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Aluminum nitride films have been deposited on(13il) substrates at different substrate
temperatures using two techniques; pulsed laser deposition or reactive magnetron sputtering. The
films deposited by either of the techniques have been characterized by x-ray diffraction and
transmission electron microscopy to determine the crystalline quality, grain size, and epitaxial
growth relation with respect to the substrate. The bonding characteristics and the residual stresses
present in the films have been evaluated using Raman and Fourier transform infrared spectroscopy.
Secondary ion mass spectrometry has been performed to determine the nitrogen stoichiometry and
the presence of impurities such as oxygen and silicon. The adhesion strength of the AIN films to the
silicon substrate and the wear resistance have been determined by scratch test and a specially
designed microscopic wear test. A comparison of the different characteristic features associated with
the AIN films deposited by pulsed laser deposition or magnetron sputtering is presented with
particular emphasis to electronic and tribological applications.19®8 American Vacuum Society.
[S0734-210(98)06305-2

I. INTRODUCTION the S{111) substrate for deposition of AIN for two reasons:
o . . . first, the thermal expansion coefficient of AIN matches well
l1I-V nitrides are potential candidates for optoelectronic i, that of silicon and second, silicon is a widely used sub-
applications because of their direct and wide band gaPgrate for electronic applications compared to SiC or
Among them, aluminum nitrid€AIN) is the most interesting a-Al,Os.
compo_unEj with a wide band gap, high values of surface |, this comparative study, we have employed two differ-
acoustic velocity, thermal conductivity, dielectric constant, g techniques of synthesis: PLD and RMS for deposition of

and high temperature stability and hardness. AN is a potena fiims on Si(111) substrates. An important difference be-
tial candidate for use in the fabrication of blue light emitting een the two methods is that an AIN target is used in the

diodes(LED), short wavelength lasers and ultravioletV)  p| p whereas an aluminum target is utilized in the RMS for

light detectors. High quality epitaxial AIN films on suitable \oa54ns mentioned below. The objective of the present inves-
substrates are essential for all these applications. AIN hagyaiion is to determine the differences in crystalline quality,
been deposited by several techniques such as metalorganiaiive impurity levels, and tribological properties such as

chemical vapor de_positio(MOCVD),z plasma-assisted MO- \year and adhesion of the films deposited by PLD and RMS.
lecular beam epitaxy(MBE),®> pulsed laser deposition

(PLD),*® and reactive magnetron sputterif@®MS).%-12
Among these techniques, PLD is cited in the literattite Il. EXPERIMENTAL PROCEDURE
have an advantage over others owing to stoichiometric repro-
duction of the target composition in the films, higher energy
(5—10 eV of the ablated species and higher partial pressures Aluminum nitride films can be deposited by magnetron
of reactive gase$>10 mTor) that can be maintained to sputtering using either an aluminum nitride target or an alu-
attain the desired composition. However, presence of paminum target. Because of the dielectric behavior of Aik+
ticulates of the target material in the laser generated plumsistivity of 10 Q cm™, dielectric strength of 14
and limited size of the substrate for uniform deposition are&kV mm™1), the sputtering system uses rf power and argon
challenges to be met. An equally promising technique forion plasma to deposit the films. On the other hand, the latter
thin film deposition of insulating nitrides, oxides and car- and more recent reactive magnetron sputtering technique for
bides is the reactive magnetron sputtering using pulsed ddeposition of aluminum nitride films uses an elemental alu-
power. In addition to higher energy of the spedigs10 eV} minum target with the plasma consisting of nitrogen and
in the plasma, larger ard8& inch diameter waf¢rdeposition  argon ions. This reactive magnetron sputtering technique is
of the uniform films is carried out using RMS. based upon a low free energy of formation of aluminum
Suitable choice of substrates to deposit epitaxial films ohitride (AH at 298 K=—76.1 kcal/mol,AS at 298 K=4.8
AIN are a-Al,0; (0001 and S{111) favorable for domain kcal/deg mol when aluminum ions sputtered in argon ion
matching and Zn@002 and SiG0001) with lattice match- plasma react with the nitrogen ions also present in the
ing. SiA000)) is the best lattice matche@%) substrate for plasma. In addition to the high cost of the power source and
epitaxial growth of AINO0O1). However, we have chosen matching circuit in the rf system, the deposition rate of AIN

>

. Reactive magnetron sputtering
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is also found to be very low. These disadvantages are oveand the circulating power approximately a quarter of the ef-
come in the pulsed direct curretdc) power system used in fective power. On the other hand, the deposition of alumi-
the reactive magnetron sputtering of aluminum target. Tha@um nitride is characterized by the observed effective power
formation of an insulating film by reaction at the target sur-of 0.55 kW compared to the circulating power of 1.2 kW that
face and charge build up from ion bombardment give rise tds approximately twice that of the effective power. This dif-
electric fields that can easily exceed the dielectric strength derence in the magnitudes of effective and circulating power
AIN film at the target surface and arc formation. Arcing is during sputtering of aluminum on one hand with argon ion
avoided in rf sputtering wherein electrons are attracted to thelasma and with argon and nitrogen ion plasma on the other
target surface on the positive peak of every cycle and disis explained by the metallic and insulating nature of the de-
charge any insulating regions formed. Depending on the diposited films, respectively. The partial pressure of argon was
electric constant of the reaction product and the current derPptimized at 0.6 mTorr with that of nitrogen kept at 0.4
sity of the arriving gas, the charged layers can be discharge@ Torr so that the total sputtering pressure was 1 mTorr. The
at relatively low frequencies. The power supply that has beethickness of the AIN films deposited for 30 minutes with
used in the present reactive magnetron sputtering of AINSPuttering current of 2.0 A and sputtering pressure of 1
generates a series of 75 kHz dc pulses modulated with 2.8/Torr was measured using a profilameter and found to be
kHz frequency. In pulsed dc magnetron sputtering, an elecélose to 300 nm.

tron trap is formed over the cathode surface and an intense

plasma is generated. The ions from the plasma are drawn . pulsed laser deposition

the target surface and change the potential that also causes

the electrons to leak from the plasma. These electrons are Tﬁlssd Ias_r;z_r de[:osmon IS :ft_?(:hmquﬁ that |_sdvery _l:;((jaful
attracted to the anode of the system or the chamber and geW—r € deposition of compound fiims such as oxides, nitrides
nd carbides of different metals including elemerisihgle

erate a return current to the power supply. The surface of th@

chamber is also coated with the insulating AIN film provid- element films. As mentioned earlier, PLD lends itself to
{ow—temperature processing because the average energy of

ing no return path for the electrons to the power supply tha o . . .
raises the impedance of the load and an attendant increaseR- o o> N the laser evaporated plume is considerably higher
(~10 eV) than the thermal evaporation enery0.1 eV)

voltage with the formation of a more diffusive or even ex- : C .
A ) ) . . and therefore the fraction of ionic species in the laser gener-
tinguishing plasma. This problem is avoided by cleaning the

. . 4 . ated plasma is higher than in any other technigu&he
chamber frequently after depo§|t|on of msulatmg.fllm such dditignal energy %f atomic and nxwlolecular specJ(ii:L:s during
2TNA.IN' Itdhasdbegtr;] v_veII estab.hsrf]ed that depk;)smogoralia OFaser ablation improves the mobility and results in better

IS reduced with Increase In reoque_ncy above Z'crystallization at lower temperatures compared to the films
However, the deposition rate is SOA’ hlgher. than at rf fre'deposited by equilibrium evaporation methods. Thus, the
quency of 13.56 MHz. The quality of the films has beensubstrate temperature is an important factor in achieving

fpund to be indep.endent.of the frequency and stoichiometrlﬂigh quality crystalline films. The high energy of the super-
films can be obtained using 75 kHz pulsed dc source. Larg€aturated vapor in the pulsed laser generated plasma

area deposition of aluminum nitridep to 8 inch diameter 15 jymol) attained in a very short time and quenching on
wafers is considered to be an advantage in magnetron sputhe supstrate classifies PLD a highly nonequilibrium nature

tering method. _ _ suitable for the formation of compounds. A very important
We have deposited AIN films by pulsed dc reactive mag-eature of PLD is that it preserves nitrogen or oxygen sto-
netron sputtering using ultrahigh purity argon and nitrogenchiometry of the target in deposited films. The laser ablation
gas mixture at different ratios of partial pressures of argorys gjuminum target in nitrogen plasma may not be suitable
and nitrogen and an aluminum target of 99.999% purity. Thegy the formation of a good quality nitride film as aluminum
predeposition vacuum was maintained<a6x 10" 7 TorT.  is known to eject a high fraction of aluminum particulates in
Si(111) substrates were cleaned to remove the surface oxide|p that can not readily and completely react to form sto-
Iayer USing a 5% HF solution. The substrates for depOSitiOTibhiometriC nitride. We have7 therefore, emp|oyed a com-
were heated radiatively and the temperature was measurggund AIN target to grow films by PLD. The AIN compound
by a thermocouple pressed directly on to a silicon dummytarget used in PLD often contains small quantities of binder
wafer specimen kept close to the substrate. The substratfaterial that is incorporated into the deposited films as im-
temperature was varied between 300 and 750 °C and the cipurities. In certain cases, although not in the present, this
culating sputtering power is optimized between 0.5 and 1.2%nfavorable situation may be turned to an advantage by in-
kW. The deposition time of the films was varied from 30 to tentional incorporation of certain atomic species to dope the
45 min after initial cleaning of the aluminum target for 5 min deposited films. The sintered polycrystalline AIN target
and predeposition of AIN for an additional 3 min. A shutter gives out oxygen due to desorption from heating of the tar-
was used to cover the silicon substrate during cleaning anget. Therefore, we have cleaned the target surfacsitu
predeposition periods. In RMS, the effective power accountgrior to deposition of AIN films while keeping the substrate
for the ions in the plasma whereas the circulating power isovered with a shutter.
that applied to generate the plasma. The effective power dur- An efficient source of atomic or ionic (N nitrogen is a
ing cleaning of aluminum target was found to be 1.20 kWkey to the formation of high quality epitaxial nitride films
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from the elemental target. It is well known that nitrogen 1000
molecule is very stablébond dissociation energy 9.7 eV)
and generates only a very small fractiGal0%) of ionized
atomic species. Therefore, other suitable sources of atomic or
ionic nitrogen are essential to form high quality aluminum
nitride films when prepared from an elemental target. In
techniques such as reactive magnetron sputtering, plasma of
nitrogen is generated. Formation of aluminum nitride by o
PLD from an aluminum target in the presence of nitrogen 3
ions generated from a Kauffman ion source has been found ' ]
to be incomplete leaving large quantities of aluminum. The 800 |- Tee
lack of atomic or ionic nitrogen is overcome in PLD by laser ]
ablation of an aluminum nitride target with the optimum la-
ser energy density so that AIN in molecular form may be
generated near the substrate surface. Another drawback as-
sociated with the growth of AIN films by any technique is 200 1 L 1
the incorporation of oxygen in the films because of the high 0 ‘ T—
affinity of aluminum to oxygen. Deposition of AIN under 30 “ 50 Degress) 7
ultrahigh vacuum conditions<(10 ' Torr) is essential to
reduce the oxygen levels in the films obtained by PLD.
Deposition of aluminum nitride was performed using
pulsed excimer(KrF) laser (\=248 nm, pulse duratior
=25n9. The pulsed laser beam was focused on an AIN
target placed in a chamber evacuated-tb0~ 8 Torr prede-
position vacuum. The stoichiometric hot pressed AIN targe

was ablated at an energy density ranging from 3 to 10%/cmA. X-ray diffraction
with pulse repetition rate of 10 Hz for 30 min. The s-ub.strate, The XRD of thin films was carried out using a Rigaku
kept 3.5 cm away from the target, was heated radiatively tQyitractometer with a CiK « radiation operating at 30 kV
keep the substrate at the desired temperature. The dep05|t|93|tage and 20 mA current. The substrate was initially
was carried out at different temperatures in the range og”gned for Si111) and normak-26 scan was recorded in the
300-750 °C. Nitrogen gas of ultrahigh purity was introducedp g= 15°—100° range. Figure 1 shows26 scans obtained
into the PLD chamber at partial pressures ranging from’10 on films deposited by RMS at 650 and 750 °C. The scans for
to 10 # Torr during deposition. The thickness of the AIN the films deposited at a temperature of 500 °C and below
films was measured using a profilameter and found to bshowed polycrystalline structure with strong texture that is
close to 300 nm for a deposition period of 30 min. The filmsrevealed by the presence of stron¢@®02 reflection of alu-
used for wear test were deposited at the substrate temperainum nitride compared to the weakét010) and (1011)
ture of 600 °C for longer time to attain a thickness ofuh  reflections. The films deposited at 650 and 750 °C showed
by either PLD or RMS techniques. The larger thickness ofonly the(0002 reflection, as shown in Fig. 1. The alignment
the film for wear test was desired to observe the wear of th€f the S{111) peak with that of AINOO02 improved indi-
film and that of the interfacial region. cating that the basal plari@001) of AIN is parallel to the
The films deposited by RMS and PLD were characterized 112 plane Qf silicon. The preferred growth dirgction of hex-
using x-ray diffraction(XRD) and transmission electron mi- agonal A!N IS r_10_rma| to the basal plane p_rowded the tem-
croscopy(TEM) with high resolution facility for determina- perature IS _suff|C|entIy ?'gh' The x-ray rocking curve f_or t_he
tion of epitaxial growth relation, grain size, crystallinity and f|lms deposned at 650 °C and ab_ove was very broad indicat-
: ing the films were textured and in-plane alignment was not
defect structure of the films. Raman spectroscopy and Fou-

er t ¢ infrared ¢ TIR 410 d very good. The broadening of the diffraction line was mea-
rier transform infrared spectroscofyTIR) were used to de- sured by the full width at half maximuFWHM) of inten-

termine the crystalline quality and residual stresses present g]ty. The FWHM was 0.40° for deposition temperature of
the films. The stoichiometry and composition of the films, ing5 o and above whereas it increased to 0.50° at 500 °C. At
terms of the relative levels of impurities of oxygen and Si”'temperatures below 500 °C, the peaks were very broad. It
con, were determined by secondary ion mass spectromet{yas further confirmed by results from Raman spectroscopy,
(SIMS). We have also evaluated the adhesion strength by gresented below, that the films were partially amorphous.
scratch test and wear resistance by use of a dimpling majsing the broadening of the x-ray peak in the foin
chine. The results of the various characterization techniques: 0.9\/d cosé, whereB is the FWHM of the peak) is the
used to determine the quality of the films deposited by RMSwavelength of the incident radiation (Gla=0.154 nm),d

and PLD are presented below. is the crystalline diameter is the diffraction angle for the
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Fic. 1. X-ray scans obtained from AIN films deposited by RMS at 650 and
750 °C.

Jil. RESULTS
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Fic. 2. X-ray scans obtained from AIN films deposited by PLD at 650 and
750 °C.

AIN (0002 reflection, the crystallite sizes decreased from 25
to 18 nm when substrate deposition temperature was reduced
from 750 to 500 °C. -
Figure 2 shows the x-ray scans of AIN films deposited on (b)
Si(111) by PLD at two different temperatures. The films ex-
hibited reflections from th€é0002 and(0004) planes of AIN
aligned with S{111) reflection. The width of the rocking
curves was quite broad indicating poor inplane alignment of .
the grains. The FWHM measured from the films deposited at P 'if'z'?.:“ﬁ:i'\
550, 650, and 750 °C, showed a decrease from 0.45° to 0.36° : Y
and 0.28°. The crystallite size calculated from the above for-
mula of x-ray line broadening increased from 18 to 30 nm
when the substrate temperature increased from 550 to
750 °C. These results of peak broadening again indicate that
the sizes of the crystallites in the films deposited by PLD
were comparable to those in films deposited by RMS. The
intensity and the FWHM values of the A[N002 peaks
from films deposited by PLD were comparable to that of the
peaks obtained from films deposited by RMS. A decrease in
the intensity of the AINO0O2 reflection by a factor of 3 and
a corresponding increase in the FWHM in the films depos-
ited for the same time by PLD at higher partial pressures of
nitrogen of up to 10# Torr showed that the crystalline qual-
ity is reduced. In addition, particulate formation in the AIN
films was observed at higher partial pressures of nitrdgen.

B. Transmission electron microscopy

Figure 3a) is a cross-sectional high resolution lattice im- (d)
age of AIN films on S{111) deposited at 500 °C by RMS. A
disordered region is observed at the interface between thas. 3. (a Cross-sectional high resolution TEM image of AIN film on
AIN film and the silicon(111) substrate. We believe this Si(111) deposited by RMS at 500 °Gb) Bright-field TEM image of the

; ; : " : o 1 AIN film on Si(111) substrate deposited by RMS at 500 4€) Selected
disordered phase is either silicon oxide or silicon nltrldearea diffraction pattern of the AIN film on @i11) substrate shown ifb).

layer form_ed by reaction Of nitrogen pla_sma with _the Si"_con(d) Plan-view high resolution TEM image of the AIN film on($L1) sub-
substrate in the predeposition stage of film deposition. Figuretrate deposited by RMS at 500 °C.
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Fic. 5. (a) Diffraction pattern of the AIN film on SiL11) substrate deposited
by PLD at 750 °C(b) Cross-sectional bright field TEM image of AIN film
on Si111) deposited by PLD at 750 °C.

(b)

Fic. 4. (@) Cross-sectional high resolution TEM image of AN film on  crgss-section high resolution TEM image of a region from
Si(112) deposited by RMS at 600 °Gb) Bright-field TEM image of the .. N : .
AIN film on Si(111) substrate deposited by RMS at 600 °C. the AIN/Si interface._The observed epitaxial relationship is

given by AIN(0002[1120]ISi(11D[110].4-8°-12

3(b) shows the bright-fieldBF) image of the AIN layer with C. Raman spectroscopy

the grain boundaries located normal to the interface. The The films deposited either by PLD or RMS were charac-
diffraction pattern obtained from the film with the presenceterized by Raman spectroscopy using a Spex 1704- 1 m
of Debye arcs centered around the diffraction spots, aspectrometer with a holographic notch filter to reject the
shown in Fig. 8c), confirms that the growth of the films is stray elastically scattered laser light. The excitation wave
highly textured. The average grain size measured from Figength was 514.5 nm green light from the *Aion laser and
3(b) is close to 20 nm that matches well with the grain sizewas chosen to be incident at a low angle of 15°-20° to the
estimated from the x-ray line broadening of the AR02 plane of the AIN film. The scattered light was collected into
reflections from the same samples. Figufd)3s the plan- the spectrometer slit of width 20@m. The spectrum was
view, high resolution image of AIN film deposited at 500 °C. collected in the photon counting mode with count time of 60
The average grain size estimated from this electron micros at each value of wavelength incremented in 0.05 nm steps.
graph is close to 20 nm that again agrees with the results dfhe spectrum was collected from a starting wavelength of
XRD and cross-sectional TEM results. Figut@4shows the 520 nm to a final wavelength of 545 nm to observe the most
high resolution lattice image of the AIN film deposited at aimportant peaks associated with AIN. Table | shows the
substrate temperature of 600 °C by RMS. An interfacialcharacteristic Raman peaks associated with amorphous and
layer that is not identified in composition because of the verycrystalline hexagonal AIN and the observed values in the
small dimensions is seen at the interface in this image. Thusange of our investigatiot '8 Raman scattering from AIN
the possibility of reaction of nitrogen plasma or AIN with the films is not very strong and therefore long count times were
substrate should be considered. Figu¢e) 4s a bright-field used.

image of the AIN film with the Sil11) substrate. The aver- Raman spectrum observed from AIN films deposited by
age grain size estimated from this micrograph~i85 nm RMS at 650 °C and above is shown in Figagand that
that is slightly larger than the estimated value by line broadfrom the films deposited at 500 °C is shown in Figh)6 The
ening analysis of XRD, AIND002 peaks. The films depos- film deposited at 650 °C exhibited all the major peaks asso-
ited by PLD were also found to be highly textured at sub-ciated with crystalline AIN film, shown in Table I, but the
strate temperatures of 550, 650 and 750 °C. FiguapiSthe  peaks were broad and shifted from the characteristic values
electron diffraction pattern and Fig(l9 the corresponding by few wave numbers. We associate the broadening of the
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TasLE |. Characteristic phonon modes and observed Raman shifts in AIN films deposited by reactive magne-
tron sputtering and pulsed laser deposition.

Stokes shift (cm?) Phonon Mode
Crystalliné Observed Amorphols Observed
610,659 615-620, 650-670 514 A,(TO) (ir active
655 650-670 E, (ir inactive
614,667 615-620, 650-670 E4(TO) (ir active
895,910 895 788,825 765-790 E{(LO) (ir active
888 885 650,746 650-670,746 A,(LO) (ir active
“Refs. 14-17.

bRef. 15.

peaks to the smaller crystallite size and the shift from theD. Fourier transform IR spectroscopy

.chglra?[le ”S_tllﬁ VT?Iue to the cclmpres§;v§ reds:cdual ;[reilsz;_lesemWe have also characterized the AIN films deposited by
n the im. 1he =aman Spectrum obtained from the "M either PLD or RMS using FTIR spectroscopy. FTIR is a

dre]posn_ed Fb_y P7LDS_at_|a StUthr:ratS temperaturte of 7;’0 Ci omplementary technique to investigate characteristic vibra-
shown in Fg. 7. Simiiar to tné Raman Spectrum ObSENVeq;, frequencies of the lattice that are not Raman active.

frgm AN fllms deposited by RMS.’ aII_the peaks ggsomatedThe characteristic value of 667 crhin absorption is known
with crystalline AIN are observed in Fig. 7. In addition, Ra- to arise from eithe”, (TO) or E, (TO) phonon modes of
man peaks were also observed at 745, 785 and 825 0M " AIN that are IR active. Thé\; andE; (LO and TQ phonon
films deposited at lower substrate temperatures by e'therlhodes of AIN are known to be both IR and Raman active
RMS or PLD. These peaks, as shown“!_un Tab!e X are assoClh,q these are the Brillouin zone centk0) phonons. The
ated with the amorphous phase of AtNThe intensity of A, andE; (LO) phonons are shown to appear near 910 tm
these peaks relative to that of the crystalline peaks is foungndEZ mode at 665 crmt that alone is IR inactive. as shown
to increase for films deposited at lower substrate temperg: tabie | The spectra were recorded in the transmission
ture. We believe the fraction of amorphous phase increaseraOde on a Galaxy series FTIR 5000 instrument. The back-
a_t Ito V(\j'er.ttir?ﬁ eratureshand asha rezult the Rama_n petaks as@?bund subtraction was performed by recording a spectrum
ciated wi € amorphous phase became prominent. from a Si substrate of the same orientation and thickness.
The observed peak from films deposited by RMS shifted

5500 from the characteristic value of 667 chto a value between

' 670 and 674 cm'. Figure &a) shows FTIR spectrum of AIN
3400 [ films deposited by RMS at 500 and 600 °C with a peak near
5300 | 619 655 670 cm L. The spectrum for films deposited at and above
z 600 °C was not different. We have chosen to report the re-
2 3200 [ sults for the films deposited at 600 °C to illustrate the nature
£ w100 b of stresses present in the films, and in particular, to compare
with the films deposited by PLD at the same temperature.
3000 | Figure 8b) shows the FTIR spectrum from the AIN films
po00 deposited by PLD at 600 and 750 °C. The films deposited by
500 550 600 650 700 750 800 850 900 PLD at a substrate temperature of 750 °C exhibited a peak
(a) Raman Shift (cm’ ')
1.510* T T T T
4600
1.4510° |
1.410° | 4400 |-
>
2135104 |
2 > 4200
2 1310} ‘2
1.2510° [- € 4000
1.210* j 3800
115 10% L L L L ! ! I
500 550 600 650 700 750 800 850 900 3600 Lo .1 I . | S
(b) Raman Shift (cm™') 550 600 650 700 750 800 850 900

Raman Shift (cm")
Fic. 6. (@) Raman spectrum from AIN film on @i11) substrate deposited by
RMS at 650 °C.(b) Raman spectrum from AIN film on @ill) substrate  Fic. 7. Raman spectrum from AIN film on @il1) substrate deposited by
deposited by RMS at 500 °C. PLD at 750 °C.
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the films deposited by PLD at lower substrate temperature
(600 °Q is found to be high, as shown by SIMS analysis
presented below. Higher residual stress is expected as a re-
sult of higher oxygen incorporation and lower substrate tem-
perature during deposition. Apparently, this large compres-
sive stress present in the AIN films deposited by PLD is
responsible for poor adhesion of the films to the substrate.

E. Secondary ion mass spectrometry

Oxygen impurities present in AIN in the films may create
mid-gap states and also may lower the thermal conductivity
so that it becomes less attractive for most applications. In
order to compare the oxygen levels present in the films de-
posited by both techniques, SIMS analysis was carried out
. . . . 1 . using Cameca IMS-6F with Csion beam. In addition, sili-
4000 3500 3000 2500 2000 1500 1000 500 con diffusion into the AIN films deposited at a higher sub-
(a) Wavenumber (cm-1) strate temperature is an important consideration in their use
for electronic applications such as formation of dielectric
films. Figures 8a) and 9b) show the SIMS profiles obtained
from the films deposited by RMS and PLD at a substrate
temperature of 600 °C, respectively. Specifically, SIMS
analysis on a film deposited at 600 °C was carried out since
the same film was used in the wear test. In addition, the
residual stress in the film deposited at 600 °C was found to
be much higher as revealed by a large shift in the peak in the
FTIR spectrum. The results of SIMS analysis, obtained for
comparison purpose, clearly indicate that the oxygen level is
relatively higher in the films deposited by PLD compared to
those in films deposited by RMS. Since the SIMS results are
more sensitivé? by at least a factor of 12 to oxygen than to

706 cm™' ) aluminum, we believe it is difficult to make a quantitative
1800 1500 1200 900 600 300 estimate, specifically in the absence of a known standard.
However, comparison of oxygen to aluminum or oxygen to
AIN and that of aluminum to AIN signals clearly illustrates
Fic. 8. (@ FTIR spectrum of AIN film on Sil11) substrate deposited by that higher oxygen impurities are present in AIN films de-
RMS at 500 and 600 °Qb) FTIR spectrum of AIN film on Si111) sub-  posited by PLD. The high affinity of aluminum to oxygen
strate deposited by PLD at 600 and 750 °C. present in the chamber is responsible for oxygen incorpora-

tion into these films. Unless the AIN films are deposited by

PLD at ultrahigh vacuum levels<(10 8 Torr), incorpora-
near 665 cm?. However, the films deposited at a lower tem- tion of oxygen can not be reduced to less than 1 at ¥he
perature of 600 °C showed a broader peak centered arourdN films, in the present work, have been deposited by PLD
706 cm 1. We believe this large shift in the IR absorption with a predeposition vacuum better thaix 40’ Torr and
peak arises from the residual stress present in the films déwence the higher level of oxygen impurities may have origi-
posited by PLD at 600 °C and below. Hydrostatic appliednated from the target. Because the polycrystalline targets
stress in the range of 5—10 GPa, resulting in a lattice strain afised in PLD are prepared by sintering at higher temperatures
the order of 0.0075 to 0.015, has been found to give rise to & achieve high density, oxygen impurities may be incorpo-
shift in theA; andE; (TO) modes of AIN to a higher value, rated during the processing steps. We believe oxygen in the
up to about 700-710 cnt, respectively. The presence of target is responsible for incorporation at higher levels in AIN
compressive stress in the films deposited by PLD at lowefilms deposited by PLD. On the other hand, a high purity
substrate temperature can arise from several reasons. Ti@9.999% aluminum target has been sputtered by Aons
nonequilibrium nature of PLD leading to quenching of de-for the first five minutes prior to the deposition of AIN while
posited species from the laser generated plume with higthe substrate is masked by a shutter in RMS. This initial
energy(10—1000 eV on the substrate maintained at lower cleaning procedure of the aluminum target may be respon-
temperatur€600 °O could be one of the factors. When the sible for removal of the oxygen present in the chamber since
substrate temperature is high, the adatom mobility is higlaluminum has high affinity for oxygen. We believe the sput-
and therefore better crystalline quality is reached and théering of aluminum ions is responsible for the gettering of
stresses are relaxed. Secondly, the oxygen concentration @xygen in the vacuum system and thereby produces the rela-
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temperature. Diffusion of silicon in AIN films deposited by
R[] SRS SRR BT A S PLD is also higher as seen by the silicon levels in the range
0 500 1000 1500 .
of 10'—1C in the SIMS results.
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Fic. 9. (a) SIMS depth profiles of aluminum, oxygen and nitrogen in Si—N F. Wear and scrafch tests

and AI-N bonds in AIN film on Sil11) substrate deposited by RMS at

600 °C.(b) SIMS depth profiles of aluminum, oxygen and nitrogen in Si—-N
and Al-N bonds in AIN film on Sil11) substrate deposited by PLD at

600 °C.

Wear tests were performed with a dimpling machine usu-
ally used for a TEM sample preparation. The dimple grind-
ing machine consists of a circular wheel that rotates at con-
stant speed and causes wear in contact with the specimen
surface. Different particulate suspensions may be employed
as an abrasive. In the present wear tests, alumina suspension
tively lower level of oxygen found in the AIN films depos- of size 0.5um was used. This microscopic abrasive wear test
ited by RMS. Silicon and Si—N mass spectra were also obhas been found appropriate in the characterization of the
tained to determine if silicon diffusion into AIN films is high. wear resistance of very thin films deposited in our labora-
Both Si and Si—N were also found in smaller quantities intory. The wear volume was calculated from the diameter and
the films deposited by both of these techniques, as shown idepth of the spherical wear impression made by the circular
the SIMS results presented in FigdaPand 9b). Silicon  wheel. As mentioned earlier, the thickness of AIN film used
diffusion along grain boundaries during deposition at 600 °An the wear tests was chosen to be larger and closeitm 1
or above is expected in films deposited by both techniquego provide enough depth for wear. Figure(i0describes the
The concentration of Si—N bonds appears to be higher in thevear performance of the two AIN films deposited by PLD
films deposited by RMS than in films deposited by PLD, asand RMS for the complete duration of the wear test, while
seen in Figs. @ and 9b). Reaction of nitrogen with Si the initial stages of the wear performance are plotted in Fig.
substrate surface is expected in the initial stages of deposi-0(a). These results illustrate better wear resistance of films
tion when nitrogen plasma is generated in the RMS processleposited by PLD in the initial stages of the wear test com-
Therefore, the thin reaction layer is considered to be ampared to those deposited by RMS. The better wear resistance
amorphous film of silicon nitride formed at lower substrate of the films in the initial stages may be attributed to a higher
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exhibit irregular edges as a result of delamination of the
small regions of the films from the edges. As pointed out
already, this delamination of the film in the second stage of
wear test is suggestive of the lower adhesion of the PLD
films to the substrate. Lower adhesion strength of the film to
the silicon substrate arises from the presence of large re-
sidual compressive stress in the films deposited by PLD at
lower substrate deposition temperatui@0 °C, a result
substantiated by large peak shift in FTIR spectrum and
higher oxygen level in the SIMS analysis. The wear perfor-
mance of AIN films deposited by RMS is observed to be
better in the second stage, a result expected from the better
adhesion strength with the substrate. Therefore, the compres-
sive stress-induced poor adhesion of the AIN film deposited
by PLD is responsible for the poor wear resistance also.
Coefficient of friction of the AIN films at room tempera-
ture ambient conditions was determined using a scratch test.
In this test, tangential load required to slide a sharp diamond
indenter was determined for different magnitudes of applied
normal load. Load applied normal to the surface increased up
to 20 g with the tangential load in the range 0—-11 g. The
coefficient of friction of AIN films deposited by PLD was
higher (0.6) compared to that of films deposited by RMS
(0.4). The higher coefficient of friction is associated with the
presence of particulates that are known to form in films de-
posited by PLD. We have also observed that higher tangen-
tial loads were applied for the same normal load before the
AIN films deposited by PLD could be scratched to create a
wear track on the surface compared to the films deposited by
RMS. Figure 12a) is an optical micrograph of the wear track
on the AIN film deposited by PLD using a normal load of 10
g and the tangential load of 5 g. The film is found to delami-
(b) nate at certain points along the wear track. The delamination
Fic. 11. (8 Wear surfaces observed after microscopic wear test usin o-f.the PLD film ag.ain iHUSt-rateS th? pOOI: adhesion to the
dimple grinder of AIN films on SiL11) substrate deposited by RMS at silicon substrate. Figure 113 is an optical micrograph of the
600 °C. (b) Wear surfaces observed after microscopic wear test usingv€ar track on the AIN film deposited by RMS under the
dimple grinder of AIN films on SiL11) substrate deposited by PLD at same normal load of 10 g but with the tangential load of 3 g.
600 °C. The diamond tip is observed to have made a deeper impres-
sion with delamination of the film along the complete length
of the wear track. Similar differences in the behavior of AIN
hardness of the PLD deposited films. PLD films exhibitfiims deposited by PLD and RMS were observed in the
higher hardness because of the larger residual compressigeratch test made at different applied normal loads. As men-
stresses present. In the initial stages of the wear test using tiened already, the residual compressive stress in the film
dimpling machine, the circular wheel essentially slides ondeposited by PLD at substrate deposition temperature of
the film only and therefore the interface of the substrate-filmg00 °C was higher than the stress in the films deposited by
composite is not in contact with the wheel. In the latterRMS, thus, giving rise to higher hardness and also improved
stages of the wear test, however, a crater is already formed inear resistance. A higher coefficient of friction for the films
the film and therefore only the peripheral part of wheel slidesieposited by PLD is related to the presence of particulates
on the film but the major area of contact remains on theand a nonuniform surface.
substrate. In this second stage of wear, adhesion of the film
to the substrate becomes an important factor in the wear
resistance offered by the composite. When the film exhibitsV+ DISCUSSION
poor adhesion, delamination of the film from the substrate Aluminum nitride films deposited on silicofl11) sub-
has been found during the second stage of the wear tedtrate by PLD and RMS in the temperature range of 300—
Figures 11b) and 11a) are the optical micrographs of the 750 °C and predeposition vacuum of<x40~ 7 Torr were
craters formed on the films deposited by PLD and RMSfound to be textured with crystallite size in the range of
respectively. The edges of the crater are smooth in case @0—-40 nm. The epitaxial growth behavior of the AIN films
films deposited by RMS, whereas, films deposited by PLDfollowed the previously observed relationship given by
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TaBLE Il. Residual stress calculated from the observed values of domain
mismatch strain, thermal strain, Raman and FTIR peak shifts.

C(0001) Domain Thermal Raman FTIR

Film (GPa  (GPa  (GP3 (GPa (GPa
AIN(RMS) 5096 -66 060 -7.7t0-84 54
at 600 °C
AN(PLD) 5096 -66 080 -10t0-20 0
at 750 °C
AN(PLD) 5096 —66  0.60 -29.8
at 600 °C

Residual stresses are known to arise from three factors:
(1) intrinsic stresses due to defects such as vacancies, dislo-
cations, grain boundaries, and impuriti€®) lattice or do-
main mismatch stresses, af@) thermal stresses resulting
from differences in thermal expansion coefficients. There is
contribution to residual stresses from different components
of strain that include domain or lattice mismatch, thermal
and defect induced strains. The resultant lattice strains evalu-
ated from Raman and FTIR peak shifts can be used to cal-
culate the magnitude of residual stress using

o=Ce=(cytCro—2cica)e,

where e is the in-plane invariant strain ard is the elastic
modulus evaluated from the elastic constantof AIN.?~24
The shortened subscript notation of the elastic constapts
is used in the above equation. The results of these calcula-
tions are given in Table Il where in addition to the domain
mismatch and thermal strain, lattice strains determined from
(b) Raman or FTIR peak shift are used in the fore
=—Aw/w, whereAw is the shift to higher value compared
Fic. 12. (a) Optical micrograph of the wear track obtained after scratch testto the unstressed value of in wave numbers{cm_l). The
of the AIN film on Si{111) substrate deposited by PLD at 600 1) Op-  net result of residual stress present in the film at room tem-
tical micrograph of the wear track obtained after scratch test of the AIN film ; P
on S(111) substrate deposited by RMS at 600 °C. peratur_e determined from Raman or FTIR peak shift is
shown in Table II.
From previous discussion, the lattice or domain mismatch

o . stresses are compressive that cannot be relaxed at room tem-
AIN (0002[1120]ISi(111D[110]. The domain mismatch be- perature since formation of glide dislocations is prevented by
tween four atomic spacings along [Qi10] and five of AIN  the high lattice frictional stress in AIN. Diffusional motion of
[1120] is evaluated to give a compressive strain-@.01278 the atoms is also restricted at room temperature. However,
in the film. Therefore, in the initial stages of growth and we expect the stresses to be relaxed at least partially for films
before relaxation of the strain takes place, the film is subdeposited at 600 °C. The intrinsic stresses can either be com-
jected to residual compressive stress, a result also previouspressive or tensile. Presence of excess vacancies in the lat-
observed by in-situ stress measurements of wafetice, for example, nitrogen vacancies is responsible for ten-
curvature!1?These compressive stresses were associated Isjle stresses. On the other hand, excess nitrogen or oxygen
the previous authot$'2with surface stress effect. Although ions introduced as interstitials can be responsible for com-
Raman spectroscopy has been carried out after depositiopressive stresses. These compressive stresses can only be
residual stress evaluation using the peak shift measurementslieved by diffusion of the oxygen ions from the lattice that
in comparison with the results of wafer curvature measuredoes not take place because of the high affinity of oxygen to
ments, was not present&d'2 Furthermore, the wafer curva- aluminum. AIN films deposited at high sputtering pressure of
ture measurements indicate that the magnitude of compreargon and nitrogen are found to be deficient in nitrogen and
sive stresses increase with thickness for deposition at roomence the residual stresses are teriSileherefore, domain
temperature whereas these are reduced with thickness farismatch stresses start to be compressive in the initial stages
deposition carried out 800 °C. The partial reduction in com-of deposition and change to become tensile with increase in
pressive stresses at 800 °C is attributed to grain boundarpickness when the compressive stresses are overcome. How-
stress relaxation or surface relaxation mechanisn'. ever, if oxygen levels incorporated into the film are suffi-
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ciently high, residual compressive stresses increase and camardness. The adhesion strength of the films deposited by
not be annealed out completely. The thermal strain in AINPLD at 600 °C is found to be low from the microscopic
film deposited at higher temperature is given by observations of wear tracks in wear test and the peeled re-
—ag)AT, whereo’s are the respective linear thermal ex- gions near the wear tracks in the scratch test. In comparison,
pansion coefficients andiT is the difference between depo- such regions are observed to be smooth around the wear
sition temperature and room temperature. Usingy=>5.2  tracks on the films deposited by RMS and the fiims are
X107 8/K and agi=3.2X 10°8/K and AT=600°C, the strongly adherent to the substrate. Therefore, the wear resis-
magnitude of tensile residual strain in the film is 0.0012 thatance offered by AIN films deposited by PLD is higher in the
is much smaller than the domain mismatch strain that idnitial stages of wear because of the higher hardness but be-
compressive. Therefore, we do not expect the net residugomes low when the films delaminate in the second stage of
stresses to become tensile unless the domain mismaté¥ear. The opposite is true with respect to the wear behavior
stresses are relaxed completely at the deposition temperatu®é AIN films deposited by RMS since the hardness of the
and tensile thermal stresses remain upon Coo"ng. films is lower but the adhesion Strength is hlgher Compared
The peak shifts measured by Raman and FTIR spectrod0 the films deposited by PLD at the same substrate tempera-
copy from the AIN films deposited by PLD and RMS in the ture.
present work illustrate the presence of only compressive
stresses, as shown in Table Il. These compressive stressgssymMMARY AND CONCLUSIONS

arise from domain mismatch and oxygen incorporated into IN il ) ,
the lattice. The oxygen levels present in the films deposite AlN films were de_zp_osned on 81D substrates by PLD.
om an aluminum nitride target or by RMS from an alumi-

by RMS are determined to be low by SIMS analysis and s r

are the peak shifts observed in Raman and FTIR spectroQ—un_]t tgrg(tat u;)t:letpl?sma oftmtrot?etn and 3a0rgon. dF|7Ir5nOsodCe£)
copy. Therefore, the compressive residual stresses in t psited at substrate temperature between an y

films deposited by RMS are low. The peak shift measured i oth methods were characterized by various techniques. AIN

AIN films deposited by PLD at higher deposition tempera- lms were highly textured with AIRD002//Si(11]) and

o . . grain size in the range of 20—40 nm. Films deposited by PLD
ture of 750 °C is low although no SIMS analysis was Camedand RMS exhibited larger broadening because of smaller

out. We believe these films deposited at 750 °C contain Iessrain size and textured nature of the film growth. Raman and

oxygen and stresses are also relaxed. On the contrary, t IR spectroscopy illustrated that both crystalline and amor-

SIMS analysis of the films deposited by PLD at SUbStratephous phases of AIN were present with the volume fraction

deposition tempergture of 600 °C showed hlgher oxygenilev(—)f the later increased for lower substrate temperatures. The
els and the resulting FTIR absorption peak shift was high

results also showed that the films are subjected to residual
from unstressed value of 665 chto stressed value of 706 )

-1 T lting st Ve t i tcgmpressive stress.
cm =. The resulling SIresses are compressive o an estimated g magnitude of compressive stress evaluated from the
value of 30 GPa as shown in Table Il. Previous work on

i X _ peak shift showed that the films deposited by pulsed laser
reactive sputtered AIN films at different temperatures havedeposition at 600 °C are subjected to a high compressive
not presented the SIMS analysis of oxygen leats How- _stress of 30 GPA while the films deposited by reactive mag-
ever, since the AIN films were deposited under ultrahighyeron sputtering at the same substrate temperature were un-
predeposmon_ vacuum conditions, we expect th_e OXYQ€er a residual compressive stress of 5 GPa. Secondary ion
level to be fairly low unless the gas mixture contained oxy-mass spectrometry showed that the films deposited by pulsed
gen impurities. These results allow us to conclude that lowe[;ger deposition at a temperature of 600 °C contained higher
substrate deposition temperat600 °0 and lower vacuum  oxygen level in comparison with the films deposited by re-
conditions created by oxygen from the target used in depoactive magnetron sputtering. The presence of the high re-
sition of AIN films by PLD were responsible for higher com- sjqual compressive stress in the films deposited by laser ab-
pressive residual stresses. AN films deposited by RMS d@ation method is attributed to higher oxygen incorporated
not exhibit high oxygen level and therefore the films arefrom the target. The films deposited by reactive magnetron
subjected to much smaller compressive residual stress. Thgyuttering contained lower oxygen levels and therefore the
higher silicon levels in AIN films deposited by both PLD and residual stress was also low. The higher wear resistance and
RMS result from fast diffusion of silicon along grain bound- |ower adhesion strength of the AIN films on(811) sub-
aries in the columnar structure of textured films ol$l)  strate deposited by pulsed laser deposition in comparison
substrate. with the films deposited by reactive magnetron sputtering
Wear resistance associated with the AIN films depositedvere also attributed to the higher residual compressive stress
by PLD and RMS also reflects the presence of residual compresent in the films as a result of oxygen incorporation. The
pressive stress. The higher wear resistance exhibited by All¥resent effort has clearly illustrated that oxygen impurity
films deposited by PLD at 600 °C and containing higher oxy-levels are an important factor in the growth of AIN films by
gen level is associated with the higher compressive residuany method. Deposition of AIN films has clearly illustrated
stress present in the film and therefore higher hardness. Thkat oxygen impurity level is reduced in the RMS and as a
films deposited at 600 °C by RMS with lower oxygen level result the residual stresses are lowered. Thus RMS is better
and lower residual compressive stress also possess lowsuited for large area deposition of AIN films. The higher
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silicon levels in the films deposited on($11) substrates can 7. Ivanov, L. Hultman, K. Jarrendahl, P. Martensson, J.-E. Sundgren, B.
be reduced when the grain boundaries are eliminated b){lworj"a’\rﬂsson';la”:; i greLens, JI App'-dpﬁsgzﬂligi .
growth of epitaxial single crystalline films at higher tempera- 2411'(1;;39‘ A Sell, G. L. Eesley, and T. A. Perry, J. Appl. Pfis.
ture. Further improvements in the deposition of AIN films 1, ; Meng" J.A. Sell, T. A Perry, L. E. Rehn, and P. M. Baldo, J. Appl.
for optoelectronic applications are needed by increase of sub- ppys 75 3446(1994.

strate temperature and use of ultrahigh vacuum conditions. 3G, K. Hubler, inPulsed Laser Deposition of Thin Filmedited by D. B.
Chrisey and G. K. HublefWiley, New York, 1994, Chap. 13, p. 327.
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