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Ultra-thin oxynitride films were grown on Si by direct rapid thermal #=@
processing (RTP) oxynitridation in NO/OZ ambients with NO concentrations
from 5% to 50%. During oxynitridation, nitrogen accumulated at the Si/dielectric
interface and the average concentration of in N through the resulting films ranged
from 0.3 to 3.0 atomic percent. The average concentration of N in the films
increased with increasing NO in the ambient gas, but decreased with longer RTP
times. The maximum N concentration remained relatively constant for all RTP
times and a given NO/02 ambient. Re-oxidation following oxynitridation altered

L
the N profile and improved the electrical characteristics, with an optimal NO/02
mixture in the range of 107o to 25% NO. Re-oxidation by RTP improves the
electrical characteristics with respect to the films that were not re-oxidized and
produces only slight changes in the N distribution or maximum concentration.
The electrical results also indicate that oxynitride films are superior to
comparably grown oxide films.

INTRODUCTION

As device geometries shrink to the nanometer scale, requirements for scaled gate dielectrics
have increased. Ultra-thin oxides (< 4 nm) have demonstrated good electrical reliability and
performance, but are vulnerable to increased gate leakage from direct tunneling and increased
penetration from boron (B) and other mobile ions (1,2,3). Oxynitnde films have been investigated
as gate dielectrics due to their enhanced reliability, including higher breakdown fields, longer
time-to-breakdown, improved gate leakage, and less hot-carrier degradation relative to
conventional oxides with comparable effective dielectric film thickness (4,5,6,7,8). @corporating
nitrogen (N) into the gate dielectric has also been examined as a diffusion barrier to B in dual-
gate CMOS technologies (9,10). These studies report that the desired electrical characteristics are
dependent on the amount and location of the incorporated N (9, 10).

Oxynitride dielectrics have been grown by a variety of methods. Ammonia (NHJ, nitrous
oxide (N20), and nitric oxide (NO) have all been used as nitnding agents (11-19). Comparisons
between N20 and NO grown films have been extensively reviewed (10,18). It has been
speculated that for both N20 and NO ambients, NO is the reacting species (18,20), However, NO
ambients are reported to produce films with higher peak maximum N concentrations, a different
bonding structure, and narrower N distributions than N20 grown films (10,12,13).

Growth of a silicon dioxide (SiOJ layer on bare silicon (Si) followed by exposure to a
nitriding agent is a common method for producing oxynitride films (1,4,8,10,12,13,18). Direct
oxynitridation of silicon in NO or N20 is an alternative method that has been used to produce
ultra-thin films and increase N concentration (4,11). Re-oxidized nitrided films grown by either
method have shown superior electrical properties (5,8,25). Long re-oxidation times appear to
increase the dielectric film thickness and change the interface to a Si02/Si interface, and to
decrease the N content of the film (13,22,26).
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Furnace, rapid thermal processing (RTP), ultra-high vacuum (UHV) and remote plasma
systems have all been used to produce oxynitride films (2,14,24,25,26,27,28). RTP has several
advantages that include reduced thermal budget, good repeatability and excellent uniformity. A
recent review by Ellis and Btlhrman compared furnace and RTP grown oxynitride films formed
by nitriding SiOz films with NZO (21). These authors suggest that NZO decomposes to form NO
which reacts at the Si interface. In a typical furnace process this NO may recombine before
reaching the wafer surface, limiting the amount of NO available for the reaction. With RTP, they
suggest that the NZO decomposes at the wafer surface, increasing the amount of available NO. It
has been suggested that for NZO grown films, RTP oxynitridation may also provide better
narrower N depth profiles and greater maximum N concentrations than are formed in similar
furnace anneals (21,23).

In this work, we investigate oxynitride dielectrics grown on Si by direct oxynitridation in
RTP with NO/Oz ambients. A subset of these oxynitride films received a subsequent, re-
oxidation process in 02. We will report the results of materials and electrical characterizations of
these films.

EXPERIMENTAL

Bare Si wafers (150 mm, p-type, <100>, 2.0 – 20.0 Q-cm) were processed in a Heatpulse
8800 RTP system. Prior to RTP, the wafers received a dilute hydrofluoric (HI?) pre-treatment to
remove native oxide. Direct RTP oxynitridation of Si wafers were performed in various NO/Oz
ambients. The wafers were ramped to temperature at a constant rate set at 60°C/sec., and a 3 slpm
flow of the ambient gas was flowed over the wafers throughout the ramp up and film growth. The
ambient was switched to N2 for the ramp down step.

Wafers received a single-step, oxynitridation process (RTN) at 1050°C, or a dual-step
process consisting of an oxynitridation step at 950”C or 105O”C, followed by a re-oxidation step
at 105O”C (RTN + ReOx). For dual-step processes, the wafers were cooled in N2 to
approximately 300”C between steps. The ambient for the oxynitridation step was a NO/02
mixture, with NO concentrations that ranged from 59?0to 50% of the total gas. Oxynitridation and
re-oxidation times were varied. Re-oxidation was performed in 100% 02 on oxynitride films that
had been processed with 10% or 15% NO.

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) analysis was performed on
oxynitride and re-oxidized oxynitride samples to determine the total N concentration and to
characterize the profile of N within the dielectric. The location of the interface was determined

prior to SIMS analysis by single wavelength ellipsometry (1 = 632.8 rim). The samples were
measured as a single, continuous film, with a constant refractive index of 1.462. The SIMS
profiles were analyzed by setting the interface location at the point where the O profile had
decreased to 50% of its maximum value. The sputter rate is assumed to be constant throughout
the profiling. The total N concentration was measured throughout the dielectric films, and a
grown standard, independently measured by x-ray photoelectron spectroscopy (XPS) and auger
electron spectroscopy (AES), was used to calibrate the SIMS results. From the total N
concentration, the atomic percent of N was calculated at each data point throughout the dielectric
film.

Wafers were prepared for electrical characterization with a final targeted optical thickness
of 4 nm. Additionally, for these wafers, a one micron film of A1(CU) (0.5 at. YOCu) was deposited
after RTP on the front and back sides of the wafers. Capacitor structures were photodefined and
wet-etched on the front of the wafers. The backside deposition was performed to provide
electrical contact for testing. All the electrical samples received subsequent furnace anneals in
forming gas (20% H2 in N2) at 300”C for 30 minutes to passivate process induced charge. RTP
grown oxides (RTO) and SiOz films produced in a conventional furnace with an experimental 4
nm process were produced as controls for the RTP oxynitride wafers. Electrical tests were



performed to characterize the gate dielectric quality for each condition. These tests included
standard high-frequency capacitance-voltage (CV) characterization at 1 MHz, gate current
leakage under positive and negative static bias conditions, and voltage ramp breakdowns.
Typically, 55 sites were sampled on each wafer.

The CV data was comected for series resistance before being used to calculate other
electrical parameters, i.e. the electrical thickness of the dielectric (tOJ, flat band voltage (Vfi), and
substrate doping concentration (NA). For the breakdown tests, the voltage was ramped at the
standard rate of 1 MV/cm-see, putting the substrate into accumulation. The breakdown voltage
(V~J was corrected for the work-function difference ($J between the A1(CU) gate electrode and
the p-doped substrate. The estimated surface potential was also subtracted from the gate bias to
determine the potential across the dielectric. The value of tOX,calculated from the CV
measurements, was used to determine the breakdown field (Ebd) instead of the film thickness
determined by ellipsomet~. The values of both the index of refraction and the dielectric
permittivity tie uncertain due to the incorporated nitrogen in these dielectrics. The electrically
measured thickness of the dielectric was used because we considered it more relevant to device
physics and reliability considerations with this technology. The electrical characterization was
carried out on an auto-prober using standard parametric test equipment under computer control.
The electrical tests were run on capacitors with two different areas, 1.44x10-3 cmz and 3.0x10-3
cm2. The results for the two different sized capacitors are comparable and only the data from the
larger area capacitors is presented in this work.

RESULTS AND DISCUSSION

Oxynitride film thickness, as measured by ellipsometry, is shown in Figure 1 as a function
of RTP time for various NO/02 ambients. The dielectric thickness increase is generally linear
with increasing RTP time, although the rate of increase vanes considerably with NO content in
the ambient. The average N concentration through the dielectric is shown in Figure 2. We find
that the average N concentration is relatively insensitive to the RTP time. Conversely, the
average N concentration is quite sensitive to the amount of NO in the NO/02 RTP ambient.

During the oxynitridation, N accumulates at the growing Si/dielectric interface. As shown
in Figure 3, the maximum N concentration is found immediately adjacent to the Si/dielectric
interface that is determined by ellipsometry. The maximum N concentration increases with
increasing NO concentration. The total amount of incorporated N also increases with increasing
NO concentration, as shown in Figures 2 and 3. However, for a given RTP time and temperature,
the dielectric film thickness is inversely related to the NO concentration and the total amount of
incorporated N. Additionally, the N peak broadens as the dielectric film grows. This indicates
that the N incorporated at the Si/dielectric interface greatly reduces the oxidation rate. For
dielectric films grown with 50% NO in 02 there was little change in the dielectric films after 30
seconds of processing, even up to 90 seconds.

During re-oxidation, the N peak broadens and the incorporated N is redistributed, as shown
in Figure 4. This was seen both at 950”C and at 105O”C. The growth rate of the dielectric film
increases as the maximum N concentration decreases, indicating that the oxidation barrier is
reduced as the re-oxidation proceeds. The maximum N concentration, however, remains adjacent
to the moving Si/dielectric interface until the film becomes relatively thick, approximately 7 to 10
nm as determined by optical techniques. Further, we found that the N is not lost from the film
during re-oxidation but that it is redi&-ibuted during the re-oxidation process, as seen in Figure 5.

This is in contrast to other published work (13,22,26).

In Figure 6, we show the mean electrical thickness determined from corrected COXvalues as
a function of the amount of NO in the ambient gas (OJ during dielectric film growth. The RTP
processing was optimized for an optical thickness of 4 nm. The labels in Figure 6 indicate the
mean optical thickness for wafers that deviate from the nominal value of 4 nm. For the electrical



measurements, each point represents at least the average of 55 sites measured across a wafer and

the error bars represent & lcr. Only the 10% and the 15% NO values are for single wafers. All
other data points and distributions are combinations of multiple (2-3) wafers. The cumulative
normal distributions of toXfor these wafers are shown in Figure 7. With the exception of the 50%
NO data (7.5% 30), the die-to-die and wafer-to-wafer uniformity is good and ranges from 5.590
3G for O% NO to 2.7% 30 for both 15’% and 25% NO. Wafermaps (not shown) of the RTP wafers
show pattern dependence with increasing tOX.The mean values for the electrical tOXshown in
Figure 6 were used to calculate E~~for the breakdown measurements made on the same wafer.

The flat-band voltage extracted from the CV curve can be used as a measure of the trapped
charge in the oxide. The mean values of Vfi as a function of 70N0 are shown in Figure 8. The
doping concentration, NA, for these wafers is - 2-3x10*4 cm”3. This level of substrate doping (p-
typej with an A1(CU) gate electrode should ‘generate a work-function difference of -0.84 Volts
(29). In the absence of trapped charge in the dielectric, this should be the measured Vfi value. As
can be seen in Figure 8, the measured Vfi indicates that there is negative trapped charge in the
dielectric causing shifts as large as -0.17 Volts (furnace oxide) to –0.12 Volts (15% NO). This
represents a trapped charge density of - 6-9x 10]2 cm-2. Oxynitride films are known to have large
numbers of electron and hole traps (10). The data suggests that for these oxynitrided films, the
incorporated N has a negligible effect on Vfi.

Gate leakage current density measurements were made with the capacitors biased into
accumulation (-1 Volt) and into depletion (+1 Volt). The mean values for accumulation leakage

are shown in Figure 9 and for depletion in Figure 10. The error bais represent & 1G. Typical
leakage current is around 1X10-8 A./cm*. For accumulation, there is a general trend toward
increased current leakage as the 70N0 is increased. Both sets of data show a minimum
(accumulation) or a maximum (depletion) for 10% and 15% NO. In Figure 10, we see that
although the leakage is a maximum for 109ZOand 15?Z0,there is almost an order of magnitude
improvement for the re-oxidized wafers. Under accumulation, re-oxidizing the wafer appears to
have no effect on the gate leakage. This suggests that re-oxidizing wafers with direct nitridation
of the Si is changing defects at the interface in a non-uniform way. It is known that interface
states behave differently in different levels of the band-gap and the same may be true of trapping
sites in the dielectric near the interface (30,31), Under conditions of normal device operation, it
may be crucial to re-oxidize nitrided dielectrics to reduce stand-by current. It should be noted that
the field in the dielectric is not the same under the two bias conditions. The work-function
difference and surface potential must be taken into account when determining the actual field in
the dielectric - this may be the source of the over-all difference in current density between the two
biasing conditions.

The nature of the dielectric film used in an electronic device plays a large role in
determining the reliability of the device. In Figures 11 and 12 we show the results of voltage-
ramp breakdown tests as a function of ~oNO during dielectric film growth. The measured
electrical thickness, LX,is used to convert V~ to Ebd. Figure 11 shows the mean breakdown field
for furnace, oxynitrided (RTN), and re-oxidized, oxynitrided (RTN + ReOx) wafers. Figure 12
shows the Wiebull distributions for these wafers. The mean breakdown field increases with
increased cZONOand starts to saturate above 1570 NO. The breakdown distributions also get
tighter as !ZONOincreases. The 50% NO samples have breakdowns that are 1.5 MV/cm higher
than the furnace oxide. In Figure 13 we show T~~~ results for furnace oxide and RTP grown
oxynitrides. A large constant bias stress of -5 Volts (-12.5 MV/cm) was applied to capacitors
with a gate area of 3.Ox10-3 cm2. The RTP oxides, RTN + ReOx and re-oxidized nitrided oxide
(RTO ; RTN -I-ReOx), show much better breakdown
RTN + ReOx having the largest time-to-breakdown.

characteristics than the furnace oxide with
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CONCLUSIONS

Nitric oxide can produce high quality oxynitride films with a wide range of incorporated N
concentrations, allowing the films to be tailored for specific applications. Increasing the
percentage of NO in the NO/Oz gas mixture increases the amount of incorporated N retards the
dielectric growth rate. During film growth, the amount of incorporated N increases with the
percentage of NO in the gas mixture. The maximum concentration of incorporated N is
consistently located near the Si02/Si interface. The re-oxidation growth rate is suppressed when
higher concentrations of N are present in the original film, and although the N profile is
broadened, no N is lost during re-oxidation. The electrical properties appear to be optimal for a
limited range of N incorporation, Although the E~~increases with increasing NO the gate leakage
current may also rise. RTP re-oxidation for very short times improved electrical characteristics
over the oxynitride film with only slight changes in maximum N concentration or N distribution.
We have seen that gate-quality oxide films grown by RTP demonstrate electrical characteristics
comparable to gate oxides grown in conventional furnaces. Additionally, we have shown that
RTP grown oxynitride gate dielectric films have improved reliability, compared to RTP grown
gate oxides.
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