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Effect of ions and radicals on formation of silicon nitride gate dielectric
films using plasma chemical vapor deposition
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We have clarified effects of ions and radicals on the film property of ultrathin silicon nitridg Y SiN
films of 5 nm in thickness formed on Si substrates at 300°C in electron cyclotron resonance
plasma-enhanced chemical vapor depositRECVD) employing ammonia and silane (NKSiH,),

and nitrogen and silane ER6iH,) gaseslin situ Fourier transform infrared reflection absorption
spectroscopy anih situ x-ray photoelectron spectroscopy confirmed that yS\H, plasma, Si-N

bonds in the film were increased by eliminating charged species, and thus, radicals promoted the
formation of the SiN film of high Si-N bond density. On the other hand, Si-N bonds in the film
were decreased by eliminating charged species, and eventually, ions played an important role in
forming the film of high Si-N bond density in NdSiH, plasma. The excellent hysteresis of 0.04 V
was successfully achieved with the NBiH, plasma. Furthermore, the quadrupole mass
spectroscopy suggests that lidharged species make a significant contribution to the formation of
ultrathin SiN, films with high quality. These results provide insights into important species to be
controlled in the PECVD for low temperature formation of the Sighte dielectric films in
ultralarge scale integrated circuits. @001 American Institute of Physics.

[DOI: 10.1063/1.1337939

I. INTRODUCTION Therefore, it is indispensable to clarify surface reactions due
to ions and radicals and that their effects on the property of
As device dimensions shrink below Qum in ultralarge  yltrathin SiN, film for the gate dielectric film in the next
scale integrated Cil’CUit@JLSD, the thickness of the silicon generation of ULSI. To get a better understanding of the
oxide (SiQ) gate dielectric film in field effect transistors formation mechanism of ultrathin film of high quality, obser-
(FETs will fall to be 2-3 nm range, which leads to the leak- vation usingin situ techniques is strongly required, because
age due to a tunneling current. The conventional ;SN the ultrathin film surface will be influenced considerably by
has been requested strongly to be replaced by the dielectrigpurities in the atmospheric condition.
film of a hlgher dielectric constant, since the phySicaI thick- However, there has been little work on C|arifying the
nesses above 3 nm can be obtained according to the scalifigmation mechanism of the ultrathin Sillms with in situ
limit.* The silicon nitride (Sily) film attracts the special at- analytical method. In this study, we have investigated effects
tention as the scaled gate dielectric film in the next generaof jons and radicals on the property of ultrathin $iims of
tion of ULSI, because of its hlgh dielectric constant and €X-5 nm in thickness at a low temperature of 300 °C in electron
cellent Compatlblllty with the conventional Si wafer prOCESS.Cydotron resonance p|a_sma_enhanced chemical vapor depo_
Plasma-enhanced chemical vapor depositiffECVD)  sjtion (ECR PECVD. Comparisons of film properties and
method is one of the most promising candidates to synthesizgrface reactions for ultrathin SjNilm formations with and
the ultrathin film with ContrO”ing the thickness and property without ions in the p|asma are presented on the basis of
of film precisely at a low temperature. In PECVD, ions andresults ofin situ x-ray photoelectron spectroscofin situ
radicals play important roles in forming the films. In general, xps), Fourier transform infrared reflection absorption spec-
it has been reported that the bombardment of hlgh energyoscopy(in SituFT |R_RAS), and quadrup0|e mass spectros-
ions causes the damage on the film property and interfacgopy (QMS) together withC-V measurements. Discussions
between the film and substréte. are conducted on the significant difference between experi-
Recently, Saito et al. reported that the Sifim was  mental results with and without charged species in ECR plas-
formed at 430 °C by a direct nitridation of Si wafer USing the mas emp]oying nitrogen and Si|anez(/SiH4) and ammonia
high density &10' cm™3) plasma with a low ion bombard- and silane (NH/SiH,) gases. The results show that charged
ment energy(7 eV) and it was applied to the gate dielectric species of NH in ECR NHy/SiH, plasma make a significant

film in ULSI.® Although much work in SiN film formation  contribution to the formation of ultrathin SiNof high
employing PECVD has been carried out, it has not beemyyality.

clarified enough, what kind of ions and/or radicals are effec-

tive on the growth of ultrathin SiNfilms of high quality? ~ Il. EXPERIMENT

Figure 1 shows a schematic diagram of experimental ap-
dElectronic mail: kxco2410@nifty.ne.jp paratus of a typical ECR PECVD system with a divergence
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FIG. 2. N/Si ratio derived fromn situ XPS of SiN, films formed by(a)
Process Chamber PECVD employing N/SiH,, (b) R-CVD employing N/SiH,, (c) PECVD
employing NH/SiH,, and(d) R-CVD employing NH/SiH, .

Pump Gate valve
XPS Chamber

FIG. 1. Schematic diagram of ECR-PECVD system with two permanent )
magnets to eliminate charge species. chamber were transferred to the XPS chamber without atmo-

spheric exposure. Thereforey situ FT IR-RAS and XPS
analyses enable us to investigate the chemical structure of
magnetic field used in this study. The detail is described in &iN, films immediately after deposition.
previous report. SiN, films were formed orp-type (100 Device characteristics were measured by the high-
silicon substrates. Silicon substrates were cleaned by HffequencyC-V characteristics. The substrate used @#V
(HF:H,0=1:10) solution at room temperature before depo-measurement was 4 ¢i¥ cm p-type (100 silicon substrate.
sition. To investigate the role of ions and radicals separatel{C—V characteristics were obtained with a commercial mea-
in the plasma, the charged species incident on the substrategrement systefSSM 5100 systeinwhere a mercuryHg)
were eliminated by using a device, where two permanenglectrode was placed on the sample instead of depositing a
magnets set parallel with 3 cm separation, were installed ajate electrode. The area of the Hg electrode was controlled
the position of 7 cm above the substrate. The magnetic fluky N, gas pressure in the capillary. In these samples, post-
density was designed to be 0.3 T at the center of these magaetal annealing treatments were not performed.
nets to eliminate charged species completely. Therefore, it Furthermore, ionic species were measured by quadru-
enables us to form SiNfilms by only radicals, namely neu- pole mass spectroscop§fQMS). The mass spectrometer
tral radical chemical vapor depositiofiR-CVD). N,/SiH, (ANELVA AQA-360) was attached to the substrate holder
and NH/SiH, were employed as feed gases. IB/8lH,  with the orifice of 0.3 mm in diameter. The inside of the
gases, N was introduced from the top of plasma chambermass spectrometer was pumped by a 50 I/s turbo-molecular
and SiH, was injected into the down flow plasma region, pump. The substrate holder is kept at room temperature. The
while in NH5/SiH, gases, NH was introduced from the top ionic species effused from the plasma through the orifice
of the plasma chamber. were introduced into the spectrometer.
In this system, the process chamber was equipped with
in situ FT IR-RAS. An .IR.beam was introduced into the Il RESULTS AND DISCUSSION
process chamber at an incident angle of 80° through a polar-
izer and a KBr window. The beam was reflected at the sub- The plasma parameters employing a puregds in this
strate and detected by mercury—cadmium—telluride detectostudy were evaluated to be electron temperat(Ffesbelow
The optical path was purged by the dry air to avoid the4 eV, plasma densityNe) of 3x 10° cm™ 2 and sheath volt-
perturbation of water vapor. IR spectra were measured bgge of about 17 V using single Langmuir probe.
FT-IR spectrometerJIR-7000 of JEOL C9. The wave Figure 2 shows N/Si ratios derived froim situ XPS of
number resolution of FT IR-RAS was 4 ¢rh The double-  SiN, films formed by(a) PECVD employing N/SiH,, (b)
layered substrate consists of alumin@ai) (600 nm thick- R-CVD employing N/SiH,, (c) PECVD employing
nes$ and p-type (100 silicon substrate was used. Al films NHs/SiH,, and (d) R-CVD employing NH/SiH,. In the
were sputtered on the silicon substrate in vacuum. The diease of R-CVD, that is, without charged species, the ratio
mension of substrate was 4 etd cm. The FT IR-RAS has (N/Si) of N 1s peak over the Sif2one of SiN films was
been applied fom situ observation of the growth process of constant over the variation of gas flow rate, and the compo-
SiN, films in ECR PECVD conditions. The typical ECR- sition of film was near stoichiometryN/Si:1.33. On the
PECVD conditions were as follows: total pressure of 0.5 Papther hand, N/Si ratios of SiNfilms, formed with PECVD,
microwave power of 300 W, substrate bias of floating, subincreased with increasing gas flow ratidR< N,/SiH,,
strate temperature of 300 °C and gas flow ratios ofS\H, NH3/SiH,) between 2.5 and 10. This trend is consistent with
or NHs/SiH, gases between 2.5 and 17. results reported earlier within slight difference in absolute
Furthermore, the XPS system was connected to the ECRalues®’ The SiN, films formed in the regime of 26R
chamber through a transfer chamber in vacuum. In the XPS<33 were near stoichiometry. Therefore, we have success-
system(Escalab 220i-XL of FISONS C.Mg K« line was  fully controlled the thickness and composition of films in
used as an x-ray source. The {ifims formed in plasma both cases with and without charged species in ECR-PECVD
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out the present experiment. The CVD condition optimized

for obtaining near stoichiometry was as follows: total pres- \-/JL""“/M—*HA
sure of 0.5 Pa, gas flow ratios of,/$iH,=100/5 sccm(R ,

=20) or NH,/SiH,=50/3 sccm(R=17), microwave power (c)NH3/SiHy PECVD
of 300 W, substrate bias of floating and substrate tempera-
ture of 300 °C.

Figure 3 showsn situ FT IR-RAS spectra of SiNfilms
formed by(a) PECVD employing N/SiH,, (b) R-CVD em-
ploying N»/SiH,, (c) PECVD employing NH/SiH,, and(d) W
R-CVD employing NH/SiH,. Film thickness is shown in

Intensity (a.u.)

FIG. 3. In situ FT-IR RAS spectra of SiNfilms formed by(a) PECVD
employing N/SiH,, (b) R-CVD employing N/SiH,, (c) PECVD employ-
ing NH,/SiH,, and(d) R-CVD employing NH/SiH, .

Intensity (a.u.)

each spectrum in Fig. 4. The SiNilm was deposited on an (d)NH3/SiH4 R-CVD
Al film sputtered on a silicon substrate in vacuum. In the
case of N/SiH, gases, the deposition rates with and without 1000 800 600 400 200

charged species were about 3.3 nm/min and 0.35 nm/min,
respectively. The frequency component which appeared at
1106 cm*, is due to the vibration of Si-N bonds forming rig, 4. xps spectra of SiNfilms formed by (a) PECVD employing
the SiN, network. The Si-N peak intensity of films formed N,/SiH,, (b) R-CVD employing N/SiH,, (c) PECVD employing
without charged species was strong and sharp compared withs/SiHs, and(d) R-CVD employing NH/SiH;, .
that with charged species. In the other case of;f$iH,
gases, the deposition rates with and without charged species
were about 4.3 nm/min and 1.39 nm/min, respectively. Then the deposition but comes from the oxygen absorbed on
decrease in deposition rate of films formed without chargedilicon surface before deposition because XPS was carried
species in N/SiH, plasma is more remarkable than that of out by in situ observation and oxygen peaks were not ob-
films formed in NH/SiH,. This fact suggests that the con- served for relatively thick filmgabove 20 nm Thus, the
tribution of ions to the deposition rate in the plasma employ-effect of oxygen on the film properties can be neglected in
ing N,/SiH, is larger, than that in the plasma employing this study.
NH,/SiH,. The frequency component which appeared at Figure 5 shows Si@spectra of Sily films formed by(a)
1096 cm ! is due to the vibration of Si-N bonds forming the PECVD employing N/SiH,, (b) R-CVD employing
SiN, network® The Si-N, peak intensity of films formed N,/SiH,, (c) PECVD employing NH/SiH,, and(d) R-CVD
with charged species was strong and sharp compared wittmploying NH/SiH,. These spectra were obtained at a pho-
that without charged species. It is worth noting that the gi-N toelectron takeoff angle of 90° im situ XPS. In order to
peak intensity in films of the same thickng&snm) formed  clarify the effects of ion bombardment and radicals on the
with and without charged species indicated the different tenfilm property of SiN, films, film compositions were adjusted
dency between in NSiH, and in NH;/SiH, gases. to near stoichiometry by changing the gas flow ratio. The
XPS spectra of SiNfilms formed by(a) PECVD em- chemical shifts irin situ XPS measurements are summarized
ploying N,/SiH,, (b) R-CVD employing N/SiH,, (c) in Table I. In the case of PECVD employing,/$iH,, the
PECVD employing NH/SiH,, and(d) R-CVD employing peak shift appeared on the higher energy region. The charge
NH3/SiH, are shown in Fig. 4. The Sip2 Si 2s, N 1ssignal  transfer from Si atom to more electronegative N ones leaves
and only small amount of Oslpeak (~1 at.% were ob- a positive charge on the Si atom, which results in a shift of Si
served. We consider that this oxygen signal is not involvedcore level toward higher binding energies. Thus, it is ex-

Binding Energy (eV)
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FIG. 5. Si D spectra of Sily films formed by (a) PECVD employing

N,/SiH,, (b) R-CVD employing N/SiH,, (c) PECVD employing (a) N2/SiH4 PECVD
NH4/SiH,, and(d) R-CVD employing NH/SiH,.

NH,* SiHaN§ X100

pected that five principal componentg S8i;, Si,, Sis, Siy,
shifted chemically, due to Si atoms which are corresponding
to zero, one, two, three, or all four Si-Si bonds, respectively,
have been replaced by Si-N bortd$herefore, peak shifts
obtained in this study are considered to correspond t0,Si-N
bonds. The peak shift of SiNilms formed without charged
species was higher than that with charged species. The fact
suggests that Si-Si bonds are reduced by eliminating charged Hot )
species. On the other hand, in the case ok/$iH, plasma, 19 17 25 33 41 49 57 65
the peak shift of Sil\lfilms formed without charged species
was lower than that with charged species. Therefore, Si-Si
bonds in the films are reduced by charged species such as (b)NH3/SiH4 PECVD

N_H;r ions. It is V\_/orth n_oting _that_ as the Si-_N intensity is g5 6. Mass spectra @) N,/SiH, (=100/5 scci PECVD, (b) NH4/SiH,
higher, the chemical shift of film is larger. It is known that (=50/3 sccri PECVD operating at total pressure of 0.5 Pa, microwave
the surface state trapping, which degrades the electrical propower of 300 W, and substrate bias of floating.

erty, is produced by Si-Si bonds in the silicon oxide film.

Therefore, the control of ion bombardment and radicals on

the film growth was found to be a key factor for forming (N=1~4) at 43-46 and gl ions ("=1-5) at 57-61. It
ultrathin SiN, films of high quality. is reasonable that we could not detect any peaks due to ions

In order to clarify the influence of ion species on the film in PECVD without charged species. These results confirmed
formation, ions incident on the substrate were measured bfpat charged species incident on the substrate were elimi-
QMS. Figure 6 shows mass spectra far PECVD employ- nated completely during the growth in R-CVDs while a lot
ing N,/SiH, and (b) NH4/SiH, gases in the mass/charge Of NH;, ions were generated during the growth in PECVD
(m/2 range between 1 and 80. The plasma condition was a@mploying NH/SiH,. In the case of PECVD employing
follows: total pressure of 0.5 Pa, gas flow rate of §iH,  NHg/SiH,, the highest Si-N bond intensity with the largest
=100/5 sccm and NEISiH,=50/3 sccm, microwave power chemical shift was observed as shown in Table I. This fact
of 300 W, and substrate bias of floating. There were not anguggests that Si-Si bonds contributing to surface state trap-
peaks above mass number of 100. Siténs (n=1-3) at  ping the SiN film were considerably reduced by NHons.
29-31 were dominantly observed. Additionally, there werelt is known that NH ion is terminal species and hence by
peaks of SiN™ ions (n=1-4) at 43-46, SH, ions (n the precursor to the deposition is believed to be the amino-
=1-5) at 57-61 and §NH_ ions (n=0-2) at 70-72°  silane complexes, which were formed through the reaction
On the other hand, in the case of NBiH, gas, NH ions at between NH and SiH; ions and/or SiH radicals, described
18 were prominently observed. Additionally, there wereabove. Smith et al. found that SjiH,(NH,), and disilane
weak peaks of Sifl ions (n=1-3) at 29-31, SikN* ions  were the most plentiful products in PECVD employing

NH,/SiH,.%° Thus, NH; charged species play important
roles in the formation of Si-N network for forming of SjN
TABLE |. Chemical shift(eV) and normalized Si-Npeak intensity. film of h|gh qua]ity’ which is Supported by Kushn@r_
The high-frequencyC-V characteristics of films were

SipHp*

29 37 45 53 61

Intensity (a.u.)

Mass Number

PECVD R-CVD

— evaluated for investigating the electrical trap in films. Figure

No/SiH, (in situ XPS) 2.7(eV) 2.8(eV) 7 shows typicalC—V curves recorded at a high frequency of
NHYSiHy (n St XS 3 ey, >3, 0.1 MHz for SN, fims formed by(a) R-CVD employing
(in Zitu ,:4T IR-RAS) 265 161 N,/SiH, and (b) PECVD employing NH/SiH,. The series

resistance effect is corrected in thegSeV curves. The gate
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2000 electrical trap. The electrical trap would be reduced by the
enhancement of Si-N network and associated by hydrogen
passivation effect on the Si dangling bond. As for the fixed
Hystaresis charge density in the film, the value estimated from the flat-
width=0.4(V) band voltage of high-frequencg—V was also much lower
(2.44<102? cm™?) in the SiN, fims formed by
ECR-PECVD employing NKSiH,.

Consequently, on the basis of characterization of prop-
erties of ultrathin film connecting with surface reactions,
NH; charged species played important roles in the formation
of Si-N network for SiN ultrathin film of high quality.
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Gate Voltage (V) IV. CONCLUSIONS

N2/SiH4 R-CVD . . . .
fa] Hgsihg We have investigated the properties and the formation

mechanism of ultrathin SiNfilms of 5 nm in thickness
formed on Si substrate at 300°C in PECVD and R-CVD
employing N/SiH, and NH/SiH, gases. By installing per-
manent devices above the substrate, charged species incident
on the film surface were completely eliminated and so effects
of ions and radicals on the film formation were clarified. The
stoichiometric structure was successfully formed in PECVD
and R-CVD changing the gas flow ratio of,/$iH, and
NH,/SiH,. Usingin situ FT IR-RAS andin situ XPS, the
structures of films formed with PECVD and R-CVD were
compared. lons played an important role in obtaining the
high Si-N, bond density in PECVD employing N#BiH,,
a3 2 1 0 1 2 3 while radicals were effective in that employing/SiH,. As
for the state trapping in the film, the excellent hysteresis of
0.04 V was successfully achieved with employing
(b) NH3/SiH4 PECVD NH5/SiH,. On the basis of gas phase characterization using

QMS, it was found that NEI charged species play a signifi-
FIG._ 7. Typical gapacitance—voltage curves _of metal-insulator-cant role in the forming of SilNfilm with high quality. As a
;eg\'fgn:n‘iglg;ﬁ%p%c/g?;j ;erf;rg;(‘é)a;g'évMDHér;‘;grgs Loé/rg?:fy(a) result, the control of ions and radicals on the film growth was

found to be a key factor for forming ultrathin SiNilms at

low temperatures for gate dielectric film in the next genera-

voltage was swept from inversion to accumulation and baclEIon of ULSL.

at a rate of 1250 mV/s. The direction of the voltage sweep is

indicated by arrows in the figures. Both samples exhibit the'D. Wang, T. Ma, J. W. Golz, B. L. Halpern, and J. J. Schmitt, |[EEE
behavior of counterclockwise hysteresis loop direction, 2gle\3tr$2uDéVifﬁc§,ﬁ3' gﬁs %9?3Manﬂni Phys. Revas 7069(1986
which is Faused by surface state trap_pﬁﬁg'.hi_s hysteresis 3Y: Séito, K éekine, My.'Hirayaﬁwell, and T.’ Oh?/ni., J. Vac. Sci. Techn.ol. A
value of film formed by R-CVD employing MSiH, was 0.4 17, 3129(1999.

V, while the excellent hysteresis value of 0.04 V was suc-*H. Ohta, A, Nagashima, M. Ito, M. Hori, and T. Goto, J. Vac. Sci. Tech-
cessfully achieved for the film formed by PECVD employing 520'N5223§°feﬁlukiﬂiheﬂ o, M. Hori, and T. Goto, 1. Appl. PIE
NH3/SiH,. The areas of Hg electrode in samples of R-CVD 8(')35(1997)’. ' B ' »~ APPL '
and PECVD were about 1.%10 2 and 1.6510 3 cn?, 6S. Garcia, I. Martil, G. G. Diaz, E. Castan, S. Duenas, and M. Fernandez,
respectively. These results suggest that the state trappingl- Appl. Phys83, 332(1998. .

density in SiN films formed by ECR-PECVD employing I—i.glg/latsuura, M. Yoshimoto, and H. Matsunami, J. Appl. P85.2614
NH3/SiH, is much lower than that by R-CVD employing st \adayama and W. Suetake, Surf. S2i8 L490 (1989,

N,/SiH4. The trend of hysteresis value was well correspond-°R. Karcher, L. Ley, and R. L. Johnson, Phys. Re\3® 1896 (1984

ing to the result of Si @ chemical shift measured kg situ 10D, L. Smith, A. S. Alimonda, C. C. Chen, S. E. Ready, and B. Wacker, J.
XPS. Thus, the large chemical shift of Sp ihdicates the ul\E/llejtrﬁEZﬁr:érSgd:ng gh(jgiozins(lggz

smaller hysteresis value. Si dangling bonds in the film arezc_chaneliere, s. Four, J. L. Autran, R. A. B. Devine, and N. P. Sandler,

generated by a lot of Si-Si bonds and thus would act on the J. Appl. Phys83, 4823(1998.
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