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Furnace gas-phase chemistry of silicon oxynitridation in N -0
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During furnace NO-based silicon oxynitride growth, the total concentration of,d@ecies varies
strongly with the flow rate of PD. At low flow rates the MO decomposes at least partially in the
cooler region of the furnace near the gas inlet. This results in lower than expecte(kND2)
concentrations in the oxidizing ambient. At high flow rates, the exothermic decomposition of
N,O can heat the inlet region of the furnace, resulting in decomposition at a temperature above the
nominal furnace temperature and higher than expected d¢é@centrations. These effects can lead

to a substantial variation in the concentration of N in the oxynitride as a function,6f N
flow. © 1996 American Institute of Physids$S0003-695(96)05012-X]

The use of MO in the growth of gate oxides dates to higher flow rates, the exothermic decomposition gON\can
1990, when it was discovered that oxidation igNesults in - heat the inlet, resulting in greater NO production and an
the enhancement of electrical properties of metal-oxideincrease in the amount of N incorporated into the oxide. As a
semiconductor field-effect transistorIOSFET3." This  test of this model, we have studied the temperature profile
benefit has been linked to the position and bonding state afnd exhaust gas N@oncentration(x=1,2) as a function of
incorporated nitrogeh. X-ray photoelectron spectroscopy flow rate for a small tube furnace. We have also directly
(XPS measurements indicate that when N is incorporategneasured the N content in oxides grown at different flow
within 20 A of the interface, it is triply bonded to Si, and rates in a conventional gate oxidation furnace.
appears to be responsible for suppressing latent interface The furnace used in this study wa 1 in.(ID) quartz
states. N further from the interface, where it is doublyfurnace tube, resistively heated along 15 in. of its length.
bonded to Si, appears to play no such role. It has also beefithough the furnace diameter was obviously much smaller
shown that the presence of N in the oxide is useful in supthan that typically used for growing gate oxides, the reaction
pressing the indiffusion of B fromp*-polysilicon in  mechanisms involved in D0 decomposition have been
p-MOSFET devices. shown to be independent of surface efféctéus, we antici-

One of the concerns associated withfONurnace growth  pate that most of our observations will scale with furnace
of gate oxides is the variation of N concentration with thesjze. However, we acknowledge that heat dissipation and tur-
N,O flow rate? This was recently attributed by Tobet al.>  pulence effects will not scale with furnace size. We also

to the influence of reactiofi), identify the gas flow velocity, in cm/s at standard tempera-
2NO+0,2NO,, 1) ';:;2 and pressure, as the most fundamental measure of flow

which results in the gradual conversion of NO, previously  In discussing the composition of the oxidation ambient
produced during the decomposition of, into NO,.*  for such a furnace, we note that in most cases the gas resi-
However, it is well-established that N@issociates rapidly dence time is significantly greater than the lifetime gCNat

and completely into NO and £above 600 °C:° Meaningful  the oxidation temperature, estimatetd?as at 900 °C* From
amounts of NQ will therefore never accumulate in the fur- this we can conclude that the oxidation takes place entirely
nace. Additionally, in the model of Tobiat al,* flow rate  in the decomposition products of,8. The first step in this
had a negligable effect on NO(x=1,2) concentrations. decomposition is the unimolecular dissociation gfO\ rep-
However, here we present evidence that the total concentraesented in reactio(®). The atomic oxygen generated in this
tion of NO, species in a furnace oxidation process changeprocess reacts rapidly through one of the reacti@s(7),

with flow rate. In light of this discovery, we have developed which with reaction(1) give rise to Q, NO, and N as de-

a new model for the furnace gas-phase chemistry #® N composition products:

oxidation, one which leads to the possibility of greater con-

trol over nitrogen incorporation. N20—N,+0, AH®=38.3 keal/mole, 2
The basis of this model is an observation by Briner  0+0—0,, &)

et al,” who studied NO decomposition in a fundamentally

different type of reaction vessel. They found that the amount O+N,0—2NO, 4

of NO produced during decomposition increases with tem- O+N,0—N,+0,, (5)

perature. The nature of this effect is not precisely known, as

it involves competition between several reaction pathways. O+NO—NO,+hv, (6)

This temperature dependence provides a mechanism by NO,+N,O—Ny+ 0y NO. )

which the flow rate can have a direct effect on the NO con-
centration. At lower flow rates, the ® decomposes at least Note that the N@generated by reactioi®) decomposes
partially in the cool inlet of the furnace, resulting in lower immediately into NO and ©° The relative amounts of the
NO concentrations and less N incorporated into the oxide. Athree decomposition products,, NO,, and NO, depends
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upon pressure, the presence of inert species, and most impor- 1200

tantly the temperature at which the process océt?sSince
NO is the species responsible for N incorporation into the ~ 100
oxide!* and the amount of N incorporated into the oxide can e 1000 |- 1000°C
be linked to the growth rat¥ we can expect both the N £
content and the growth rate of the oxide to vary directly with & 99 900°C
the NO/G ratio. _ g 800l o N.O

The temperature dependence of the NO concentration,® 2
coupled with the short life time of JD, raises the possibility 700~ AN,
that the temperature profile at the gas inlet plays an impor- 600 | I ! |

5 10 15 20 25

tant role in determining the NO concentration. If the gas
heat-up time, i.e., the time required to bring the gas from Distance Into Fumnace (cm)

room temperature to the nominal furnace temperature, is

long compared to the Ilfgtlme_ofj@ at these temperaturgs, FIG. 1. Temperature profiles for the 1 in. furnace at 900 and 1000 °C. The
then the NO concentration will be below the expected iS0-1000 °C data were taken at a flow velocity of 1.5 cm/s. The 900 °C data
thermal value. On the other hand, the exothermic nature ofere taken at a flow velocity of 0.65 cm/s.

reaction(2) raises the possibility that at sufficiently high flow
(2) b Y y g }g/all temperature, and correspondingly we did not observe

rates enough heat will be generated in the inlet to raise th hemilumi in the f twbe. This indicated that
gas temperature beyond the nominal furnace temperature, r nemiuminescence in the furnace tube. 1his indicated tha

sulting in higher NO concentrations. This exothermic heatin eccihmp::smon took place ov;a:r? r<|ag|in ?t I.ea..c}t. sevteral (t:r:n n
phenomenon has been noticed previotly. ength. As a consequence of the lack of significant exother-

To examine these possible thermal effects, we measure:a'r? hefarttlrr:]g 2”;3/ It\IO4 Z;ncfer:tra\t/lo:; :{a:ﬁg ﬂo \\/;rva} sirtn allfer
the NQ, concentrations in the exhaust gas using a techniqu alge’z 205 m'/ oTr?i w o onai ?natl vf/)ith 0 N enct)rc tiy(r)I f
loosely based on one developed in Ref. 11. We used a§(‘ —<.c9 CI/S. ThiS was Consiste a concentration o

0 i 7 i -
evacuated flask to draw a sample of the furnace exhau 7% observed by Brinest al.” for an isothermal decompo

gases. We introduced B into the flask, and allowed the sition process.

system to come to equilibrium. The N@ the exhaust gas If V\_’e assumg that tthe N(I) cgr:cetr;]tratlonsl sc_:alet\r/]wtth fu(;—
underwent a slow oxidation-reduction reaction with thenace SIz€, our observations lead 1o the conclusion that unaer

H,O, resulting in the generation of nitric acitiSince this standard operating conditions we can vary the NO concen-

reaction was complete, the net result was one mole 0E;(ation by up to a factor of two. For a standard 3 in. diffusion
HNO, for each mole of NO or N@in the furnace gas. With urnace, flow velocities are typically 0.15-0.6 cm/s, or 1-4

a standard volumetric titration we determined the amount O§tanddartil IlteNr% per m'r][Ut?SLM)'f ?501/00? 53 tXLsgggror(e:-
HNO; in the flask, and therefore the concentration of NO sponds to a concentrations of 3.57=7.57. , WE

. H 0fp—
species in the furnace gas. Knowing the amount of, N@e- predict that the NO concentration should change from 2.2%

0,
cies drawn into the flask, and the total volume of exhaust ga /OIT directl ine th f such iati
involved, we calculated the NO concentration inside the fur- o directly examine he consequences of such a vanation

nace, assuming that all NGpecies were in the form of NO. in NO congentr_atior_], we grew a series of gate OXid_eS in a
We measured the furnace NO concentrations in thiggtgndard 3 in. diffusion furn_ace. We grew all of the oxides on
manner at two temperatures, 900 and 1000 °C. We also me N 1S5'<100> _W?‘fers’ foIIovymg a recipe employed by Saks
sured the temperature of different furnace gases as a functiog al, con5|§t|ng 6a 5 min Qo step, 30 min MO 30 min
of distance into the furnace, by placing a thermocouple in the ? and .30 min NO, all at 900 °C. Our mthaﬂqn for using
gas stream. For these temperature profiles, we made me S partlcglar_pro_tocol was to produce oxides W"Fh a bimodal
surements for both Nand NO, to isolate the heating effect nitrogen distribution. We grew three of these oxides, at flow
of decomposition. As shown in Fig.(d), at 1000 °C with
N,O flowing into the furnace, the gas at the inlet was heated
by as much as 200 °C above the temperature observed for ~ 2° —
N,. We attributed this heating to the exothermic nature of
N,O decomposition. The hot region in Fig. 1, at about 5 cm 15
into the furnace, corresponded to the location of a white
flame, visible to the naked eye. We attributed this flame to
the chemiluminescence of reacti®6).’ In Fig. 2, for the
same temperature we show the measured NO concentratio
as a function of flow rate. The concentration varied from 4% _H‘/r- & A
NO at the lowest flow velocity, to a maximum of 19% NO at
flow velocities above 1.5 cm/s. This was consistent with data % ofs 1f0 1f5 2!0 2!5 3!0 3.5
from Briner et al,” who observed a NO concentration of Flow Rate (cm/sec)
5.9% for an isothermal decomposition process at 1000 °C.
We found that the temperature profile at 900 °C dlﬁeredFlG. 2. NO concentration as a function of flow velocity 1 in. furnace

qua"tativ_ely from the profile for 1000 °C, as shown in Fig. 1. 4t 900 and 1000 °C. The expected values for an isothermal decomposition
The gas inlet was heated by at most 10 °C above the furnaggocess are 2.7% and 5.9%, respectively, from Ref. 7.

o)
z —O— 1000°C
g 101 —A— 900°C
5

nﬂ.
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0.020 cessing. Principally, this variation leads to some difficulty in

—o— 4SLM (1174) comparing oxides grown in different furnaces, as growth
0.015 —O- 15LM (1434) recipes often do not include sufficient information on flow
o) velocity and gas residence time. This effect has been known
2 0010 for some time® However, our work suggests that at 900 °C
§ the variation of oxide properties with flow velocity is far
0.005 4 greater than might be anticipated from higher temperature
studies. We also acknowlede that, because of our neglect in
0.000 dealing with turbulence and the details of heat transfer, there

0 20 40 60 80 100 120 140 may be other factors influencing furnace performance which
prevent the scalability of our NO concentration measure-
ments. Most notably, the shape of the furnace inlet and its
_ _ _ size in comparison with the rest of the furnace may have
FIG. 3. N depth profile for twp furnacez@ gate oxides, showing the effect Secondary effects on the decomposition process. However,
of flow rate on N concentration. The oxides were grown at 1 and 4 SLM, . . .
corresponding to flow velocities of 0.15 and 0.6 cm/s, at a temperature o_?he meChan'Sm_by Wh'C_h these fa_Ctors anq the_ flow velocity
900 °C, in Q (5 min), N,O (30 min), O, (30 min), and NO (30 min). influence the nitrogen incorporation are identical: the NO
concentration at the wafer depends directly upon the tem-

rates of 1, 2, and 4 slm, corresponding to flow velocities ofPerature profile of the gas near the inlet. These changes in the
0.15, 0.3, and 0.6 cm/s. The oxide thicknesses were 143, 13temperature profile can arise from finite gas heat-up time, or
and 117 A, respectively, as measured ellipsometrically witfan be produced by heat liberated during the decomposition
n=1.462. A comparison of the N profiles of the 1 and 4 sImof Nzo_- '
oxides is given in Fig. 3. These N profiles were obtained by ~ This research was supported by the Semiconductor Re-
an XPS etchback process described elsewhdriee inte- search Corporation. Additional support was provided by the
grated N concentration of the 4 slm oxide was twice that ofNational Science Foundation, through the use of the Cornell
the 1 slm oxide. Nanofabrication Facility and the use of the facilities of the
It is important to note that the wafers grown by SaksCornell Materials Science Center.
et al,' had nitrogen exclusively at the interface, while our
oxides clearly showed a bimodal nitrogen distribution. This Y}’ég'gg' H. Hwang, J. Lee, and D. L. Kwong, Appl. Phys. L&, 2808
diﬁerencg appears t'o be due solel'y to a change_ in. the flowe ¢ carr and R. A. Buhrman, Appl. Phys. Le, 54 (1994).
rate. Their observation was that nitrogen which is incorpo->T. Aoyama, K. Suzuki, H. Tashiro, T. Toda, T. Yamazaki, Y. Arimoto, and
rated during the initial DO oxidation step is removed during 4;- 'JtO'TJ-bE'e?OSEGS‘- 55‘3(1:(136?4(%/99'_3% o WA Feil and R |
. . . . J. 10DIn, Y. ada, S. A. Ajuria, V. Lakhotia, . A. Fell, an L
the final NO step. This was a_lttrlbu_ted by Se_tktsal., to _the Hedge, J. Appl. Phys75, 1811(1994.
removal of N through a reaction with NO. Since NO is also sk jonesComprehensive Inorganic Chemisti§ergamon, Oxford, 1973
clearly present during the growth of our oxides, and aCtiOI"IGVOl. 2, p. 350. _
by O, was ruled out by Saks, we suggest that the species 7\éV- BA-_ Roszehr ?\;l]d_"'- W'Sgy AJ- gh;m- Pjhgg}] 493&1?226609(192@

. . . . briner, . Meilner, an . Rothen, J. im. . .
responsible _fOI‘ N removal IS atomic oxygen. I,t has beenSC. N. Hinshelwood and F. J. Lindars, Proc. R. Soc. London S&31
shown previously, with low pressure ;CGannealing, that 162 (1955.
atomic oxygen is capable of scavenging N from an oxfde. °F. Kaufman, N. J. Gerri, and R. E. Bowman, J. Chem. Pi2§5.106
Under sufficiently high flow rates, atomic oxygen from reac'lo(Flng?\Aus rave and C. N. Hinshelwood, Proc. R. Soc. London Sbee
tion (2) may survive to reach the wafer. The short residence . ('19239 T ' T
time used by Saks, reported as less than 10 s, is longer th&r -Q. vao, H. B. Harrison, S. Dimitrijev, D. Sweatman, and Y. T. Yeow,
the calculated BD lifetime of 2 s however, given the un- ,Appl- Phys. Lett64, 3584(1994.
known time required to heat the gas to 900 °C, and the pos—;"r-)p'?' Shr;?senﬁe?t' o e ('1-99% Feldman, W. Lennard, and H.-T. Tang,
sibility of. thermal inhomogeneities, we suspect that SOME3T’s Chao, W. H. Chen, S. C. Sun, and H. Y. Chang, J. Electrochem. Soc.
N,O survived to decompose near the wafer, resulting in ex- 140 L160 (1993.
posure of the wafers of Salet al, to atomic oxygen. 14\}7 I.]oznes,(::;;Tprehensive Inorganic Chemistiyergamon, Oxford, 1973

L ol. 2, p. .
. We conclude that. the. varlgtlon of .ﬂOW rate presents arlsN. S. Saks, D. I. Ma, and W. B. Fowler, Appl. Phys. L&, 374(1995.
mportant tool for optimizing nitrogen mcorpora’glon. It also g ¢ carr, K. A. Ellis, and R. A. Buhrman, Appl. Phys. Lef6, 1492
brings to the surface several concerns regardin@ Mro- (1995.
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