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Abstract—To extend the scaling limit of thermal SiO, in integrated circuit technology, and an alternative gate dielectric

the ultrathin regime when the direct tunneling current becomes must be found in the foreseeable future if the scaling trend is
significant, members of this author's research team at Yale to be sustained.

University, in collaboration with the Jet Process Corporation, In th f hi f h It " t
embarked on a program to explore the potential of silicon n the course of searching for such an altérnative gate

nitride as an alternative gate dielectric. In this paper, high- dielectric, researchers at Yale University, in collaboration with
quality silicon nitride (or oxynitride) films made by a novel jet researchers at the Jet Process Corporation (JPC), developed a
vapor deposition (JVD) technique are described. The JVD process process for synthesizing silicon nitride films based on a novel
utilizes a high-speed jet of light carrier gas to transport the Jet Vapor Deposition (JVD) technique [1]-[12], and found that

depositing species onto the substrate to form the desired films. . ) o . .
The film composition has been determined to consist primarily of the electronic properties of the JVD nitride, deposited directly

Si and N, with some amounts of O and H. Metal-nitride-Si (MNS) On Si at room temperature, approached those of thermal SiO
capacitors based on the JVD nitride films deposited directly on in several key aspects, but with a lower gate leakage current
Si exhibit relatively |OW densities of interface traps, fi)ge_d charge, density for the same equivalent oxide thickness (EOT) in the
and bulk traps. The interface traps at the nitride/Si interface itrathin (< 5 nm) regime. The higher dielectric constant of
exhibit different properties from those at the SiO,/Si interface the JVD nitrid v twice that of the th | I

in several aspects. In contrast to the conventional CVD silicon e . nitnde _(”earY wice that of tnhe _erma Sp& ows .
nitride, the high-field I—V characteristics of the JVD silicon & thicker gate dielectric to be used to achieve the same device
nitride fit the Fowler—Nordheim (F-N) tunneling theory over four  performance. Other properties of the JVD nitride, such as its

to five orders of magnitude in current, but do not fit at all the  hjgh resistance to impurity diffusion and oxidation, also make
Frenkel-Poole (F—P) transport theory. This is consistent with the it attractive as a gate dielectric.

much lower concentration of electronic traps in the JVD silicon The JVD i ic iets of a light .
nitride. Results from the carrier separation experiment indicate e Process relies on supersonic jets of a ight carrer

that electron current dominates the gate current with very litle  9@s such as helium to transport depositing vapor from the
hole contribution. Both theoretical calculation and experimental source to the substrate, and has been used to synthesize a wide

data indicate that the gate leakage current in JVD silicon nitride  variety of thin films of metals, semiconductors, and insulators
is significantly lower than that in silicon dioxide of the same [1]-[8]. Because of the separation of the constituent depositing

equivalent oxide thickness. The breakdown characteristics of the ; . o . .
JVD nitride are also respectable. Compared to their MOSFET SPECIES, and their short transit times, there is very little chance

counterparts, MNS transistors exhibit reduced low-field transcon- for gas-phase nucleation. We believe the high impact energies
ductance but enhanced high-field transconductance, perhaps due of the depositing species also contribute to the improved film
to the presence of border traps. As expected, the JVD silicon quality.
nitride fllmg exhlblt.very strong resistance to boron penetration This paper reviews the progress on the JVD silicon nitride
and oxidation at high temperatures. These properties, coupled h d . th " f the JVD nitrid
with its room-temperature deposition process, make JVD silicon f&S€arch, and summarizes the properties ot the nitride
nitride an attractive candidate to succeed thermal Si@ as an films as we know them. Since silicon nitride has been studied
advanced gate dielectric in future generations of ULSI devices. for decades [13]-[22], and numerous attempts to develop the
Index Terms—Dielectric films, MOS capacitors, MOSFET's, CyD silicon mtnde into a V|ablle_ gate @electnc dlrectly on
thin films, vapor deposition, ultra-large-scale integration Si have all failed due to poor nitride/Si interface properties as
well as high densities of bulk traps, it is curious as to what
makes the JVD nitride so different. While the answer to that
_ 3 guestion is still being sought, it is probably safe to say that
HERMALLY grown SiQ,, the currently prevailing gate the deposition technique itself must play an important role.
dielectric for Si-based MOS devices, possesses remark-
able electronic properties that are unmatched by other ma- I
terials. However, it will someday outlive its usefulness as S
the device dimensions, including the gate oxide thickness, he JVD strategy of using jets in low vacuum, fast flows for
continue to shrink in each successive generation of ndn deposition was originated by Schmitt and Halpern [1]-{3]
of the Jet Process Corporation (JPC), with whom we have an

Manuscript received March 17, 1997; revised June 27, 1997 The reVi?ngOing collaboration. As shown in Fig. 1. the jet that carries
of this paper was arranged by Editor H. Iwai. This work was supported %’e depositing species is formed in a nozzle contained within
SRC, ONR, NSF, the State of Connecticut, as well as from JPC through i p gsp

funding sources, the U.S. Army and BMDO. a flow system pumped by a high-speed mechanical pump (see
The author is with the Center for Mlgroelgctronlc Matt_arlals_ and Structurep,ig_ 1). It has been shown that, when the pressure in the nozzle

and the Department of Electrical Engineering, Yale University, New Haven . .. . .

CT 06520-8284 USA. over that in the chamber exceeds a critical ratio (typicall),
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I. INTRODUCTION
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LOCALIZED
DEPOSIT

species (including atomic nitrogen) generated in the plasma

MEC and silane molecules are both carried by the sonic He jet
s toward the substrate where they form silicon nitride. The
Manometers = jet convection of vapor overcomes diffusion limitations on

2~4 Torr ] el mass transport, and the deposition is highly directed, localized,
SSINhISSSS 27\ Nitrogen and efficient. Because of the high kinetic energy of the

Microwave Cavity : | Hydrogen

impinging depositing species, intentional substrate heating is
not necessary. Film uniformity across a large area can be

~~— Plasma region achieved by scanning the substrate relative to the jet source(s).
| 4 Small quarwz nozzle In our present research setup (see Fig. 3), we combine both
Large quartz nozzie rotational and translational motions of the substrate to achieve
[T e | E Chamber Wall a thickness uniformity withint5% across a 6-in wafer, and a
/ e better uniformity should definitely be readily achievable with a
Deposic production machine. The deposition rate and film composition
/ o are controlled by the SiHHe and the Sik/N, ratios as well
AN Substrate N vac. as their flow rates, which critically affect the film properties.
AL orr

Fig. 2. Schematic representation of the dual-nozzle jet vapor source for

silicon nitride deposition (U.S. Patent 5336 672). Ill. SAMPLE FABRICATION AND CHARACTERIZATION
In the early phase of this research, we investigated a wide

range of deposition rates produced by various combinations of

reference, a supersonic jet expansion of helium #@$as a deposition parameters, and found that films with best electrical

velocity of approximately 1 km/s. A source of vapor containin

the desired depositing species is placed within the throat of roperties were produced at a low rate of 1A8min in
! €Positing species 1S pia withi ar single-jet research machine. Therefore, unless otherwise
nozzle. The jet of carrier gas entrains the vapor generated

specified, all of the JVD silicon nitride samples to be reported

the nozzle throat and convects it rapidly down stream to S this paper were made at such a low rate. Also, all of the

surface of the substrate where it deposits to form a thin fillgyy gjlicon nitride films were deposited at room temperature.
Since the depositing species possess the same supersonic Spe@ﬁpsometric measurements were made more or less rou-
as that of the helium carrier gas, the kinetic energies of thec?ﬁely after deposition, especially during the initial phase
species (which are proportional to their masses) could be gp oyr process development effort, to get an idea of the
in the order of 1 eV. relative thickness and the index of refraction. The etch rate in
For the deposition of silicon nitride, we use a coaxial duagpg (buffered oxide etchant) was also frequently taken and
nozzle jet vapor source, as schematically shown in Fig. &rrelated with the index of refraction data. FTIR measure-
Highly diluted silane from the inner nozzle ang-N He from  ments were performed on relatively thi¢k50 nm) samples
the outer nozzle flow into a discharge region sustained bydaposited on double-side polished Si wafers to increase the
microwave cavity. The gaseous plasma is sustained onlysignal/noise ratio. Optical absorption measurements were made
the outer nozzle, as the pressure in the small inner nozoie samples deposited on quartz substrate with a spectropho-
is maintained sufficiently high to suppress plasma formatiaometer covering the wavelength range of 190-900 nm. Film
and premature silane dissociation within it. Energetic nitrogestress measurements were made with a laser beam reflection
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For electrical measurements, metal—-nitride-Si (MNS) ca- = ot
. N an]
pacitors were formed by the following procedure. After the o L_soopox “ | ooooo
nitride deposition, the wafers were annealed in dry &t -400  -200 0 200 400
800 °C for 30 min. Then~3000A of aluminum was thermally E-E,, (meV)

evaporated on the front side, followed by photolithography

: At ig. 5. Interface-trap densities of MNS capacitors before PMA (circles) and
to define the gate electrodes. The fabrication concluded Wg er PMA (crosses). The data for MOS capacitors before PMA (squares) are

back-side metallization and annealing either in forming gago included for comparison. Data above midgap were obtained on n-type
(5% H, + 95% N,) or in water vapor at 400C for 30 min. samples, while below midgap were obtained on p-type samples.

The water vapor annealing (WVA) treatment has been shown

to improve the properties and reliability of nitride/Si interface Fig. 4 shows a pair of high-frequency and quasi-staticl”
[8], while it does not have any noticeable effect on thermaurves for an MNS capacitor with a JVD nitride film of 4.5 nm
oxide. of equivalent Si@ thickness (EOT). There is no discernible

Aluminum-gate n-channel and p-channel MNS field-effedtysteresis in the high-frequen¢y—V curve when swept back
transistors were made by adding field oxidation, source-drand forth along the voltage axis. These results are comparable
diffusion, and contact etching steps to the MNS capacittw quality MOS capacitors, and certainly much better than
process described above. Aluminum-gate MOSFET's witny other MNS capacitors made of conventional CVD silicon
thermal oxide as the gate dielectric were also made at thiéride reported in the literature. Such high-quality interface
same time for comparison. afforded us the opportunity to study in much more detail than

In addition, a full CMOS run has been completed as a joibefore the properties of interface traps in a MNS system [9].
project with a major semiconductor company based on bme of these properties are reported below.
0.35um technology coupled with Yale’s JVD silicon nitride Fig. 5 shows the interface-trap density distributiby, as
gate dielectric, and the results have been published [24]. obtained by the ac conductance technique [25], for a MNS

StandardC-V, G-V, and/-V measurements were usectapacitor before and after post-metal anneal (PMA). One can
to investigate the electrical properties of the MNS capacitorsge that theD;; level is reasonably low for this sample after
and constant-current stress experiments were conductedPf@A, and we are now routinely getting;; down to the mid
evaluate their trapping properties, their resistance to hot-carriecjw/crrp_ev range. The data for a MOS control sample are
damage, and their charge-to-breakdown characteristics.  also included for comparison.

Fig. 6 shows the time constants of the interface traps
for eight silicon nitride capacitors that underwent different
processing conditions. For example, samples #1-6 each re-

Since ultimately the electrical properties are most relevacgived a somewhat different nitride deposition condition and
for the intended applications, they will be presented first. none had received PMA, while samples #7 and #8 both had

IV. RESULTS AND DISCUSSIONS
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i i D o12f o .
samples are also shown for comparison. Two salient features & Step = 0.2 V
can be noted in this figure: 1) the time constants of nitride v(‘)g
samples tend to group together, despite the different processing 0'6 i N - channel
histories and 2) the time constants of the nitride samples are % oal 1
one to two orders of magnitude longer than the thermal oxide O 0'2> ______ ]

samples. More details of the interface traps can be found in 0.0
our earlier publication [9]. -

Fig. 7(a) shows a family of drain current curves of an N-
channel MNS transistor with EOT of 3.8 nm while Fig. 7(b) (b)
shows the corresponding transconductance characteristigg.7. Transistor characteristics of an n-channel MNS transistor with EOT
This device received WVA treatment as the PMA step. THg 3.8 nm, in comparison to the data for a MOSFET sample: (a) drain
data for a control MOSFET are also included for compariso g:ﬁg}izcgfﬁf]err':ggzc??g o E%nTs?f”tf]‘écgzqgedf;r;gg?r?é?r'St'cs' All data are
Note that both sets of data have been normalized with respect
to the gate EOT in order to have a fair comparison. One can
see that the low-field transconductance is lower for the nitride Since CVD silicon nitride films typically contain very high
sample, but its high-field transconductance is higher than tig@nsities of bulk traps, we were pleasantly surprised by our
of the oxide sample. This behavior is qualitatively similar téesults on the JVD silicon nitride films. Fig. 9 shows the
devices made of oxynitride gate materials [26], and may tesult from a constant-current stress experiment. Based on the
attributed to carrier trapping by the slow interface traps (&aturation voltage shift (of order of 30 mV), we estimate a
border traps [27]) near the nitride/Si interface, as describ&f@p density in the 10 /cn?* range, which is comparable to
below [26]. the values for quality thermal SiQbut much lower than CVD

In the low field region, the trapping of carriers by the bordegilicon nitrides.
traps causes a reduction of the transconductance in the steadyig. 10(a) shows a histogram of the breakdown fields for a
state because of the reduction of a significant fraction of tisét of MNS capacitors with EOT of 4.2 nm, while Fig. 10(b)
total number of carriers. At high fields, the channel carrighows the corresponding time-to-breakdown data under a very
concentration is very high and nearly unaffected by losirijgh field of 13.5 MV/cm. These data are comparable to
a few carriers to the border traps. On the other hand, thigh-quality thermal Si@.
lateral distribution of electron trapping could be in such a The I-V characteristics of the MNS capacitors fit
way as to cause a smoothening of the electronic roughnéssvler—Nordheim (F-N) plot very well, as exemplified by
of the interface as felt by the conducting carriers, resulting the data in Fig. 11, wherd is the current density an&’

a higher carrier mobility in the high field region. This coulds the equivalent oxide field. Using an effective mass of 0.5
happen if trapping takes place preferentially in regions whetimes the free electron mass, we calculated a barrier height
there were high Columbic attractive fields before the trappirgg 2.1 eV from the slope of the straight line. Other MNS
causes partial neutralization of such fields. This hypothesiscapacitors show similar barrier height values from thieiV’
being verified. characteristics.

The data for the P-channel devices are shown in Fig. 8(a)Since in the conventional CVD silicon nitride the dominant
and (b), where the transconductance for the MNS devicedsrrent component is due to the Frenkel-Poole (F-P) con-
also lower than that for the MOS device at low fields, buduction mechanism, it is very interesting that the JVD nitride
higher at high fields. shows primarily F-N tunneling mechanism. We believe the

(V- VI Ty (MViem)
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Fig. 10. Breakdown characteristics of MNS capacitors with JVD nitride
of 4.2 nm: (a) breakdown field distribution and (b) time-to-breakdown
distribution under a constant field of 13.5 MV/cm.

weak temperature dependence, as shown in Fig. 12. As a com-
parison, the CVD nitride shows a much stronger temperature

dependence.

To find out whether both electrons and holes contribute
significantly to the conduction mechanism in JVD nitride, we
did an experiment based on the well known carrier-separation
technique [14] by the use of a n-channel field-effect transistor.
Fig. 9. Gate voltage as a function of time during constant current stre\é\éhen the gate is biased pOSItIV?ly with respect to the inverted
experiment for a MNS capacitor with a JVD silicon nitride. The upper curvéhannel as well as source/drain, the measured gate current
is for a sample that had received water-vapor anneal (WVA) while the bottoshould consist of electron current supplied by the source/drain,
plus hole current going to the substrate. Our experimental
results, shown in Fig. 13, indicate that the substrate current is
lack of traps in the JVD nitride is probably responsible foless than 5% of the total throughout the voltage range studied,
this, because the F—P conduction requires a high densitysofgygesting that the dominant gate current is electron current
with little hole contribution.

The fact that the dominant conduction mechanism in theNext | will compare the JVD nitride against the thermal
JVD nitride is tunneling is also confirmed by its relativelyoxide in the ultrathin regime. Our theoretical calculations
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Fig. 12. Temperature dependence of the current through JVD silicon nitride is a lot weaker than that through CVD silicon nitride.

indicate that, if tunneling is the dominant current transpottansition from direct tunneling to F-N tunneling as the

mechanism rather than F—P process, then the gate leakdgminant transport mechanism. One can see that, for a
current should be substantially lower for the nitride whegiven equivalent oxide thickness, the leakage current is
compared with the thermal SjOof the same equivalent substantially lower in the nitride, especially in the direct

thickness [7]. Fig. 14 shows an example where the dielecttinneling regime, where the difference is several orders
constant of the nitride is assumed to be 6.5, which isaf magnitude. By assuming a higher dielectric constant
reasonable assumption based on our experimental resutis.the nitride, the calculation showed even lower nitride

Note that the kink in each curve corresponds to thaurrent [7].
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Fig. 14. Calculated tunneling currents for silicon nitride and thermabSiO_. . _
of three EOTs. Fig. 15. Experimentally measured gate leakage currents for three JVD nitride

films as compared to the data for three thermal -Sifdms of similar
thicknesses.
Fig. 15 shows the leakage currents measured in three JVD
nitride films of 2.1, 2.9, and 3.9 nm of EOT, respectivelytwice as thick as Si¢) which more than offsets the effect of
For comparison, the data for thermal Si@f comparable the barrier height difference.
thicknesses are also included. The data clearly indicate a loweOne possible near-term application of the JVD silicon ni-
leakage current through the nitride for a given oxide equivaletnide which utilizes its low-leakage current feature is to replace
field, in qualitative agreement with the theoretical predictiothe ONO dielectric for the storage capacitors in DRAM'’s
In the low-field regime, the leakage currents in the nitridaithout the need for the top and bottom oxides. To investigate
films are not as low as what the tunneling calculations hatieis possibility, we made MNS capacitors orf rpoly-Si
predicted. We suspect that the F—P conduction mechanism (@0 nm thick, deposited by LPCVD on~—rSi substrate).
not been entirely eliminated in these nitride films. Except for the substrate, these MNS capacitors were processed
The reason that the tunneling current is much lower iexactly the same way as those on single-crystal Si substrates.
silicon nitride for a given EOT, despite its lower barrier height Fig. 16 compares the current-density versus electrical-field
than SiQ, is because of its larger physical thickness (nearly-E) curves between the JVD nitride films and conventional
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LPCVD ONO films [28]. A significantly lower leakage currentfor EOT of 3.5 nm. For the JVD nitride, the current density

687

is observed for the JVD nitride film even without the intenat 2.85 MV/cm and—2.85 MV/cm are5.1 x 10~2 A /cm?
tional top and bottom oxides. This is consistent with our resulésd 2.0 x 10~3 A/cm2, respectively, safely fulfilling the
obtained on single-crystalline Si substrates. At a voltage ofréquirement of less thah0 x 10~7 A /cm? of leakage current

V, the corresponding effective electric field is 2.85 MV/cndensity at the operating electric field for 256 Mb DRAM.
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These results, to our knowledge, are significantly better than
any other previously published NO or ONO films deposited
on polysilicon substrates [28], [29].

The cumulative failure rates under ramp voltage test for JVD
nitride capacitors and conventional LPCVD ONO capacitors
[28] are compared in Fig. 17. For both polarities, the JVD
nitride films show a higher breakdown field with a tight
distribution.

The ten-year intrinsic lifetime projection for the JVD nitride
is shown in Fig. 18, where a comparison is made with the
conventional LPCVD ONO stack films [28]. It can be seen
that more than 9 MV/cm of either polarity can be applied V&gggnurfgg)( le(,)f))o
to the JVD nitride film without causing failure in ten years,
and that the time-to-breakdown is at least one order of mdg?- 19- FTIR spectrum of a JVD silicon nitride film.
nitude longer for the JVD nitride when compared with the
conventional ONO films at a given electric field. Fig. 19 shows the FTIR spectrum of a JVD silicon nitride

We have measured the film stress of the JVD nitride on fim which exhibits the expected SiN bonds. The hydrogen
by use of the laser-beam reflection method to determine théncentration, as manifested by the NH and SiH signals, is
wafer curvature. Our results indicate that, for a 50-nm film, thelatively low as compared to the CVD nitride, which may
as-deposited stress is 3.2 x 10° dyne/cni (tensile), which be partly responsible for the low trapping properties and low
is similar to thermal oxide stress in magnitude but differeméakage current of the JVD nitride, as it has been reported that
in sign. After 800°C annealing in N for 30 min, which is the trap density increases with hydrogen concentration in CVD
our typical post-deposition annealing process, the film stresificon nitrides [15]-[18]. One interesting fact worth reporting
is reduced by an order of magnitude X0 dyne/cn?), and here is that, unlike the PECVD nitride, the FTIR spectrum of
becomes difficult to measure with our technique. the JVD nitride looks pretty much the same with or without

High-resolution TEM as well as AFM data show that thé¢he 800°C post-deposition anneal, suggesting that the Si-H
JVD nitride/Si interface is very smooth (comparable to thand N-H bonds in the JVD nitride are very stable, and may
starting Si wafer surface). Such data also allow us to determimet act as trapping centers.
the physical thickness, which when combined with 6V Fig. 20 shows the Auger depth profiles of a JVD silicon
data, enable us to determine the relative dielectric constantnitfide film deposited on Si. One can see that, in addition
the JVD nitride as being in the range of 6.5-7.2. to the Si and N signals, which are expected, there is a fair
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amount of oxygen uniformly distributed throughout the depth Gate Voltage (V)
of the film. We suspect that this oxygen comes either from the @)
poor vacuum environment of our deposition chamber, which
is evacuated by a rough pump, or from the quartz nozzle. 400 I T
The effects of this oxygen on the film properties remain to be
systematically studied. 300

We have also studied the resistance of the JVD silicon
nitride film to boron penetration. Our data indicated that, for
JVD nitride films of ~4 nm in EOT, no detectable boron
penetration took place at a temperature as high as 2@00
for as long as 30 min, while a 4.3-nm thermal gi€ontrol
sample showed more than two orders of magnitude increase in
the surface doping concentration. As an example, Fig. 21(a) 0- B T ; r
shows that the boron drive-in step performed at 18Q0for
one hour has caused tli&V curves of the MOS capacitor to )
become “shallower” and the minimum capacitance to increase.

A subsequent calculation indicated that the effective dopirﬁoég(ﬂ- CV curves before and after high-temperature boron drive-in step

. . 15 18 _3 a) MOS capacitor with Si@ gate dielectric and (b) MNS capacitor with
concentration increased fromx 10*° to 1.2 x 10*® cm JVD nitride gate dielectric.

due to boron penetration. In contrast, the MNS sample with

4.0 nm of JVD nitride exhibits no detectable change after thg .o cyate the/ —V characteristics of the JVD nitride over a

same boron drive-in step, as shown in Fig. 21(b). thickness range in the ultrathin regime, and found the leakage
currents to be significantly lower than in thermal $i6f the
same EOT's. Experimental data verifying this trend have been
Although silicon nitride has been widely used in integrateobtained.
circuits for several decades, numerous attempts to make iFTIR spectra of the JVD silicon nitride show predominantly
a gate dielectric to replace thermal SiGave not met with S—N bonds, with small amounts of Si-H and N-H bonds.
success, despite its obvious advantages of higher dielectrtee hydrogen concentrations estimated from the FTIR spectra
constant and strong resistance to impurity diffusion. Thare lower than those in typical CVD nitrides, which may
situation may be changing due to the advent of the JVD silictre partly responsible for JVD nitride’s improved electrical
nitride. MNS capacitors, made of the JVD silicon nitridgroperties. Auger depth profiling data indicate the presence
deposited on Si substrates, exhibit a number of properties tb&ta few percent of oxygen throughout the depth of the JVD
are attractive for ULSI applications, including low densitiesitride film, although no oxygen was intentionally added. High
of interface as well as bulk traps, low leakage current, higlksolution TEM images show very smooth nitride/Si interface,
breakdown strength, high resistance to hot-carrier damaged laser-beam wafer curvature measurements show relatively
high resistance to boron penetration, and high resistanceldw stress of the JVD nitride film deposited on Si. Ultrathin
oxidation. Compared to their MOSFET counterparts, MNSIVD silicon nitride films exhibit very strong resistance to
FET's made of JVD silicon nitride exhibit reduced low-fieldboron penetration and oxidation at high temperatures. Many
transconductance and enhanced high-field transconductane#. the aforementioned properties, coupled with the room-
The current transport properties in JVD silicon nitride diffetemperature deposition process, are attractive for a variety of
significantly from those in CVD silicon nitride in at least twoapplications, and more work is underway to understand better
aspects: 1) electron conduction dominates in JVD nitride, witlhat makes the JVD silicon nitride so different from the CVD
very little hole contribution and 2) F-N tunneling, insteadilicon nitride.
of F—P conduction, dominates the current transport in JVD From this author’'s perspective, the JVD silicon nitride
nitride. Based on the above, we used electron tunneling theprpcess can be easily integrated with the existing CMOS
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process flow, and there does not seem to exist any significant
obstacle for its implementation. The only undesirable featu ﬁ]
that is apparent with the research machine at this timg,
the low throughput, is not fundamental to the JVD nitride
process, and more than an order of magnitude improvemgﬁt]
in the throughput should be readily achievable in a production
machine.
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