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Abstract: Silicon nitride films have emerged as the possible future dielectrics for ultra large scale integration (ULSI).
Because the interface state density of silicon nitride/silicon interface in metal insulator semiconductor (MIS)
configuration is more than an order of magnitude larger than that of silicon dioxide/silicon interface, plasma
treatment studies on silicon nitride films have been undertaken for the possible improvement. Accord-
ingly, silicon nitride films of various composition have been prepared by plasma enhanced chemical vapor
deposition (PECVD) system using silane(SiH4) and ammonia(NH3) with nitrogen(N2) as the diluent and
MIS devices have been fabricated with as well as without plasma treated silicon nitride as the insulator. A
considerable improvement in the silicon nitride/silicon interface is observed on ammonia plasma treatment
while nitrous oxide(N2O) plasma treatment studies have resulted in the establishment of a novel plasma
oxidation process.
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1. Introduction

The phenomenal progress in the science and technology ofthe metal oxide semiconductor (MOS) integrated circuitshave resulted in the spectacular growth in the Si-basedmicro electronic industries. This has been made possibleessentially due to scaling [1–3]. Silicon dioxide, the di-electric used to isolate the metal oxide semiconductor fieldeffect transistor (MOSFET) gate from its channel in MOSdevices are considered [4] to be the main player enablingthe scaling of the silicon based MOSFET. This is be-cause the amorphous silicon dioxide, as the gate dielectric,
∗Presented during the 6th Solid State Surfaces and Interfaces Conference,24–27 November, 2008, Smolenice, Slovakia
†E-mail: basa@iopb.res.in

offer several advantages such as thermodynamic as wellas electrical stability, high quality Si/SiO2 interface andalso superior electrical isolation properties. However, thedemand for performance at lower cost, greater integratedcircuit functionality have resulted in increased circuit den-sity, thus leading to higher density of transistors in thewafer [2]. This, inturn, has required considerable decreaseof the dielectric thickness as well as the channel lengthof MOSFET.
With the reduction in the thickness of silicon dioxide di-electric below 2 nm several unwanted features like highleakage current, boron penetration and inferior reliabil-ity have emerged, rendering silicon dioxide inappropriatefor submicron devices because these submicron devicesrequire silicon dioxide dielectric thickness of less than2 nm [3]. The concern regarding high leakage current,boron penetration and reliability of ultrathin silicon diox-
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ide have forced the researchers to look for alternate gatedielectrics with relative permittivity (k) higher than sili-con dioxide. The high k dielectrics such as silicon nitride,metal oxides etc., accordingly, have generated consider-able interest in recent years [4–12].Silicon nitride has emerged as the possible future dielec-tric for the submicron devices because it offer the possibil-ity of reduced leakage current, reduced boron penetrationand better reliability characteristics [13] in addition to be-ing compatible with the existing silicon technology. Theplasma enhanced chemical vapor deposited (PECVD) sil-icon nitride films have been studied extensively for widerange of applications in microelectronics as passivationlayers and diffusion barriers for alkali ions [14, 15] andalso in metal insulator semiconductor devices [5–9, 16, 17].The interface state density of the silicon nitride/ siliconinterfaces are reported [6, 18] to be one or two orders ofmagnitude larger than that of silicon dioxide/silicon inter-face. Further, the interface characteristics and the prop-erties of the films are also found [5–9, 16, 17] to dependupon the deposition conditions of the films. The use ofsilicon nitride inter layers along with the silicon dioxidefilms to form ultra thin dielectrics, used in ULSI, are wellknown [19, 20] to improve the device performance. Further,a stacked dielectrics for ULSI and memory technology in-corporates silicon oxide layers. Since the oxide layers,in these structures, can be formed by plasma oxidation,therefore, the detailed study of the plasma oxidation ofsilicon nitride films have become necessary.Accordingly, in this work, we have undertaken ammoniaplasma pretreatment study as well as nitrous oxide plasmaoxidation study of silicon nitride films in MIS configura-tions to address these issues and have obtained very in-teresting results.
2. Experiment

The conventional parallel plate, capacitively-coupled com-mercial plasma reactor (PlasmaTech. U.K.) operating at13.56 MHz was used to prepare the studied silicon nitridefilms. Silane (SiH4, ULSI grade) and ammonia (NH3, ULSIgrade) were used as the reactant gases while nitrogen (N2,ULSI grade) was used as the diluent gas. A suitable mix-ture of these gases were subjected to r.f. glow-dischargeat 13.56 MHz in the PECVD reactor for the depositionof the silicon nitride films of the desired composition ontothe substrates placed on the lower grounded electrode.Boron-doped p-type crystalline silicon wafers with a re-sistivity of 0.02 Ω cm, having 〈100〉 orientation were usedas the substrates for the deposition of the silicon nitridefilms. The substrates were subjected to standard RCA

cleaning procedure and then rinsed in dilute hydrofluo-ric (HF) acid to remove any oxide present on the siliconsurface, before loading them into the deposition chamber.Three representative class such as silicon-rich, nearly-stoichiometric and nitrogen-rich silicon nitride films wereprepared by varying the flow ratio of NH3/SiH4 from 1.33to 12.66 while maintaining the flow of nitrogen at 80 sccm(cubic centimeter per minute at standard temperature andpressure). The other deposition parameters such as thesubstrate temperature Ts, power density and the totalchamber pressure were maintained at 250°C, 0.03 W/cm2and 500 mTorr respectively.For the deposition of the plasma pretreated films, just be-fore the film deposition, the PECVD chamber was filledwith ammonia which was introduced at a rate of 40 sccm.Maintaining the chamber pressure at 500 mTorr and powerdensity at 0.03 W/cm2, NH3 plasma was excited andthe silicon substrates, maintained at room temperature ofabout 24°C, were exposed to NH3 plasma for 20 minutes.Thereafter, the discharge was discontinued and the resid-ual ammonia as well as the other generated species wereevacuated completely without breaking the vacuum. Thesubstrates were then heated to 250°C and silane, ammoniaand nitrogen gases were introduced and two sets of iden-tical silicon-rich, nearly stoichiometric and nitrogen-richsilicon nitride films respectively were deposited by vary-ing the flow ratio of NH3/SiH4 from 1.33 to 12.66 similar tothe respective virgin sample, maintaining the power den-sity at 0.03 W/cm2 and chamber pressure at 500 mTorr.One set of films, corresponding to each class, were re-moved from the chamber while the other set of films wereleft in the chamber for nitrous oxide (N2O, ULSI grade)plasma oxidation. After pumping the system down to about10 mTorr and heating the substrates to 250°, N2O (ULSIgrade) was fed into the reaction chamber at a flow rateof 50 sccm. Plasma oxidation of the silicon nitride filmswere carried out for 20 min at the substrate temperatureof 250°C and r.f power density of 0.045 W/cm2 in pureN2O ambient at a chamber pressure of 500 mTorr. Thethickness of the studied films corresponding to each class(silicon-rich, nearly stoichiometric and nitrogen-rich sili-con nitride) were found to be 55 nm.Because the Elastic Backscattering (EBS) technique hasbeen reported [5, 23–25] to be a highly sensitive tech-nique, we have used the EBS technique to determine thecomposition of the silicon nitride films and also to exam-ine the effect of ammonia plasma pretreatment as well asN2O plasma oxidation on the film composition.A proton beam of 1.64 MeV from 9SDH2 Tandem Pel-letron Accelerator (NEC, U.S.A.) was used for the EBSmeasurement. The proton beam was obtained from Al-phatross and was accelerated. The beam was accelerated
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further using a charge exchange process with a nitrogenstripper gas. Analyzing magnet was used to monitor andachieve the desired energy and momentum of the beamwhile the switching magnet was used to direct the pro-ton beam to the scattering chamber. The pressure of thescattering chamber was maintained at 5× 10−6 Torr. Theprojectile beam was collimated by a pair of collimatorsof diameter 1.5 mm, separated by a distance of about 0.5meter. The diameter of the proton beam was about 1 mm.The integrated charge on the sample was about 12 µC. Astainless steel vertical ladder with provision for loadingseveral samples at a time was used as the sample holder.The backscattered ions were detected by a silicon surfacebarrier detector subtending a solid angle of 1 msr. Thebackscattered ions detected by silicon surface barrier de-tector, were collected at a scattering angle of 160°, wereamplified, stored and displayed in the Canberra-88 multi-parameter multichannel analyzer attached to a Microvax-II computer. For the energy calibration of the spectrum,pure silicon and quartz were used as targets and the en-ergy was calibrated to be 2.3 keV/channel.
A Gaertner L117 ellipsometer using a He-Ne laser at awavelength of 632.8 nm was used to measure the refractiveindex and the thickness of the films. The thickness of thefilms as obtained from these measurements were found tobe in agreement with the thickness obtained from the EBSanalysis.
Metal insulator semiconductor (MIS) structures with sil-icon nitride as dielectric were fabricated for virgin andtreated samples for the capacitance- voltage (C − V )as well as for the interface characterization. Gold dots(2.8×10−3 cm2 in area) were thermally evaporated througha shadow metal mask onto the top surface of these siliconnitride films to form the gate electrode. Aluminum wasthermally evaporated onto the back surface of the siliconwafer to form the ohmic contact. The C − V character-istics at 1 MHz were obtained using a Keithley 590 CVAnalyzer.

3. Results and Discussion

Plasma treatment studies were carried out on three rep-resentative class of samples such as silicon-rich, nearlystoichiometric and nitrogen-rich silicon nitride films. Theresults of the ammonia plasma pretreatment studies aredescribed first which will be followed by the results ofnitrous oxide plasma oxidation.

Figure 1. A typical Elastic Backscattering experimental spectra and
the simulated spectra exhibiting Yield versus Channel
number of a studied silicon nitride film with composition
(x=0.96) prepared without ammonia plasma pretreatment.

Figure 2. Variation of the atomic concentration of silicon and nitro-
gen with the flow ratio of Ammonia/Silane for the studied
silicon nitride films prepared with and without NH3 plasma
pretreatment as determined from Elastic Backscattering
(EBS) analysis.

3.1. Ammonia plasma pretreatment studies

Fig. 1 exhibits a typical Elastic Backscattering (EBS)spectra along with the simulated spectra of one of thesilicon nitride films studied here. The EBS spectra ofthe silicon nitride films prepared with and without NH3plasma pretreatment have been further analyzed by fittingthem with the simulated spectra obtained by using GISA3.96 [26] and the composition as well as the thickness of
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Figure 3. A typical normalized capacitance-voltage hysteresis curve
for the nearly stoichiometric virgin silicon nitride film.

the films have been extracted from the analysis.The variation of the atomic concentration of silicon and ni-trogen with the flow ratio of NH3/SiH4 corresponding tosilicon-rich, nearly-stoichiometric and nitrogen-rich films,prepared with and without NH3 plasma pretreatment isdepicted in Fig. 2. The concentration of silicon decreasesfrom 51% to 38% and that of nitrogen increases from 49% to62% as the flow ratio increases from 1.33 to 12.66 for thestudied silicon nitride films prepared without the ammoniaplasma pretreatment of the silicon substrates. For the am-monia plasma pretreated samples deposited under similarconditions, the silicon concentration decreases from 49% to36% and the nitrogen concentration increases from 51% to64% with the increase in the flow ratio of NH3/SiH4 from1.33 to 12.66 corresponding to silicon-rich to nitrogen-rich films. The increase in the nitrogen concentration forthe NH3 plasma pretreated samples may be ascribed tothe nitridation of the silicon substrate surface during theplasma treatment. Similar incorporation of nitrogen nearthe surface region of the silicon substrates has also beenreported earlier [18, 27].High frequency capacitance-voltage (C − V ) measure-ments at 1 MHz have been undertaken both for the filmsprepared with and without NH3 plasma pretreatment. Atypical normalized capacitance-voltage hysteresis curve at1 MHz for the nearly stoichiometric virgin silicon nitridefilm studied here is shown in Fig. 3. The interface statedensity (Dit) of the studied silicon nitride films have beencalculated using the high frequency C −V method devel-oped by Terman [28]. From the slope of the variation of thesemiconductor surface potential (ψs) with the gate voltage

Figure 4. Variation of the minimum interface state density, (Dit )min
with the flow ratio of Ammonia/Silane for the studied sil-
icon nitride films prepared with and without NH3 plasma
pretreatment.

Figure 5. Variation of the refractive index n with the flow ratio of Am-
monia/Silane for the studied silicon nitride films prepared
with and without NH3 plasma pretreatment.

(Vg), the interface trap capacitance, Cit(ψs) per unit areais determined using Eq. (1).
Cit(ψs) = Ci

[(
dψs
dVg

)−1
− 1]− Cs(ψs), (1)
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where Ci is the insulator capacitance per unit area and
Cs(ψs) is the semiconductor capacitance per unit area. The
Dit at flat band condition is obtained in cm−2eV−1 by Dit(ψs = 0) = Cit(ψs = 0)/q. (2)

Figure 6. Comparative Elastic Backscattering (EBS) spectra exhibiting the Yeild versus Channel number of the virgin and the N2O plasma oxidized
silicon nitride films.Nitrogen-rich, nearly stoichiometric and silicon-rich virgin and N2O plasma oxidized silicon nitride films are shown in
(a,b,c) and (a’,b’,c’) respectively.
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The variation of the minimum interface state density(Dit)min with the flow ratio of NH3/SiH4 for the silicon-rich, nearly-stoichiometric and nitrogen-rich films pre-pared with and without NH3 plasma pretreatment is shownin Fig. 4. The (Dit)min decreases from 1.26×1013 to4.41×1012 eV−1cm−2 for the silicon nitride films preparedwithout NH3 plasma pretreatment. The (Dit)min for theNH3 plasma pretreated samples,on the otherhand, de-creases from 5.65×1012 to 7.90×1011 eV−1cm−2 as the flowratio of NH3/SiH4 increases from 1.33 to 12.66 correspond-ing to silicon-rich to nitrogen-rich films. A similar de-crease in (Dit)min with the increase in the flow ratio ofNH3/SiH4 for the films prepared without NH3 plasma pre-treatment has also been reported by others [29, 30]. Thevalues of (Dit)min are observed to depend strongly on filmcomposition and decreases with increase in the N/Si ratio.The origin of the interface states are reported [31] to bethe silicon dangling bonds at the SiNx/Si interface whichis expected to increase with increasing silicon content inthe film. Because of this, the value of (Dit)min is highest forthe silicon rich film and decreases with the increase in theN/Si ratio as the nitrogen atoms serves to terminate thesilicon dangling bonds. The (Dit)min for the NH3 plasmatreated samples are observed to be approximately one or-der of magnitude smaller than that of the virgin samples.This decrease in (Dit)min for the NH3 plasma pretreatedsamples may be attributed to the further improvement inthe interfacial bonding caused by nitridation. The in-crease in the nitrogen composition, as obtained from EBSanalysis for the NH3 plasma pretreated samples, seemsto corroborate the possibility of nitridation. This nitrida-tion is perhaps responsible for the formation of the siliconnitride/silicon interface inside the silicon substrate whichresults in the reduction in the interface state density forthe NH3 plasma pretreated samples.
Fig. 5 exhibits the variation of refractive index n withthe flow ratio of NH3/SiH4 for the silicon-rich, nearly-stoichiometric and nitrogen-rich films pertaining to bothNH3 plasma pretreated and virgin samples. The refractiveindex n decreases from 1.83 to 1.72 for the samples pre-pared without NH3 plasma pretreatment while n decreasesfrom 1.80 to 1.67 for the NH3 plasma pretreated samplesas the flow ratio of NH3/SiH4 increases from 1.33 to 12.66corresponding to silicon-rich to nitrogen-rich films. A sim-ilar decrease of refractive index n with increase in the flowratio of NH3/SiH4 for the silicon nitride films preparedwithout NH3 plasma pretreatment has also been reportedby others [29, 30, 32]. The small decrease in the refrac-tive index for the NH3 plasma pretreated samples may beascribed to the slight increase in the N/Si ratio becauseof the nitridation.

Figure 7. Variation of minimum interface state density (Dit )min ver-
sus the flow ratio of Ammonia/Silane for the virgin as well
as N2O plasma oxidized silicon nitride films.

3.2. Nitrous oxide plasma oxidation studies

Fig. 6:1a-c exhibits the EBS spectra of nitrogen-rich,nearly stoichiometric and silicon-rich silicon nitride filmsrespectively while the EBS spectra of the films subjectedto N2O plasma oxidation are shown in Fig. 6:1a’-c’. Thepresence of peak corresponding to oxygen for the N2Oplasma treated films reveals the incorporation of oxygeninto the films. This clearly demonstrates a novel processutilizing N2O plasma for the oxidation of silicon nitridefilms of various composition.The interface state density Dit of the virgin as well as theN2O plasma oxidized samples were obtained from the highfrequency C −V measurements using Terman method [28]described earlier. The variation of the minimum interfacestate density (Dit)min with the flow ratio of NH3/SiH4 forthe virgin as well as the N2O plasma oxidized samples aredepicted in Fig. 7. The (Dit)min decreases from 5.65×1012to 7.90×1011 eV−1cm−2 as the flow ratio of NH3/SiH4 in-creases from 1.33 to 12.66.The value of (Dit)min for the N2Oplasma treated samples, on the otherhand, are observedto be higher than the corresponding virgin samples anddecreases from 1.04×1013 to 1.23×1012 eV−1cm−2 with theincrease in NH3/SiH4 flow ratio from 1.33 to 12.66.Thehigher value of (Dit)min for the N2O plasma treated filmsas compared to the corresponding virgin samples may beattributed to the increase in the defects within the films,produced by the damage caused during plasma oxidation.
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Figure 8. Variation of refractive index n versus the flow ratio of Am-
monia/Silane for the virgin as well as N2O plasma oxidized
silicon nitride films.

The variation of the refractive index n of the silicon nitridefilms as a function of NH3/SiH4 ratio for the virgin and theN2O plasma treated films are shown in Fig. 8. The refrac-tive index n subjected to N2O plasma treatment do notexhibit systematic variation unlike the ammonia plasmatreatment. However, the small decrease in n for the N2Oplasma treated silicon-rich and nitrogen rich samples maypossibly be attributed to the incorporation of oxygen.
4. Conclusion
The important conclusion of the study are:

1. The improvement in the silicon nitride/silicon in-terface as evident from the considerable reductionin the minimum interface state density (Dit)min withammonia plasma pretreatment, as compared to thecorresponding virgin samples, is ascribed to the im-provement in the interfacial bonding caused by thenitridation of the silicon substrates.
2. The incorporation of oxygen into the silicon nitridefilms on N2O plasma treatment is established us-ing EBS technique. Thus demonstrating a novelprocess utilizing N2O plasma for the oxidation ofsilicon nitride films of various composition.
3. The minimum interface state density (Dit)min for theN2O plasma treated films are observed to be higher

as compared to the corresponding virgin silicon ni-tride films.
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