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Silicon nitride (SiN,) ultrathin gate dielectric films for ultralarge-scale integrated circuits have been
successfully formed by radical chemical vapor depositiBrRCVD) at 300 °C. In this process,
charged species incident on the silic@i) substrate during the growth were eliminated with the
magnetic field in electron cyclotron resonance plasma-enhanced CVD employing nitrogen and
silane (N/SiH,) gases. By using R-CVD, SiNilms with very low leakage current and near-ideal
dielectric constant =7.2) have been obtainedn situ Fourier transform infrared reflection
absorption spectroscog¥T-IR RAS) has confirmed that the Si—N bonds are increased and the
voids in films are reduced by eliminating charged species. A key factor for forming ultrathjn SiN
films of high quality at 300 °C is discussed, based on characterization of films synthesized with and
without charged species on the substrate usingitu x-ray photoelectron spectroscopy, situ

FT-IR RAS, andin situ atomic force microscopy. @000 American Vacuum Society.
[S0734-211X00)02105-3

[. INTRODUCTION and (b) surface damage can be caused by the bombardment
of high-energy ions, which leads to a high density of inter-
As device dimensions shrink below Qudm in ultralarge-  face state$.Saitoet al. reported that SilNfilms were formed
scale integratedULSI) circuits, the thickness of the gate at 430°C by direct nitridation, employing high-density
dielectric film (SiQ) in field effect transistorsFETS will (= 102 Cm’?’) plasma with a low ion bombardment energy
fall to the 2-3 nm range. This situation, in turn, leads to(7 eV).® Although many studies have been done on the ap-
leakage due to the tunneling current and penetration of boroplication of PECVD to SiN film formation, the effect of
atoms into the surface-channep-type metal-oxide— charge species on the growth of Sibh PECVD has never
semiconductor FETs with P gate. A new dielectric film peen investigated.
with higher dielectric constant is expected to be used instead |n this study, we successfully synthesized SfiNns with
of the SiQ, film, because the thickness can be increased tgow leakage current, ideal dielectric constant, and high den-
above 3 nm, according to the scaling limhiSilicon nitride  sity of Si—N bonds on silicon substrates at an ultralow tem-
(SiNy) film is one of the most attractive candidates becausgerature of 300 °C. The SiNiltrathin films were formed by
of its high dielectric constant and its compatibility with the radical chemical vapor depositigRR-CVD), where charged
conventional process in ULSI. Furthermore, the Sim  species incident on the substrate were eliminated during the
has a high diffusion barrier for the boron penetration encoungrowth in electron cyclotron resonan¢gCR) nitrogen and
tered for P gate integration. Therefore, the SiNllm at- silane (PECVD)(ECR N,/SiH, PECVD). The electrical
tracts much attention as a scaled gate dielectric film in theyroperties of films formed by R-CVD and ECR-PECVD
next generation of ULSI. The SiNfilm deposited by low- \were studied by current density-electrical field~E) and
pressure chemical vapor depositiPCVD) has been stud- high-frequency capacitance—voltagé{V) measurements.
ied widely as a dielectric film for a dynamic random accessThe structure of films and the surface reaction in R-CVD and
memory (DRAM) capacitor. However, the LPCVD method ECR-PECVD are discussed, based on results fiorsitu
requires high temperatures between 700 and 800°C fok-ray photoelectron spectroscop)PS), atomic force mi-
forming SiN, film with good quality. The high-temperature croscopy(AFM), and Fourier transform infrared reflection
SiN, formation process causes the change of the channebsorption spectroscog#T-IR RAS).
impurity profile formed in the substrate. To prevent short
channel effects, all manufacturing processes, including th EXPERIMENT
gate insulator formation, must be performed at a therma
budget as low as possible. Therefore, the plasma-enhanced Figure 1 shows a schematic diagram of the experimental
chemical vapor depositioPECVD) method is the most at- apparatus of a typical ECR-PECVD system with a diver-
tractive candidate for the low-temperature process. Howevege€nce magnetic field used in this study. Microwave power at
this PECVD method has two main disadvantag@s:pro- a frequency of 2.45 GHz was introduced into the ECR cham-

duced films have high concentrations of bonded hydrogender through a quartz window. The ECR chamber has an inner
diameter of about 150 mm and a height of 160 mm. The

aAuthor to whom correspondence should be addressed: electronic maiEFCR chamber was mounted ona deposition chamber. The
kxc02410@niftyserve.or.jp permanent magnets surrounding the ECR chamber were used
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Microwave(2.45GHz) silicon substrate. The Al films were formed by sputtering an
Al target in vacuum on the silicon substrate. The dimensions
Quartz window of the substrate were 4 cxkd cm. The FT-IR RAS has been

Plasma Chamber ’ = '
applied to thein situ observation of the growth process of

SiN, films under ECR N/SiH, PECVD conditions.

— Furthermore, an XPS system was connected to the ECR

Magnets chamber through a transfer chamber in a vacuum. In the XPS

SiH4 l» ’ system(Escalab 220i-XL of FISONS Cp.the MgK« line

\ ] was used as an x-ray source. The Siikns formed by ECR

N,/SiH, PECVD were transferred to the XPS chamber with-

out any atmospheric exposure. The surface morphology and

root mean squar@ms) for estimating the roughness were

evaluated by an AFM operated in an ultrahigh vacuum

(=4x10"7 Pg. The AFM apparatus was also connected to

the ECR chamber, and the samples formed in the ECR cham-

ber were transferred to the AFM chamber without exposure

to the air in a vacuum and were measuredrbgitu XPS, as

well. Thereforejn situ XPS,in situ AFM, andin situ FT-IR

Fic. 1. Schematic diagram of ECR-PECVD system with two permanentRAS analyses enabled us to investigate the chemical struc-

magnets to eliminate charged species. ture of SiN, films without the influence of impurities after
deposition. Metal—insulator—semiconductvllS) devices
were obtained as follows: the substrates used waype (10

for the plasma confinement. The plasma stream was exX) cm, 100 orientation The native oxide was stripped with a

tracted from the ECR chamber into the deposition chambeHF (HF:H,0=1:10) solution for 1 min at room temperature,

by a divergent magnetic field. The chamber was pumped bjbllowed by a 3 min rinse in de-ionized water. SiNilms 5

a 1130 L/s turbomolecular pump to achieve a base pressurén in thickness were deposited on the top of the Si surface.

of 1x 10 ° Pa. Nitrogen gas was fed into the ECR chamberan ellipsometry (at A =632.8 nm apparatus was used to

through a shower nozzle near the quartz window. Silane gagvaluate the SiNfilm thickness.

was introduced into the deposition chamber near the sub- Electrical properties of films were evaluated by measuring

strate. The details were described in a previous adidlee  the J-E and high-frequencC—V characteristics. The sub-

plasma parameters near the substrate were measured withstgates used fal—E andC—V measurements were 4 ot

Langmuir probe. A cylindrical tungsten wire 0.5 mm in di- ¢cm p-type (100 silicon wafers, to investigate the effect of

ameter and 5 mm in length extending from a ceramic insucharged species incident on the substrate during &ifna-

lator was used as a Langmuir probe. The probe was postion. J-E andC—V characteristics were obtained by a com-

tioned 10 mm above the substrate. The plasma was adjusiercial measurement syste(8SM 5100 systei In this

ed to the most suitable condition for Sifllm formation at  system, instead of depositing a gate electrodieE and

300 °C.P-type silicon substrates used forsitu XPS, AFM,  C—V measurements were performed with a merc(Hg)

J—E, andC-V measurements were cleaned by a hydrofluoelectrode placed above the sample. The area of the Hg elec-

ric (HF) (HF:H,0=1:10 solution at room temperature be- trode was controlled by Ngas pressure in the capillary. The

fore deposition. To eliminate the charged species incident ofrequency of the ac signal was 0.1 MHz.

the substrates in the plasma, a device consisting of two per- Furthermore, ionic species incident on the films were

manent magnets set parallel, with 3 cm separation, was peneasured by quadrupole mass spectrosc@S). The

sitioned 7 cm above the substrate. The magnetic flux densityhass spectrometéANELVA AQA-360) was attached to the

was designed to be 0.3 T at the center of these magnets, substrate holder with a 0.3-mm-diam orifice. The inside of

eliminate charged species completely. In this case,, SiNthe mass spectrometer was pumped by a 50 L/s turbomolecu-

films are formed without charged species, namely, with neutar pump. The ionic species effused from the plasma to the

tral radicals(R-CVD). substrate electrode through the orifice were introduced into

In this system, the process chamber was equippediwith the spectrometer and measured at room temperature.

situ FT-IR RAS. The IR beam was introduced through a

polarizer and a KBr window into the process chamber at an

incident angle of 80°. The beam was reflected at' the subl-”_ RESULTS AND DISCUSSION

strate and detected by a mercury—cadmium-—telluride detec-

tor. The optical path was purged by dry air to avoid the Plasma parameters in the ECR nitrogen) Nlasma were

perturbation of water vapor. IR spectra were measured by measured by the Langmuir probe. The plasma condition

FT-IR spectromete(JIR-7000, JEOL C9. The wave num- was as follows: total pressure of 0.5 Pg, s flow rate of

ber resolution used in this study was 4 ¢cinFor the FT-IR 100 sccm, microwave power of 300 W, substrate bias of

RAS measurement, the double-layered substrate consisted ftdating, and substrate temperature of 300 °C, which was the

an aluminum(Al) (600 nm thicknessfilm and p-type (100 optimum condition employing NSiH, in this study. This
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plasma was characterized by electron temperat{iresbe- 2
low 4 eV, a sheath voltage of about 17 V, and plasma den- g
sities (Ne) of about 3x10° cm™ 3. -
Figure 2 shows Si/N ratios of SiNilms as a function of -
SiH, gas flow rate, with a pflow rate fixed at 100 sccm. In

the case without charged species, the Si/N ratio in Sikhs ! ! !

is constant over the variation of Sjigas flow rates from 3 to 1300 1200 1100 1000 900

20 sccm, and it is evaluated to be near stoichiom@ry5 (b) Wavenumber (cm'1)

from the ratio of the N& peak to the chemically shifted

Si2p peak. The Si@ spectrum of the substrate showed aF. 3. In situ FT-IR RAS spectra of ECR-PECVD SiNilms formed:(a)

peak at 99.4 eV. With exposure to the/SiH, plasma, the With charged speciesb) without charged species.

peak shifted to the higher energy region. The peak shift cor-

responded to Si—-N\bonds. These spectra were evaluated at a

photoelectron take-off angle of 90°. On the other hand, Si/Nstretching mode are observed. The frequency component that

ratios in SiN, films formed with charged species increasedappeared at 1130 cm is considered to be due to the vibra-

with SiH, gas flow rates between 3 and 20 sccm. The,SiNtion of Si—N bonds in the SiNnetwork. The Si—N bond

films formed in the regime from gas ratio of 2000/5 sccmy  peak intensity of SilNfilms formed without charged species

to 33 (100/3 sccmindicated near stoichiometry. This trend is higher than that with charged species. The Si—N bond

is similar to the result of Garciat al® except for a slight peak of SiN films formed without charged species is sharper

difference of the absolute values. It is well known that thethan that with charged species. As for hydrogen bonds, it

film composition is one of the most important factors influ- was reported that hydrogen bonds in Siiims deposited by

encing the leakage current between the ,Sfém and Si  CVD appeared at vibrational bands of Si«R160 cm ')

substraté.n this study, therefore, to clarify the effect of ion and N—H (3355 cm'!) bonds’ It is noteworthy that no

bombardment on the electrical property of $iims formed  bonds of hydrogen (Si—Hand N-H) were found in the

with charged species in ECR-PECVD, the film compositionsSiN, films. Furthermore, to estimate the film density, we

were adjusted to near stoichiometry. analyzed real parts of the complex index of refractioi).
Figure 3 showsn situ FT-IR RAS spectra of SiNfilms  The values oh were computed by using a Kramers—Kronig

formed (a) with charged species an@) without charged transformatiorf. The n of film formed with charged species

species. The deposition rates with and without charged spevas ~1.94, which was lower than the value (1=2.10 in

cies were about 3.3 and 0.35 nm/min, respectively. Thehe film without charged species. These results suggest that

deposition rate of the SiNfilms formed without charged the density of Sill films formed without charged species is

species decreased to 1/10 that of films formed with chargebigher than that with charged species, and the, Silhs

species. The increase of deposition rate with charge speciésrmed with charged species include voids generated by ion

was caused by the enhanced deposition of neutral radicalbpmbardments.

because the direct deposition of ions was small due to the The deposition condition optimized for obtaining films

lower ion densities in this study. The SiNilm 5 nm in  near stoichiometry was as follows: total pressure of 0.5 Pa,

thickness was deposited on an Al film sputtered on a silicomgas flow rate of N/SiH,=100/5 sccm, microwave power of

substrate in vacuum. In both cases, with and without charge800 W, substrate bias of floating, and substrate temperature

species, the strong absorption bands ascribed to the Si—6f 300 °C. The dielectric constan¢) of films is a key factor,
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Fic. 4. Typical C-V curves of MIS capacitors recorded at 0.1 MHz for
SiN, films formed with and without charged species.

because it is closely related to the thickness of the gate di-
electric film in ULSI. Figure 4 shows typical—V curves,
recorded at 0.1 MHz, which are corrected for series resis-
tance effect for Sil\ films formed with and without charged
species. The areas of Hg electrode with and without charged
species were about 1.4710" 2% and 1.75%10 2 cn?, re-
spectively. The dielectric constant was calculated from the
accumulated capacitance value. Taeof the film formed
with charged species was6.3, whereas the was remark-
ably improved €=7.2) without charged species, which was
an almost ideal valuee=7.5) for SizN,. These results also
suggest that the density of SiNfilms formed without
charged species is higher than that with charged species, and
the SiN, films formed with charged species include voids
generated by ion bombardment. As for the fixed charge, the

value estimated from the flatband voltage of high-frequency (b)
C-V curves was low in both SiNfilms formed with and
without charged species. Fic. 6. In situ AFM images of SiN film surfaces formed(a) with charged

The leakage current between the Sifim and Si sub-  speciesib) without charged species.
strate is an important parameter for the gate dielectric film in
ULSI. Figure 5 shows the curve of current density as a func-
tion of electrical field —E curve in the films formed with
and without charged species. The areas of Hg electrode with
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Fic. 7. Mass spectra for ECRMSiH, PECVD operating at total pressure of

Fic. 5. Comparison of gate leakage current between, 8iids formed with 0.5 Pa, gas flow rate of MSiH,=100/5 sccm, microwave power of 300 W,
and without charged species. and substrate bias of floating.
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and without charged species were about X490 % and charged species. Becausef a void is equal to 1, it is likely

1.75x10 2 cn?, respectively. The dominant current com- that the dielectric constant of SiNilms decreases because

ponent is due to the Frenkel-Poole conduction mechahismof voids, and the larger density of dangling bonds that line

A low leakage current is obtained in the case withoutthe void will cause the leakage current. As a result, the leak-

charged species. At a voltage of 1.5 V, the correspondingge current of Silfilms formed with charged species was

effective electric field is about 3 MV/cm for the equivalent higher than that without charged species. Thus, the voids in

oxide thicknes¥ of 2.5 nm. For SiN films formed without the SiN, films are successfully reduced by eliminating

charged species, the current density at 3 MV/cm is 7charged species.

X108 A/cm?, which satisfies the required leakage current Consequently, we consider that R-CVD, where the

density of less than 210~ 7 A/cm? at the operating electric charged species in ECR-PECVD employing/8iH, gases

field for 256 Mbyte DRAM. are eliminated by the magnetic field, has a bright future for
To clarify the mechanism of leakage current with andsynthesizing ultrathin gate dielectric SiNilms with good

without charged species, we observed the surface roughnegaality at 300 °C.

of films by usingin situ AFM. Figure 6 shows AFM images

of the SiN, films formed (a) with charged species arn)

without charged species. The thickness of all films observedV- CONCLUSIONS

by AFM was 5 nm. As shown in Fig. 6, the rms surface  we have successfully investigated the effects of ion bom-
roughness of the films formed without charged species wagardment on the leakage current and dielectric constant of
evaluated as about 1.5 nm, which was smoother than that @fitrathin SiN, films formed at 300°C, with and without
films formed with charged species, which was 1.7 nm. Howcharged species in ECR PECVD. By eliminating charged
ever, no obvious difference was observed for the surfacgpecies, namely R-CVD, the leakage current of the,SiN
roughness of films formed with and without charged speciesfims was remarkably reduced. Furthermore, the dielectric
These results indicate that the factor determining the leakaggynstant of the SiNfilms was remarkably improved to be
current between the SiNilm and Si substrate is not due t0 near ideal. Fronin situ FT-IR RAS spectra, we confirmed
surface roughness. However, Gareial. investigated the  that the density of SiN films increased by eliminating
relationship between the composition and leakage CU?reUtcharged species. These results suggest that the density of
The film compositions were adjusted to near stoichiometry insiN, films formed without charged species is higher than
this study. Therefore, the factor determining the leakage curthat with charged species, and that Sildms formed with

rent is not considered .tO be due tO the film CompOSitioncharged Species include voids generated by ion bombard-
Consequently, we consider that the ion bombardment on thgent. As a result, the control of ion bombardment on growth
growth affects the leakage current in the film because thgyas found to be a key factor for forming SiKIms with low

film composition is stoichiometry, and no hydrogen as a conteakage current and high dielectric constant at low tempera-
tamination and no obvious difference for the surface roughtyres in PECVD. Thus, the R-CVD method is considered to
ness were observed in both cases with and without chargegk very useful for forming ultrathin Si\yate dielectric films

species. _ in next-generation ULSI.
Figure 7 shows mass spectra for ECR/8iH, PECVD in
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