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Interface Hardening with Deuterium Implantation
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Incorporation of deuterium to passivate silicon-dangling bonds at the Siigi€@face through ion implantation before the growth

of the gate oxide is the focus of this work. Polycrystalline silicon gate n-channel metal-oxide-semiconductor diodes with 4 nm gate
oxide grown on deuterium-implanted p-type silicitD0) substrate were investigated. Deuterium implanted at a light dose of 1

X 10"cn? at 25 keV reduced oxide leakage current due to reduction in oxide charge and interface traps. Out-diffusion of
deuterium during oxidation was observed for lower energy implant. Higher energy implant, on the other hand, causes enhanced
substrate damage and prevents deuterium from reaching the Siré€face. Formation of Si-D bonds at the interface as well

as in bulk oxide seems to reduce bulk electron traps as noticed in constant current stress measurements. Interface dthte density
as obtained from the conductance measurements suggests that implanted deuterium passivates the silicon dangling bonds, thereby
reducing the interface charge. TNg distribution in silicon bandgap shows that there is significant reductid¥y ifor deuterium-
implanted samples at an energy position about 0.2 eV above midgap, which corresponds wejpwehter 0/ transition level

of E, + 0.85 eV.
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In metal oxide semiconductdMOS) devices the Si/SiQinter- tion, at low voltages, points to the multiple vibrational excitation
face is most widely studied, but reliability of the interface remains a mechanism of H desorption at the Si/Siiterface and hints at a
major concern today. Low-temperature postmetal annéad®- dependence of desorption mechanism on both voltelgetric field

450°Q in forming gas(10% H,) have been successfully used in and current density. Obviously, hot carrier induced transistor degra-
MOS fabrication technologies to passivate silicon dangling bondsdation will continue to be a major constraint for the design of high-
and consequently, to reduce Si/Silterface trap charge denstty. performance sub-0.1&m CMOS devices. However, under bias
This treatment is imperative since silicon-dangling bonds at thecondition the MOS transistor performance can degrade as a result of
Si/Sio, interface are electrically active and lead to the reduction of 4&sorption of the hydrogen that is passivating the dangling bonds at
channel conductance and also result in deviations from the idealhe Si/SiQ interface or bonds at the Sj@polysilicon interface due
capacitance-voltagéC-V) characteristics. Electron spin resonance 0 channel hot carrieréelectrons and holg@sHot carrier reliability
(ESR measurementsperformed in conjunction with deep-level concerns are further exacerbated by ever-ongoing miniaturization
transient spectroscopdLTS) and C-V measurements have eluci- (Scaling efforts and complexity in device processing. Replacing hy-
dated the role of hydrogen in this passivation procésshich is drogen W|.th deuterium does have the same chemical impact but is
described a®, + H, — P,H + H, whereP,H is the passivated technologically advantageous.

dangling bond. These measurements indicate that for the oxides Lyding, Hess, and.Klzlllya.Iﬁ recently reported significant im-
grown on Sil111), the density of the interface trap states in the provement in hot carrier lifetime when the interface was passivated

middle of the forbidden gap decreases fromMD0'? cm 2 eV ' to by deuterium rather than hydrogen. Since the chemistry of deute-
about 169 cm2 eV! after the postmetal anneal process step Thenum and hyd_rog(_en is wrtually_ldentlcal, elth_er atom is eql_JaIIy suit-
Si(100/Si il hich i hnologicall T ii able for passivating the dangling bonds at interfaces. This develop-

i ¢ ) hl%tm?htena SyStemi.;Nt.'C E)S Lec no 9r%|ca fy mo{ﬁ S'gnl\'/l'(') ent inspired a new wave of interest in deuterium in the Si,SiO
cant, exnibits the same quaiitative benhavior. theretore, the n- ysten ! Mogul et al® showed that deuterium-sintered submi-
threshold voltage and transconductance distributions on a wafer arng

. . 0 o ; rometer devices are less prone to degradation due to electrical
nealed in forming gagl0% H;,) show significant improvement com- - gress than forming gas annealed devices. Similarly, Desira?

pared with an untreated wafer. The high mean value and variation ogonfirmed that the degradation in channel transconductance is
the threshold voltage and reduced channel mobility across the unmainiy due to creation of interface states, and a significant reduction

treated wafer is a clear indication of the unacceptable levels of in{ jnterface states was noticed for deuterium-annealed devices. The
terface trap density for complementary MOSMOS) circuit opera-  gpserved improvement in the degradation ralest carrier life-
tion and stability. _ _ _ times in the transistors is a result of the large difference in the

The importance of hydrogen in the electrical degradation procesgjesorption rates of the two isotopes with the loss of hydrogen being
for the Si/SiQ system was demonstrated by Nicolli@al® by  significantly greater than deuteriuhStudies also indicate that tran-
using a series of experiments performed on MOS capacitors. Nicolsistors annealed in deuterium are much more resilient against
lian et al. showed that there was a one-to-one Correspondence bq:ﬂasma process induced damage quantified by Si/SiQinterface
tween the hydrogen logt.e., reduced activityand negative charge  trap generation and gate oxide leaketfan a complementary study,
produced in a hydrated SjQayer in the presence of electron cur- the characteristics of deuterium as a function of thermal annealing
rents. In the channel hot carrier aging investigation, the SYSiO were examined in thin SiQfilms'® and in CMOS device:
interface degrades by hot carriers that are traversing the device from Significant challenges still remain in integrating deuterium an-
source to drain. This hot carrier degradation in MOS transistorsnealing into mainstream semiconductor manufacturing. The im-
manifests itself in the form of threshold voltage instability, transcon- provement in hot carrier lifetime in deuterium-annealed samples
ductance degradation, and increase in the subthreshold slope oveould be unstable and relaxed when the samples are subjected to
time. It has been suggested that the generation of the interface trajurther processing® When CMOS technologies incorporate mul-
states is due to hot carrier stimulated hydrogen desorption and detiple metal and dielectric layers, the improvement due to deuterium
passivation of the silicon dangling bonds. The existence of degradasintering was reduced furtherin addition, undoped polycrystalline

silicon and SjN,, used as a sidewall spacer, serve as a diffusion
barrier for deuteriunt? which could limit the transportation of deu-
* Electrochemical Society Active Member. terium to the Si-SiQ interface during annealing. Furthermore, a
Z E-mail: dmisra@niit.edu nonuniform deuterium distribution at the interface might be possible
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due to these barriers. These limitations can be overcome by ex  1.50E-06 1.6
tended time and temperature anneals at higher deuterium~
concentratiort? but cycle time associated with extended anneals and € 4 3pg-06 | N 114
detrimental effects of higher temperatures on the long-term metalg
properties require exploring possible alternatives for deuterium in- = 110E-06 | 112
corporation at the Si-SiQinterface. In CMOS processing middle- &
of-line and back-end-of-line deuterium anneals were suggéSted.
an alternative approacfi,when gate oxide was grown in,D am-
bient, the interface state density not only reduced the process bu
also suppressed charge trapping in the oXideecently, it was ob-
served that the improvement of interface properties depends on thi
method whereby deuterium is incorporated into the Si,Siter-
face after deuterium was incorporated by deuterium pyrogenic
oxidation!® The behavior of deuterium in the Si-Si®ystem, there-
fore, is not very well understood, and there is no study to understanc
desorption of deuterium from the Si/SiOnterface, even though 1.00E-07 0
there is a fundamental difference in surface and interface desorption No  15keV  25keV  26keV 35keV

In this work we have introduced deuterium by implantation into lmpl:nt lmpl:nt lmpl:nt lmplznt lmplzm
silicon substrate before the thin gate oxide is grown to incorporate an an an and ~ an
deuterium at the Si/SiQinterface in the MOS device. Deuterium NoAnneal Anneal No Anneal Anneal Anneal
implantation provides a spatially uniform distribution of deuterium, Figure 1. (®) The flatband voltage shifts and#®) net oxide charge ex-
whereas deuterium diffusion can have a localized effect, such asacted from high-frequency C-V measurements for various deuterium-
higher concentration at the drain and source end of the channel duieplanted samples.
to the presence of sidewall spacers. Even though this approach will
streamline process integration and reduce cycle time, two questions
still remain. Will the benefit of deuterium incorporation still exist
after the many process steps required to complete the device, a

yvhat will be the |mp?%of |r_nplantat|c_>n on gate o>§|de?_ Earlier s_t_ud- duction band in polysilicon gate. The surface was then patterned
les by Parl_<_ and H?' on implantation of deuterium in bare S'I". using reactive ion etching to form MOS capacitors with o
;:on and silicon oxide systems show that the release of deuteriunyi,p,' High-frequency C-V measurement was used to characterize
rom bare silicon is possible aF 6.00 C, whereas odeutenum_ m.'ghtthe oxide. A constant current stress of 200 mA7dmgate injection
dn‘fgse out completely f“’”_‘ a Sl/Spsyste_m at 900°C. The_ distri- mode was applied to evaluate the bulk oxide traps. The conductance
bution of implanted deuterium, When_ sub;ected to anneallng, _there?nethod at 1 MHz was employed by using an HP 4156B parameter
fore, depends on the presence of oxide film. This work |nvest|gatesam‘,jllyzer to estimate interface state denshy)(
oxide/interface quality when the oxide was grown on deuterium-
implanted silicon substrate.
lon implantation conditions can cause irreparable substrate dam-
age and thereby deteriorate oxide integrity. In a separate study we Oxide charge and trapping characteristiesThe observed flat-
have demonstrated that a low-energy nitrogen implant before gatéand shifts and the net oxide charge from high-frequency C-V mea-
oxide growth could be used to incorporate nitrogen at the Sy/SiO surements reveal that the control devices induce a negative voltage
interface?®?! After successful incorporation of nitrogen by using ion shift, indicating a net positive charge in the oxide and/or at interface.
implantation it is possible to implant deuterium before oxide growth Figure 1 shows implanted deuterium partially neutralizes the oxide/
to improve oxide reliability. However, extreme caution can be usedinterface charge. The net oxide charge is rather high for no implant
to select implantation energy and dose. We have used different imand no anneal sample. Note that no forming gas anneal was given to
plantation energies to optimize the process. Implantation energy ofiny of the samples. C-V measurements are affected by the capaci-
25 keV with a dose of 1x 10'¥cn? was found to be most appro- tive response of fast interface states and fixed oxide charge. A sharp
priate for device applications. Oxides grown without any deuteriumreduction in net oxide charge indicates that deuterium implanted at
implantation and without any annealing were used as a referenc@d keV devices incurred increased interface passivation of the dan-
device(contro). gling bonds at the Si-SiQinterface compared to devices without
any deuterium implant. For 25 keV deuterium-implanted and an-
Experimental nealed sample, a significantly reduced interface state and fixed oxide
. . . charge was observed. Wafers implanted at 25 k&vannedl have
At room temperaturg300 K), deuterium was implanted into  comparable flatband shift and net oxide charge with that of 15 keV
p-type S{100) substrates with a resistivity of 1.25-2Dcm. Three implanted and annealed devices. It is known that postoxidation an-
different implantation energies of 15, 25, and 35 keV were used withneajing reduces oxide charge. We believe the effect of annealing
a constant dose of X 10"/cn¥ through a 200 A sacrificial oxide.  reduced the fixed oxide charge of 15 keV implanted and annealed
The sacrificial oxide was used to avoid any irreparable surface damgeyices, but the observed characteristic is possibly due to out-
age. SRIM simulation for the above-mentioned implantation ener-gjffusion of deuterium from the interface for the 15 keV implanted
gies shows peaks at 0.38, 0.6, and Ou#b, respectively. The gate  (annealefiwafer compared to that of the 25 keV implantethan-
oxide was then grown in dry Oat 800°C for 20 min after the nealed wafer. The 15 keV implantation is comparatively shallow
sacrificial oxide was removed. The oxide thickness was 4 nm for all(0.38 um) and during oxide growth out-diffusion of deuterium is
the splits. The gate oxide thickness was measured by ellipsometry gossible. The reduction of oxide charge in the 25 keV implanted
16 sites on each wafer to obtain an averaged value. No appare’rfample after annealing clearly shows an enhanced deuterium pres-
thickness variation was noticed due to deuterium implantation.ence. Retention of deuterium in the 25 keV implanted sample after
Some of the wafers were annealed at 850°C for 20 min JON  growth of the 4 nm of gate oxide was observed when investigated by
ambient. A 3000 A polycrystalline silicon layer was then deposited secondary ion mass spectrosca®yMS) and reported elsewhef@.
at 600°C and a blanket implantation of phosphorus was given at 3@ince no forming gas anneal was used in this experiment, the pres-
keV with a dose of 18/cn? given to dope the polysilicon layer. A ence of deuterium therefore retards the charged defect sites at the
furnace anneal for 30 min at 800°C was given to all samples forinterface. The observed oxide charge and flatband shift for the 35
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dopant activation in polysilicon. The doping in polysilicon would be
rl&bproximately 18 cm 3, which keeps the Fermi level close to con-

Results and Discussion
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Figure 2. Schematic representation of possible deuterium diffusion in sili- Figure 3. The average values of the initial electron trapping slope for the 25
con for various implantation conditions shows that deuterium might havekey deuterium-implanted samples when compared to control device. Initial
out-diffused for 15 keV implantation and never reached the interface for 35oxide trap creation was suppressed for deuterium-implanted sample.

keV implantation during gate oxide growth.

) ) ) tance method was employed to meashNpe Figure 4a shows mea-
keV implantation and annealed sample, on the other hand, is no§yred conductance at 1 MHz as a function of gate voltage. The
much better than the control wafer, suggesting irreparable crystamagnitude of the conductance peak is much smaller for the 25 keV
damage occurred as the implantation energy was increased. In addinplanted oxide compared to no-implant oxide. The comparable
tion, since the implantation depth for 35 keV implantation is rather conductance peak for 15 keV deuterium implantation shows some
deep (approximately 0.75.m), during oxidation deuterium might jmprovements over the control device but much higher than that of
have diffused into vacancies rather than diffusing toward the inter-the 25 kev implanted devices. The conductance peak for 35 keV
face. The interface passivation thus depends on the implantatiogeyterium implantation is larger than the peak of the control device
condition (Fig. 2) as the oxide growth temperature and polysilicon (not shown in Fig. 4a Conductance measured at 10 kHz and 1 MHz
dopant activation annealing is 800°C for all cases. for 25 keV implanted oxide is shown in Fig. 4b. The increase in

_To investigate the impact of deuterium implantation on trap cre- peak magnitude at higher frequency is due the series combination of
ation in bulk oxide only 25 keV implanted devices were subjected togxide capacitance with that of the impedance of interface states. The
a constant current stress of 200 mAfcin gate injection mode and  conductance peak shifts to a gate bias closer to flatband condition
compared with that of the control sample. The voltage required thewith increase in frequency due to the dependence of carrier time
current be recorded as a function of time when the current is injecte¢onstant of the interface states on band ben&‘?ng.
into the gate oxide of a MOS capacitor. This voltage variation re-  Figure 5 shows the peak; values for various deuterium-
lates directly to the net charges trapped under the current stress. Thgplanted devices. The initial density of interface statesimplant
slope of the initial portion of the voltage curve during injection anq no annelis rather high, with a peak value around16m 2
represents the net electron-trapping fat&his trapping process is eV~L. However, as can be seen in FigN§, decreases initially with
initially dominated by the filling of pre-existing empty electron traps ,crease in imf)lantation energil5-25 ke\ but increases again
per injected electron under a particular stress condition. The initialy-a the implantation energy is increased furtf®-35 ke\j. The
slope can be obtained by approximating the earliesthe steepest i1 i Fig. 5 serves as a visual guide. The 25 keV deuterium-
part of the voltage-time curve with a straight line. During this period jnjanted and annealed sample shows the lowest density of inter-
the hole trapping rate s_hould be saturated and remain constant angd .. ctates Even though annealing redudgs note thatN,, for 15
the electron trap creation rate should be approximately constant, o, implanted and annealed sample is higher than that of the unan-
Different initial electron trapping slopd$ETS) thus provide an es- nealed 25 keV implanted device. For 35 keV implant in-
timate of the rates of filling existing electron traps, and therefore are eale ev implanted device. o eV implantatdpi

A : creases sharply, indicating strong effect of implantation-induced
related to initial bulk oxide charge. The average values of the IETSsubstrate damage. This agrees well with our findings from the C-V.

for 25 keV implanted devices are shown in Fig. 3. There is about an easurement that some of the deuterium atoms are lost during oxide
order of magnitude suppression of trap creation over the controf" 9

wafer with deuterium implantation and annealing. Even without any 9wt dhue _tfo rc])ut_-dlfflusmn_for shallower implantatioffsig. 2. It
annealing wafers with deuterium implantation show improvementseems that if the implantation dose is appropriate, deuterium tends

over the control sample. The suppression of trap creation can also b rlemalr) atdthe ".“e:.ace ggr:(nqumdle grozvth.hHoweivsr,d if the
explained by thermal desorption characteristics of implanted deutelMPlantation dose is higli~35 keV implani the thermal budget
ay not be able to remove the implantation damage. In addition, the

rium as described previously. Deuterium atoms incorporated by 29" s : K
keV implantation not only diffuse into the Si/SiOnterface, react !MProvement inN; for 25 keV implanted and annealed sample in-

with interface dangling bonds, and form-SD bonds, but also form ~ dicates a completely different behavior of deuterium if oxide is
the Si—D bonds in bulk SiQ.8 For high-density constant current grown on the implanted substrate compared to annealing in an inert

stress condition at lower voltages, deuterated devices show Iowe?mb'en& It is known that the stability of the SiH bond increases

; : when silicon atoms bond with larger electronegative oxygen
desorption rates due to the resonance between thé3iond bend- 6 L .
ing mode and transverse optical phonon of bulk siliébiihe pres- a;’][omfsz. Thgrefore, |t_gs b_elle_ved that thehstrenr?th Off tE Eong
ence of deuterium at the interface and in the bulk oxide, thereforeNat forms during oxidation is stronger than that of the-§ bon

suppresses the hole-induced increase in the density of electron tra;}\%at passivates the interface dangling bonds by deuterium annealing.
at the near interface region during electron stress for 25 keV im-vitani etal,™ using thermal desorption spectroscopy, observed a
planted devices 7% difference in activation energy of desorption between pyrogenic

oxide (deuterium incorporated during oxidatjomnd deuterium-
Interface state density-Next, interface state density;, for dif- annealed oxide. We believe that stable-3 bonds that are formed
ferent implantation conditions needs to be investigated. The conducwhen deuterium is incorporated by ion implantation can sustain a
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Figure 4. (a, left) Measured conductance at 1 MHz as a function of gate voltage for various samplés, aigtht) conductance peak for 25 keV implanted
sample at two different frequencies.

higher thermal bud_get of oxidation if the implantation dose and fects, namelyP,,, andPy; on the[100] interface. P, is identified as
energy are appropna}e. _ _ _ a silicon atom bonded to three other silicon atoms with a fourth
Implanted deuterium likely results in formation of SD  available bonding orbital left dangling, designated=Si.* Al-
bonding:**" which plays an important role in the change of distri- though these states are distinguishable spectroscopiBallyis in-
bution of deuterium in silicon and at the Si-Si@hterface during  sjgnificant as an electrical interface sfatéhereas alP,,’s are elec-
oxide growth and subsequent annealing. During oxidation deuteriunyically active interface states. The variation of interface state
diffuses either to the bulk or to the surface. Slnc_e the OX'dat'Ondensitiews.energy with respect to midgap estimated from the con-
temperaturg800°Q is the same for all cases, contribution of deu- §yctance method is shown in Fig. 6 for deuterium-implanted
terium to passivate the interface depends on the implantation Condiéamples. The trap enerd; is with respect to intrinsic Fermi level
tion. Once the oxide is formed the thermal energy to break the bonc|E We only compared the 25 keV deuterium-implantednealed
to silicon at the interface is higher than that of bare silicon surféce. .. unannealddwith that of no implant and no anneal sample to

In addition, since deuterium is tied up with the silicon dan_gllng investigate the nature of interface states. The interface states were

Rensitive to~1 ws and the slower states were not investigated in this
experiment. The conductance method was applied by ©teni?®
to investigate interface states in n-typg(18i0 where they have

Si—D bond at the interface is quite different from that of bulk
silicon. Park and Helnt€ found that the release of deuterium from

implantation-induced Si-D or Si-OD configuration in the Si-8i0  grown 19 nm oxide at 900°C. The interface state density profiles
system occurs at around 900°C. We believe, for the 25 keV im-

- ! “observed in Ref. 28 were inconsistent with the profiles in Fig. 6. It is
planted sample th_e |mplantat|_on _depth and thermal budget retaifacause the 4 nm deuterium-implanted oxide was grown on p-type
most of the deuterium at the Si-Siinterface. substrate at 800°C. Interface states above the midgap are clearly

Nature of interface passivation-Silicon dangling bonds account passivated for unannealed deuterium-implanted samples. It is inter-
for a large portion of the intrinsic electrically active states at the

Si-SiO, interface. There are two types of these dangling bond de-
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Figure 5. PeakN; values for different deuterium implantation conditions
indicate thaiN;, went through a minimum valugor 25 keV implantatiohas Figure 6. Density of interface trap®;; as obtained from the conductance
a function of implantation energy. measurements. The trap eneffjyis with respect to intrinsic Fermi levé, .
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esting to note that the interface state density above the midgap hathis process and to estimate the appropriate concentration of deute-
increased for the deuterium-implanted and 850°C annealed samplesum required to passivate the interface. Many systems where hy-

However, it has the lowedl;; below midgap and above the valence drogen is used for passivation will benefit from the proposed re-

bandedge.

search, and the transport mechanism of deuterium in silicon will be

Since Py, states account for the vast majority of electrically ac- better understood.

tive traps, the results of the present investigation of ion implantation
of deuterium to passivate silicon dangling bonds indicate that the
interface state densityl; is in accordance with the predicted behav-
ior of Py, centers® In the (100 Si-SiO, interface, contribution of
Pyo centers toN;; is through the significan#/0 and 0 levels at
approximatelyE, + 0.2 eV andE, + 0.85 eV. TheN; distribution

in Fig. 6 for the unannealed deuterium-implanted sample with the
energy position about 0.2 eV above midgap shows significant reduc-
tion in Ny and corresponds well with EPR measurement Rgg
center Of transition level ofE, + 0.85 eV. Devineet al® also
found a peak around 0.2 eV above midgap for deuterium-annealed
interfaces. They have observed an asymmetry similar to that of 2.
deuterium-implanted devices. We believe it could be due to the dif- 3
ference in stoichiometry at the interface in our case. The possibleg
structural configuration o, centers by deuterium passivation can
explain the reduction in interface states in the deuterium-implanted -
devices. A deuterium-passivat&y, center eliminates the dangling
orbital contribution toN;;, therefore suggesting that deuterium im- 8.
plantation contributes to the passivation of g centers.

As discussed earlier, during oxidation, deuterium would diffuse
through silicon to the interface and react with tRg, centers to
passivate the dandling bonds. Since the activation energy for diffu-
sion of deuterium in SiQis higher than that of silico’ deuterium
(D) is possibly trapped at the interface before diffusing into oxide.
The passivation reaction would be D Ppy — DPp,.24%CFor a 25
keV deuterium-implanted and annealed device it might be possible
that a fraction of deuterium has diffused into the oxide through a

1.

9.

depassivation process, whereas most of the deuterium remained &

the interface for 25 keV deuterium-implanted and unannealed
samples.

Conclusions

In conclusion it can be said that the incorporation of deuterium at17.
the silicon-silicon dioxide interface using ion implantation before 18-

gate oxide growth is an effective means to improve the oxide quality,

to many hours of annealing through a middle-of-line or back-end

process for reliable incorporation of deuterium. The reduction in?2L

oxide charge indicates that deuterium implantation brings about a

clear enhancement in gate oxide quality. Reduction in preexistings.

bulk electron trap density has also been observed. A reduction ire3.
24,

density of interface trapl;; as obtained from the conductance mea- P

surements for the deuterium-implanted devices suggests that deuté-'
26.

Finally, the selection of appropriate implantation energy, implanta-27- C :
28. M. J. Uren, K. M. Brunson, J. H. Stathis, and E. Cartidicroelectron. Eng.36,

rium implantation contributes to the passivation of thg centers.

tion doses, and annealing conditions are important for the optimiza“
tion of thin oxide quality and reliability in sub-0.13m CMOS
technologies. Many more experiments are required to understando.

10.

13.

16.

29.
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