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Metal-oxide-silicon diodes on deuterium-implanted silicon substrate
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lon implantation was used to incorporate deuterium at the Si-iBi@rface. Polycrystalline silicon

gate metal-oxide-semiconductor diodes with 4 nm oxide grown on deuterium-implpsigee

(100 silicon substrate were investigated. It was observed that deuterium implantation at a light dose

of 1xX10"%cn? at 25 keV reduced oxide leakage current due to reduction in oxide charge and
interface traps. Low-energy implant indicates possible deuterium loss during oxidation whereas in
case of higher energy implant, the observed degradation was caused by enhanced substrate damage.
Interface state densify;; as obtained from the conductance measurements suggests that implanted
deuterium passivates the interface traps. 2@0 American Institute of Physics.
[S0003-695(100)04721-3

Role of hydrogen in metal-oxide-semiconduct®OS) peratures on the long-term metal properties require exploring
device stability and reliability has long been known. It is possible alternatives for deuterium incorporation at the
believed that hydrogen passivates silicon-dangling bonds &i—SiO, interface. In CMOS processing middle-of-line and
the Si—SiQ interfacé? thereby reducing the interface trap back-end-of-line deuterium anneals were suggektéa.an
density. But MOS transistor performance continued to dealternative approact, when gate oxide was grown in,D
grade due to channel hot carriers as a result of desorption @mbient, the interface state density was not only reduced the
hydrogen from the passivated sites. Lyding, Hess, angrocess also suppressed charge trapping in the dxiflee
Kizilyalli ** recently reported significant improvement in hot characteristics of deuterium at the Si—Si@herefore, is not
carrier lifetime when the interface was passivated by deutevery well understood.
rium rather than usual hydrogen. This development inspired In this work, we report the electrical characteristics of
a new wave of interests in deuterium in the Si—SiO MOS diodes when deuterium was incorporated at the
systent"®Mogul et al® showed that deuterium sintered sub- Si—Si0, interface by ion implantation into silicon substrate
micron devices are less prone to degradation due to electricgefore the thin gate oxide was grown. This approach will
stress than forming gas annealed devices. Similarly, Devinstreamline process integration and reduce cycle time. lon im-
et al® confirmed that the degradation in channel transconplantation of deuterium in bare silicon and silicon oxide sys-
ductance is mainly due to creation of interface states and g&ms has been studiédPark and Helms in the same stdély
significant reduction in interface states were noticed for deuwhile evaluating the effect of annealing on the distribution of
terium annealed devices. In a complementary study, theeuterium, have shown that the release of deuterium from
characteristics of deuterium as a function of thermal anneabare silicon is possible at 600 °C whereas deuterium could
ing was examined in thin Sidilms’ and in complementary- diffuse out completely from Si—SiOsystem at 900 °C. It
metal-oxide-semiconductdEMOS) devices will be, therefore, important to investigate oxide/interface

While these results are encouraging, significant chalguality when the oxide was grown on deuterium-implanted
lenges still remain as far as the integration of deuterium ansilicon substrate. Besides, ion implantation conditions can be
nealing into mainstream semiconductor manufacturing argensitive to experimental outcome. If not selected appropri-
concerned. The noticeable improvement in hot carrier life-ately, implantation energy can cause irreparable substrate
time in deuterium annealed samples could be unstable arghmage and thereby deteriorate oxide integrity. Though dif-
relaxed when the samples are subjected to furtheferent implantation energies were used, implantation energy
processing. Second, when CMOS technologies incorporateof 25 keV with a dose of X 104/cn? was found to be most
multiple metal and dielectric layers, the improvement due taappropriate for device applications. Oxides grown without
deuterium sintering was reduced furth®in addition, un-  any deuterium implantation and without any annealing were
doped polycrystalline silicdhand SiN,, used as a sidewall used as a reference devigntro).
spacer, could limit the transportation of deuterium to the  Deuterium was implanted at room temperat(860 K)
Si—SiG, interface during annealing by serving as a diffusioninto (100) p-type Si substrates with a resistivity of 1.25-2.0
barrier for deuteriunt? In some processes, these limitations ) cm at 15, 25, and 35 keV with a dose o10%cn?
were overcome by extended time and temperature anneals tarough a 200 A sacrificial oxide. The sacrificial oxide was
higher deuterium concentratitnbut cycle time associated used to avoid any irreparable surface damagam simula-
with extended anneals and detrimental effects of higher temtions for the above energies resulted in peaks at 0.38, 0.6,
and 0.75um, respectively. After the sacrificial oxide was

aAuthor to whom correspondence should be addressed; electronic mai@tPhed’ the _gate 9Xide was grown in dry & 800 ‘_)C for 20
dmisra@megahertz.njit.edu min. The oxide thickness was 40 A for all the splits. The gate
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FIG. 1. Leakage current vs negative gate voltage measurgdtype (100) ) . )
MOS device with 4 nm gate oxide. FIG. 2. Measured normalized high-frequency capacitance and voltage char-
acteristics of deuterium implanted devices.

oxide thickness was measured by ellipsometry on 16 sites of i )
each Si wafer to obtain an averaged value. No apparenl® @nneal have comparabl€-V profile with that of 15

thickness variation was noticed due to deuterium implantak€V implanted and annealed devices. The effect of annealing
tion. Some of the wafers were annealed at 850 °C for 20 mifight have improved th&-V characteristics of 15 keV
in N,O ambient. A 3000 A polycrystalline silicon layer was ImPlanted and annealed devices. This is possibly due to re-
then deposited at 600°C and patterned using reactive ioﬁuced retention of deuterium at_ the mterface_ for the 15 keV
etching to form MOS capacitors with 50m diameters. The |mplanted(anneale§iwafer_. The |mplantat|on is rather sh_aI-
devices were characterized using current voltagev) and 10w (0.38 um) for 15 keV implantation and therefore during
high frequencyC—V measurements. Conductance method aPXide growth outdiffusion of deuterium is possible. The
1 MHz was employed by using an HP 4156B parametelc_v curve measured for 35 keV implantation and annealed
analyzer to estimate interface state densiy)( sample is not much better than the control wafer, suggesting
Figure 1 shows typical—V characteristics for the de- irreparable crystal damage occurred as the implantation en-
vices with and without deuterium implantation. TheV  €rgy was increased. In addition, since the implantation depth
measurement shows an overall decrease in leakage currdff 35 keV implantation is rather degjppproximately 0.75
for 25 keV deuterium-implanted device compared to devicexM), during oxidation deuterium might have diffused into
without any deuterium implant. As the negative gate V0|tagé/acancies rather than diffusing towards the interface. Reten-
increases above-0.3 V the silicon surface moves through tion of deuterium in the 25 keV implanted sample after the
the flat band condition where interface states, which act agrowth of the 40 A of gate oxide was noticed when investi-
charge storage centers, increase the current through tig@ted by secondary ion mass spectroscpvS) and re-
oxide!>1® Gate voltage above the flat band voltayg,  Ported elsewher¥. The observed behavior i6—V charac-
(~1.1V) conduction is mainly due to Fowler—Nordheim teristics, therefore, indicates that proper control of
(FN) tunneling, therefore, both the devices show similar beimplantation energy and dose during deuterium implantation
havior. The observed improvement in leakage current for th€an improve gate oxide and interface reliability.
deuterium implanted device was possibly due to passivation To confirm the assumptions from-V and C-V mea-
of interface states at the Si-Silnterface by deuterium. surements, conductance method was employed to measure
Deuterium passivates the dangling bonds like hydrogen ghe interface trap densiti; . Figure 3a) shows measured
the interface since the chemistry of deuterium and hydrogefonductance at 1 MHz as a function of gate voltage. The
is virtually identical and either atom is equally suitable for magnitude of the conductance peak is much smaller for the
passivating the dangling bonds at the interface. Note that, ig5 keV implanted oxide compared to no implant oxide. The
this experiment no forming gas anneal was used. The presomparable conductance peak for 15 keV deuterium implan-
ence of deuterium therefore retards the charged defect sitégtion shows some improvements over the control device but
at the interface, which reduces the leakage current throughuch higher than that of the 25 keV implanted devices.
the oxide. The peakD;; values for various deuterium-implanted de-
The high frequencyC—V curves reveal that deuterium vices are shown in Fig.(B). We determine that the initial
implantation induces a positive gate voltage shift as shown itlensity of interface stategho implant and no anneais
Fig. 2. It is known thatC—V curves are affected by the rather high with a peak value around*#ém 2eVv—1. As can
capacitive response of fast interface states. Notice that delpe seen in Fig. @) D; decreases with deuterium implanted
terium implanted at 25 keV devices showed increased intersamples. The 25 keV deuterium implanted and annealed
face passivation of the dangling bonds at the SiSiffer-  sample shows the lowest density of interface states. Even
face compared to devices without any deuterium implantthough annealing reducds;;, notice thatD; for 15 keV
For the annealed 25 keV deuterium-implanted sample thémplanted and annealed sample is higher than that of the
measured curve suggests significantly reduced interfacenannealed 25 keV implanted device. This agrees well with
states and oxide charge. It is known that postoxidation aneur findings from theC—V measurement that some of the
nealing reduces oxide charge. Wafers implanted at 25 ke\deuterium is lost during oxide growth due to outdiffusion. In
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103 midgap are passivated for unannealed deuterium-implanted
« 25keV Anneal . . .
1 15KeV Anneal samples. It is interesting to note that the interface state den-
2 25keV No Anneal sity above the midgap has increased for the deuterium-
T © No tmplant No Annea} implanted and 850 °C-annealed samples. However, it has the
lowestD;; below midgap and above the valence band edge.
Implanted deuterium likely results in formation of Si—D
bonding® which plays an important role in the change of
distribution of deuterium in silicon during oxide growth and
subsequent annealing. During oxidation deuterium diffuses
- either to the bulk or to the surface. Since the oxidation tem-
04 03 02 01 0 01 perature(800 °Q is the same for all cases, contribution of
Gate Voltage (Volt) deuterium to passivate the interface depends on the implan-
tation condition. Once the oxide is formed the thermal en-

(@)

Conductance (mho}
=

106

101 (b) ergy to break the bond to silicon is higher than bare silicon
. systemt* In addition, since deuterium is tied up with the
’-> silicon dangling bonds in large numbers at the interface the
o 10° kinetics of breaking the Si—D bond at the interface is quite
OI‘E different from that of bulk silicon. Park and HelMgound
RS ° that the release of deuterium from implantation induced
& 10 ® Si—D or Si—OD configuration in Si—SiQsystem occurs at
around 900 °C. We believe, for 25 keV implanted sample the
101 . ' ' , implantation depth and thermal budget retain most of the
No 15keV  25keV  25keV deuterium at the Si—Sip'nterface.
Implant Implant Implant Implant The results of the present investigation of ion implanta-
and and and and . . . L. . .
No Anneal Anneal No Anneal Anneal tion of deuterium to passivate the silicon-dangling bonds in-

dicate that the interface state densidy is in accordance
With the predicted behavior d?,, centers. It is known that
Py, centers, though not the sole source, are the major con-

addition, the improvement i, for 25 keV implanted and tributors toDy; . In the (100 Si—SiG; interface, contribution

o . . f Py, centers taD;; is through the significant-/0 and O

annealed sample indicate a completely different behavior g . 19
o m . levels at approximatel§£, +0.2 eV andE,+0.85eV:” The
deuterium if oxide is grown on the implanted substrate com-

pared to annealing of bare silicdhlt seems that if the im- D;; distribution in Fig. 4 for unannealed deuterium-implanted

plantation dose is appropriate, deuterium tends to remain gample with the energy position about 0.2 eV above midgap

; ; : . . shows significant reduction iD;; and corresponds well with
t_he mterfac;e dyrmg oxide gr_owth. H1c7)wever, if the |mpIanta—EPR measurement fd?, center 0 transition level ofE
tion dose is high(~35 kev |mplgnl the.thermal budget +0.85eV. Devineet al® also found a peak around O.2U eV
mayTﬂzt \?aerizltjii)ent?)fr?r:?gr\gct-it::slzgilast:ggsdsgsgse.ener above midgap for deuterium annealed interfaces. The char-
with respect to midaap are shown in Fid. 4 for deuteriur?mgCteriStiCS of interface states in the deuterium-implanted de-
) P 9ap 9. . vices, therefore, suggests that deuterium implantation con-
implanted samples. We only compared the 25 keV deutenur‘gributeS to the passivation of tHR, centers
implanted(annealed and unanneaJath that of no implant In summary, we have demonstrated tﬁat incorporation of

and no anneal sampled. The interface states were sensitive to ; . - S R
. . ; - deuterium at the silicon—silicon dioxide interface using ion

~1 wus and the slower states were not investigated in this : : . .
implantation before gate oxide growth is an effective means

experiment. It is clearly seen that interface states above tht% improve the oxide quality and may be a viable alternative

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

FIG. 3. Measured conductance at 1 MHz as a function of gate voltage fo
various sample¢a) and the pealD;; values are depicted ifb).

< 10 . - . .
=) 0 end process. Deuterium implantation brings about a clear
b4 425 keV Annheal enhancement in gate oxide quality by improving the oxide
s 8 Q2 o 8 25 keV No Anneal leakage current and capacitance—voltage characteristics. Re-
b ” & & e} No Implant - No Anneal ‘ . o " .
8«?‘10 $ ¢+ ¢3% ° 4 5 0 O duction in preexisting bulk electron trap density has also
& 5 8 o 2 2 © been observed. A reduction in density of interface trBps
g% o AR I IR R ¢ as obtained from the conductance measurements for the
== 100 <& deuterium-implanted devices suggests that deuterium im-
2 plantation contributes to the passivation of tRg centers.
g O 6 o 0 O Finally, the selection of appropriate implantation energy, im-
(= B plantation doses, and annealing conditions are important for
06 04 02 O 02 04 06 the optimization of thin oxide quality and reliability.
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FIG. 4. Density of interface trapD; as obtained from the conductance . . .
measurements. The trap enerfy is with respect to intrinsic fermi level Th_e device measurement SYStem_ used n this work was ac-
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