tive concentration obtained for Al and N wa%$2.6% and measurements indicated a polycrystalline mode of growth on

~37.3%, respectively. Table IV presents the contribution infilms.

percentage (%) of each component for the A2p transition.  The refractive index measured for deposited samples cor-
Taking into account the Al-N and Al-O components (not con-responds to polycrystalline AIN thin films. The calculated
sidering the Al-C-O component), it can be observed that thgygg gap of 9.9 eV foBample Hoes not correspond to AIN.
Al tends to react with N and/or G in almost the same pro- |n this case, the surface roughness and the oxide layer at the
portion. surface level can contribute to a decreased intensity in the
During the growth of AN films, the AIQ phase had g|lipsometric measurements, thereby affecting the band gap
been reported in great depth [22,38]. Based on microstrtuGneasurement. The band gap of 6.6 eV $@mmple 2agrees
tural observations, B.H. Hwaret al. of Ref. 22 proposed a jith the reported values of AIN polycrystalline thin films.
growth mechanism for AIN thin films. In this model, the oxy- For Sample 3a band gap of 7.9 eV is obtained. In this sample
gen could react favorably with aluminum to form an amor-the oxygen also attaches to Al, forming an.@, layer. The
phous ALO; layer, on which an AIN layer may start to grow. |ayer can induce stacking faults throughout the film, tending

The oxide layer then induces stacking faults in the grow-g change the mode of crystal growth from polycrystalline to
ing AIN layers. In thermodynamical terms, APs is more  somewhat amorphous.

possible to form by gaseous phase reaction of Al+(342)O
than AIN of Al+(1/2)N, sinceAG(Al;05)=-1480 KJ/mol
and AG(AIN)=-253 KJ/mol [42].

From our results, the layers of AlOinducing stacking Acknowledgements
faults in the AIN layers seemed to be the cas&ample 3
On the other hand, the XPS results obtained fi@ample 4 This work was sponsored by CONACyTé&ico (project
seem to corroborate the similar tendency of the Al to attactCO2-43707) and PAICyT-UANL (project CA1256-06).
to the N, and/or the @ during the growth of the film. M. Garda Méndez would like to thank Dr. Miguet'kvalos
Borja, from CCMC-UNAM, Ensenada, because the facilities
granted for the use of XRD equipment. Also to Bl Apari-
cio Ceja, V. Garcia and J.A. Diaz for the technical support.

A set of AIN thin films was prepared by DC reactive mag- Authors thanks Azahel Bueno for his ellipsometric measure-
netron sputtering. The following conclusions can be drawn: ments.

4. Conclusions
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