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Aluminium nit.ride films are produced on fused quartz, silicon. and spinel substrates by reaction 
of -4lC1, with NH, or ammonolysis of AlCl, . NH, as well as by plasmachemical reaction of 31C1, 
with S, within a range of substrate temperatures of 700 to 1300 "C. The refraction index n.: the 
absorption coefficient a, and the r.1n.s.-surface roughness resrilt from optical studies in  the spect,ral 
range of 3.5 to  7.5 eV. The spectral dependence of optical constants yields a direct band gap 
lCg = 5.9 to 6.0 eV. Furthermore absorption bands are observed a t  4.5 and 5 eV. Moreover some 
results for st.ructura1 and electrical characterizing of filnis are given. 

~4lu1nininmnitrid-Schichtcn werden auf Quarzglas, Silieium- und Spinell-Substraten dnreh 
Reaktion von AlCI, init, XH, oder Ammonolyse von AlCl, . NH, sowie durch plasmachemische 
Reaktion von AICI, mit N, im Substrattemperaturbereicli von 700 bis 1300 "C hergcstellt. Aus 
optischen Untersuchungen im Spektralbereich von 3,ri bis 7,B eV ergeben sich die Breclizahl n, 
der Absorptionskoeffizient a und dic rms-Rauhigkeit. Die spektralc Abhangigkeit der opt.ischen 
lionstanten liefert einen direkten Bandabstand von Eg = 5,9 bis 6,0 eV. AuBerdeni werden Ab- 
sorptionsbanden bei 4,5 und 5$0 el' beobachtet. Dariiber hinaus werden einige Ergebnisse zur 
strukturellcn und elektrischcri Chxralcterisierung der Schichten angcgeben. 

1. Introduction 

Beside such well-known insulator inaterials as SiO,, Si& and A1,0, in the last few 
years also aluminium nitride finds an increasing interest above all because of its 
piezoelectric behaviour. 

W e  have deposited A l S  by means of the aluminium trichloride/aaiinonia process 
and by the plasmac.heniica1 reaction of ahuminium trichloride with nitrogen. 

I n  this paper the saiiiple preparation arid the optical properties of these AlK layers 
will be described. 

2. Experiments far Lager Deposition 

In  the pyrolytic process the reactants aluminium trichloride (AICI,) and amiiionia 
(NH,) are supplied to the reaction zone either separately or in the form of the nearly 
stoichionietric complex compoimd AlC1, . SH,. The decrease in the standard free 
enthalpy change AOGC for the equilibria 

with growing teiiiperature deiiionstratrs their shift in favour of A1S (Fig. 1). I n  the 
experiment substrate temperatufes of 7', = 700 to  1300 "C have been used so that 
_ _  .~ 
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Fig. 1. Standard free enthalpie change as a function of tem- 
perature. (1) AICI(,, + N(g) * AlhT(,) + 1/2 C1qg), (2) AIC13(,) + 
+N(g)2AIN(,)+3/2 Clqg),  (3) AIC13(g)+ TSH3(g)*A1C13. ?SH3(g), 
(4) AlC13(g) T ZAlK(s) + 3 HCI(g), (5) AICI3(g) . NH3(g) z 
z AlK(6) T 3 HCI(g), (6) AIC13(g) + K(g) z .41N(s) + 3C1(g), (7) 

AICIqg) + 1/2 Nqg) AN(,) +- 3/2 C ~ Z ( ~ )  

smaller outputs have to  be expected for the A1N forma- 
tion according to (2) compared with (1). Reaction (2) 
may dominate in the case of separate reactant supply 
to the reactor also, since there oc(wrs an intermediary 
complexing (Fig. I )  a t  sufficient mixing of the reactants 

5 70 75 20 prior to thc deposition process corresponding to the 
eqiiilibrium position for T 110 'h') - 

AIC.l,(,) + NH3(,) + AlCI, * NH3(,, . (3) 

The t,hermodynaniic data for AlCI, . S H ,  have been determined in accordance wit.h 
similar comput,at.ions for t.he analogous gallium complex compound in [ 1, 21, all other 
values have been calculated from the therniocheinical tables [3]. The react,ion of a h -  
niinium trichloride wit,h nitrogen corresponding to 

AlC13(g) + -:- S2(g) + AlS,,, f + Cl,,,, (4) 

does not lead to a deposition of aluminium nitride in neutral gas, as the standard 
free entlialpy change is positive also at  tempcratures around 1000 "C (Fig. 1).  Only 
the utilization of the high internal energy of a plasma ("plasma-activated CVD") leads 
to a deposition of AlN. 

Thermodynamic calculations [3] illustrate the shift of t.ho thermodynaniic equi- 
librium in favour of t,he final products as a result of 

1. nit.rogen dissociation, 
2. recombination of the chlorine atoms, 
3. aluniinium trichloride dissociation (Pig. 1). 
In  experiments for pyrolytic preparat.ion of AIN films vertical react.ors of the t.ype 

presented in Fig. 2 have been used. The substrates (111) Si, (100) Verneuil spinel 
MgO - 1.4 A1,0,, and fused quartz (for opt,ical measurements) have been heated induc- 
tively with graphite siisceptors coated with A1N. Convenient evaporation temper- 
atures are YvfAIC1,) :: 120 to 160 "C and TV(AIC1,. NH,) = 180 t.0 400 " C ,  argon 
has been used as carrier gas. Corresponding t.o the' AlC1, number of moles n'&/h the 
molar ratios n~lcl,/nflr, -: 1 to 0.001 have been realized with the help of the NH, flow 
rates. The total flow rate was varying in the limits stat = 5 to 2201/h. Only a t  stat 
values above 80 l/h convective disturbances of the reactant currcnts homogeneity 
may be neglected which occur due to the high temperature gradients. 

The etching behaviour of AIS-films towards H,I'O,/ H.,SO,-mixtures in proportion 
1: 1 a t  an etching temperature of T = 80 "C proves that the range of the substrat.e 
temperature TS = 1050 to 1250 "C supplies filnis of highest, p r i t ,y ,  i.e. the react,ions 
(1) and mainly (2) proceed increasingly completely with growing temperature. The 
intermediary coniplexing a t  separated supply of reactants already mentioned - 
according to [4] 

AlC1, f n . XH, + AlC1,. n KH, ; n = 1 , 2 , 3  
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Fig. 2. Apparatus for the pyrolytic deposition 
of aluminium nitride 

a t  a pre-heating tetiiperature of T 5 
I 4 0 0  "C - is expressed in the experi- 
Lental activation energy E ,  of the AlS 
formation process. Table 1 includes the 
EA-values determined froni the tcnipcr- 
ature dependence of the deposition rate 
for separated supply of reactants in the 
molar ratio 1 (a) for a reactor with the 
AlC1, supply pipe up to 4 em in froiit of 
het substrate surface and ( 1 ) )  for the 
reactor shown in Fig. 2 with great iiiixing 
length as well as (c) for corriplcx cvapo- 
ration : 
The aetivation energy for (a) is associated 
t,o the surface reaction according to ( 1 )  
as rate-determining step (see also 151) and 
that for ( c )  to the A1S forniation reaction 
acvording to (2) ;  a largely homogeneous 
kinetic process for the complex pyrolysis 
cannot be exduded even a t  the lower 

c f  coil 
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temperatures of TS < 1000 "C. 
The EA-valuc for case (b) is decreased composed with (a) making evident that the 

velocity of A1S formation is compared of processes (1) and (2) as a result of the pre- 
ceding reaction (3). A t  substrate teiiiperatures of T s  > 950 to 1050 "C an increased 
gas phase nucleation can be seen in all cases a t  a corresponding decrease of the depo- 
sition rate. 

The deposition rate (12, = 10 to 1000 nm/min) is directly proportional to the par- 
tial pressure of the aluminium coinponcnt and depends on the substrate temperature 
and the total flow rate within one order of iiiagnitude under otherwise constant eon- 
ditions. 

The energy carrier for the plasniachemical reaction is a hf low-pressure plasma 
(frequency = 3 MHz, pressure 0.6 Torr) produced inductively. The nitrogen plasma 
gas works a t  the same time as reacting agent and as carrier gas for the aluminium 
trichloricie. 

Tab le  1 

experimental variant i 
0 I 

16 nAlCl, 
(b) AICI, + NH,, 7 

nx11, 
1 

(c) AlCl,. IiH, ' 3, 5 *.. 7 

T, = 750 to 950 "C 
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Ti!% - - 
Fig. 3. Apparatus for the plasmachemical Fig. 4. Deposition rate vs. evaporator temper- 

ature. ps,= 0.6 Torr, Ta = 900 "C, ty = 30 min depositlion of aluminium nitride 

A1C1, was heated in the evaporator up to 80 to 140 "C, this corresponds to an equi- 
librium vapour pressure of 0.1 to 40 Torr. The teinperaturc of the substrate holder 
(AlN-coated graphite susceptor) - also heated inductively - varied in the range 800 to 
1200 "C. By choosing adequate preparation parameters deposition rates of R ,  = 0.4 
to 13 nni/min have been obtained. Fig. 3 shows the reaction chnniher. 

The insulated films were grown on fused quartz for reflectance and transmittance 
studies in the energy range from 3.5 to 7.5 eV; for electrical analysis n-caonducting 
(1 11)-oriented silicon with a specific resistance of e = 1 to 10 !2 cni was used as suh- 
s i  rate material. 

The de~>entlence of tlie AIN deposition rate on tlie evaporator temperature in the 
range TV = 80 to 140 "C is shown in Pig. 4. Hence it follows that th t  deposition rate 
for Tv < 100 "C depends on the concentration of aluminiiun trichloride or its disso- 
ciation products, whereas a t  an evaporator temperatnre above 100 "C the reactive 
nitrogen particles are determining the deposition velocity. 

The deposition rate in the analyzed range of film thickness 5 400 nni does not 
depend on the duration of the experiment. Further correlations, as i.e. the dependence 
of the deposition rate on the substrate temperature and the intensity of discharge are 
difficult to obtain because of the kind of the apparatus. The reason for that iiiust be 
seen above all in the changes of substrate temperature always connected with an  
influence on the hf-field in the reaction zone. 

3. Characterization of t,he Films 

3.1 Structure 

Hitherto pyrolytic (0001)-oriented A13 epitaxial layers could be deposited on 
(100) spinel MgO . 1.4 R1,0, only in a temperature range of 2', = 1050 to 1260 "C [ G I .  
There a nnitual torsion of the hexagonal basal plane of 30" leads to the fact - as in 
the case of GaS deposition also discussed by Tempel 171 - that the reflections bclong- 
ing to different azimuths occur together on tJie diffraction pattern. 

On all other used substrate materials (c.g. Si, quartz) with both incthods only 
(0001) fibre textures could be produced. Referring to the pyrolysis of the AICI, . SLI, 
cornplcx this is valid for temperatures from 600 to  1000 "C. Rut above this temper- 
ature range another preferred orientation resulted not identified uniquely so far ; but 
also here the detcrniined interplanar distances must be associated iiniquely to AlN. 

In  addition to the (0001) texture still another preferred orientation could be deter- 
mined a t  BIN films plasmacheniically produced. This concerns a (1 123)textim not 
described in literature hitherto, which occurred at  evaporator temperatiires below 
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Fig. 5. Surface of AIN films on (111) silicon. 
a) (0001) orientation, b) ( I  123) orient&ion 

(11640~) 
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100 "C, wlierear the (0001) orientation was 
stated a t  higher chloride supply. Both pro- 
cednres show clrarly increasing vrystallite 
diameter on the surface with growing film 
thicliness. Fig. -5 shows the surface (Cjt't 
replica.) of AlK-filnis on (111) silicon, for 
which the (0001) or the (1123) surface of 
AlN could he deterniined as parallel t,o the 
siibstrate surface. 

I 

' 

a 

3.2 Electric properties 

Some electric properties of t,he AlS-films were deteriiiined by analyzing the cur- 
rent-voltage and t,he lif-capacitance-voltage characteristics of the MIS striwtures 
(Al-AlK-Si). Through the shift of the hf-CI' curve the fixed charges i n  the insulator 
were det.erniincd for flat-band conditions (NJ,T13). Whcreas at  sa.niples plasniachemi- 
cally produced nearly exclusively positive c&rgcs occur, there are positivc and nega- 
tive charges at. pyrolytic AlN (see Table 2).  The cffec.t,ive densit,y of the charges as 
well as the conductivity II determined froin the increase of the current-voltage char- 
acteristics in the ohmic range show more favourable values for thc plasuiarheniica~l 
process. 

T a b l e  2 

On the other hand first st itdies concerning the niechaiiisni of current conduction in 
aluminium nitride yielded resu1t.s greatly corresponding to  ea.ch ot,her. They led to  t.he 
assumption that  - as well as for silicon nit,ridc (81 - depending on the field strength 
the process predoininant for the charge transport. is first of all hopping, a t  stronger 
fields the Poole-Frenkel mechanism or the inner field emission. 

For plasinacheniically produced AlN-films a nearly constant value of tho relative 
permittivity E ,  = 8.3 oc.ciirs a t  an insulat.or diameter of about; 100 mu. The increase 
12 physica (a) 39/1 
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of the &,-value observed a t  increasing siibstrate temperature is attributed to  an improve- 
ment of the structural perfecation of the layer in good agreement with RTEEED 
studies. 

4. Optical Propert,ies 

The optical constants 71 and iz have been determined iteratively wit,h t,he help of 
inachine computing techniquc from refltxtance and transmittance studies a t  norrnal 
incidence in t.he energy range from 3.5 to 7.5 eV, considering multiple reflections in 
the substrates and the interference effect,. The experimental and theoretical procedures 
used here have been described previously [9]. The absorption curves have been cor- 
rected by subtracting the constant background of scattered light measured in t,he 
low-energy range. This correction was very small (a & lo3 cm-l) for AIR produced 
plasniacheniically. At, larger scattering losses (pyrolytic A1S) the scattered light must 
be incliided, which could be attributed to the roughness of the fihri surfaces as has 
been demonstrated by electron microscopy (Fig. 5) .  

The roughness has a great. effect. on reflec1,ance and transrnitt.ancc values at smaller 
wavelengths (especially in the C V  and VUV-region). Consequently we have to con- 
sider the roughness effect in our optical studies. For this new reflectance and trans- 
inittance equations have been derived by using the Helniholtz- Kirchhoff diffraction 
integral [ 101. The equations consider Ghe coherent component and have been derived 
supposing a normal distribution of roughness depth and by incorporatiiig the results 
of Ohlidal et al. [ l l ]  for partial reflect.ivities. 

Before determining the opt,ical const.ants t.hc int,cnsit.y of surface irregularities must 
be known. Jn the region with strong absorption the intmference effect and niult,iple 
reflections niay he neglected arid the root mean square (v. ni. s.) height of the surface 
irregularit,ies may be determined by the relative reflectance R/h’, from 

R/Ro == CXP [-- (4~to/ lL)~]  , (5) 
where R, is thc reflectance at normal incidence on a perfectly snioot~h surface, R t.1ia.t 
for a rough surface, and 1. the wavclcngth [la]. 

In  the range of negligibly small absorption the roughness may be calculat.ed from 
the scattering losses [ 101 

where T(o)  is the transmittance, R(o) the ref1ectanc:e a t  sinall acceptance angles, 
and &‘(a) the scattered light a t  normal incidence on a rough siirfacc. The last-quote 
niethod has the advantage that the reflectance of a perfectly smoot,h surface R, of the 
same material mnst not. be known. The r.m.s. roughness ha.s been determined by fitting 
the experimental and theoretical scattered light intensity S(o). 

The film t,liiclmess has been determined by the continuity conditions of the closed 
dispersion curve [ 9, 101 from reflect,ance or  transmittance studies or froin tdie inter- 
ference maximuni or minimum a t  films with very rough surfaces. 

Pig. ci a.nd 7 show n and LY as a function of the wavelengt,h A and eiiergy hw, respec- 
tively, for these A1S thin filins. 

The dependence of r.ii1.s. roughness o on t,he film t.hickness - determined by nieasur- 
ing the relat.ive reflectance RlR, and the scattered light intensity S(o) - is shown in 
Fig. 8. There is a good agreement between the niethod of Porteus [12] and the inea.sur- 
ing results of the scattered light. 

We have ascertained that the absorption in the band edge region (ho 2 Eg) can 
be expresscd by the relation 

X(O) 1 - T(o)  - R ( a ) ,  (6) 

naho, = B(hw - Eg)1/2 , (7) 
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Fig. G .  Spectral dependence of the refrartion Fig. 7. Optical absorption YS. photon energy. 
(a) n ithout consideration of surface roughness, 

(b) with consideration of surface roughness 
index 

where J is the absorption coefficient, 12 the refrac+on index, lCg tlie optical band gap 
energy, and E a const.ant. Itelation ( 7 )  was derived by Smith [ 131 assuniing only direct 
interband t,ransit.ions with simple parabolic bands. 

The constant B cont,ains t,he oscillator strength or the optical matrix element and 
the reduced effective mass. Thus t,he experinient~al results refer to a diroot band gap 
and show insignificant deviations for various preparation methods : F:, -7 5.9 Lo 6.0 eV 
(see Table 3). These result,s show it good agrccinent with literature [14 to 171. The 

T a b l e  3 
~. . __ .. . . 

method 

I 
pyrolysis 5.93 5.0 - 2.8 
plasmachemical reaction 6.00 3.2 -- 2.5 
deviation incl. reproducibility -& 5 0.02 sz 0.1 $* 0 5  

theoretical calcnlations of band strncture associate this value of the band edge to  
l'3.G - b  1', transitions in the 13rillouin zone [ 181. The analysis of the dependence of 

Fig. 

12* 

8. Surface roughness vs. thickness. mn S measurements; 
00 R = KO x exp [-(4nu/A2)] 

dlnml-- - -  
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absorption on the photon energy shows that there is a good agreement with the t.heory 
of a direct edge (equation ( 5 ) )  in t.he range from about 6 to about. 6.6 eV. 

There is a.n increase of absorption a t  hco == 6.6 eV, which may be explained by direct 
transitions between non-parabolic bands and/or by transitions in the direction T of 
the Brillouin zone -(r3 - rl = 6.7 elr and K, - K3 : 6.6 eV [ H I ) .  

Furt.herniore the shape of the absorption curves s h o w  that. a Iriaxiniiiin can be 
expected at. ho 2 7.5 eV. This peak is explained by the so-called Van-Hove singular- 
ities in thc joint density of st.ates, which occur by transitions in the direction 8 of the 
Brillouin zone - AS,6 = 7.5 eV 1181). Thus the nieasiircd values show a good 
agreement with the theoretical values of Sobolcv [ 181. Moreover, the change of the 
band edge was measured at t.he temperature of liquid nitrogen. The change of the 
energy gap may be compared wit:h that of other I1L-\sr compounds [19 to 211. 

Besides the band edge absorption bands have been observed a t  4.5 and 5.0eC’. 
These bands have relatively high absorption coefficients for plasniachcmically pro- 
duced A1S and reactively sputtered AlX [ 2 2 ]  and are little structured. For pyrolytic 
aluminium nitride - considering the surface roughnesses - t.hese bands could scarcely 
be not,iced (see curve b, Pig. 7 ) .  

The dispersion curves show singularitics according to  St.erii’s consideration [23], 
which emphasize the view that A N  has a direct band gap at about 6.0 eV. 

The siiialler refraction indexes, the higher hand absorption, and the smaller ab- 
sorption c0efficient.s a t  insignificant cliange of t,he band gap of the A I S  plasinaclieini- 
cally produced may be at.tribut,ed to several effects. Excess A1 ooultl be responsible 
for this. But probably this effect appears at reactively sputtered A1X only, since t,he 
band gap is smaller and the refra.ct.ion indes and the band ahsorption a,re higher [ 2 2 ] .  
It is more likely that  a decrease of density dependcnt on the rnctliod of preparation 
interprets these optical propert>ies well, especially as for Si,W,-films at nearly equal 
preparation similar properties have been observed [ 2 2 ,  241. 

This result can be obtained with thc help of the sun1 rules [25]  or thc dispersion 
relations 1201 for determining the plasina frequency ( J ) ~  which is proportional to the 
density. Since E,  can be regarded as nearly constant them follows a decrease of wp 
directly from the sum rules or the dispersion rclations at) a decrease in refraction index, 
and also in density. This decrease in density, as well as the strength of the absorption 
bands and the values of refraction index iiiay occur by structure defects caused by 
oxygen impurities [%I, 51-1 and AI-CI bondings 1171, and nitrogen deficiencies, 
which niay be associated directly with a built-in surplus of argon [27]. 

S deficiency and Ar built-in surplus niay cause - as published in 1271 - large 
internal electric fields in t.he vicinity of nitrogen vacancies, i.e. there is a shift of the 
absorption edge to  lower energies (Franz-Keldysh effect). This effect will not occur 
at AIN produced by plasmacheini(~al reaction, since nitrogen has been used as carrier 
gas. But i t  could explain the sinaller band gaps for pyrolytic AlK and i t  has shown 
that, for different preparat,ion conditions (e.g. subst.ratx t,cinperaturc, see Pig. 6) the 
refraction index reacts more sensitively and thus changes in densit.y caused by the 
above-mentioned effect.s explain largely t,he optical properties of A1S samples. 

The inhomogeneities also cont>ribute to  the decrease of the refraction index shown 
by the strong discontinuities in the dispersion curves of AlS produced by plasrna- 
chemical reaction (see Fig. G and [a?,, 241). From t h e  corkrast reduction of interfermce 
a dept,h of the inhomogeneity of about 100 nrr i  for the samples produced plasnia- 
chemically may be estinmted [ 2 2 ] .  This result correlates with the results given in 
Section 3. 

Fig. 8 shows the dependence of surface roughnesses on the film t,hickness, t.he flow 
rate S A T ,  and the sabst.rat,e temperature Ts. These properties niay be explained wit.11 



Optical Propcrt,ies of Alnniinium Sitride Prepared by Va,ponr Deposition 181 

the growing cross-sectional area of the single crystallites with increasing film thiek- 
ness (columnar growth). Furthermore, it could be noted that  this sectional area 
decreases with growing temperature and flow rate of Ar. 
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