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Hydrogen/deuterium was implanted (@00 silicon to passivate dangling bonds at the Si/Sifiterface when a thin oxide is

grown on implanted silicon substrate. It was observed that implantation energy and dose influence the interface passivation.
Measured interface states at the Si/Si@terface suggest an isotope effect where deuterium implanted devices yielded better
interface passivation compared to that of hydrogen implanted devices. Diffusion of implanted hydrogen and deuterium to the
interface is affected by the implantation damage.
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Recently deuterium has been used to passivate dangling bonds é8RIM) simulation was employed to obtain an estimated implanta-
the Si/SiQ interfacé and Si/HfG interfacé after the hydrogen/ tion depths for various implantation energi@ble 1l). Implanta-
deuterium(H/D) isotope effect was discoverédeuterium passiva-  tions were carried out at the Core Systems’ specialty ion implanted
tion brings significant improvement in hot-carrier lifetime in metal services after wafers were cleaned and a 20 nm thick sacrificial
oxide semiconductofMOS) transistors:* This is because hot car- oxide was deposited by steam oxidation. High-energ@ keV)
rier stimulated deuterium desorption and depassivation of the silicordeuterium implantation can possibly be hazardous as possible
dangling bonds that generates interface trap states is substantiallyuclear reactions may occur. It is important to know that the sacri-
reduced as compared to hydrogen desorption. Annealing in deuteficial oxide was used to prevent the direct exposure wafer surface to
rium ambient is one of the methods used to incorporate deuterium aminimize damage. The wafer without any implantation was used as
the Si/SiQ interface>’ The challenge is to retain the implanted a control wafer. Following removal of sacrificial oxide dry oxidation
deuterium at the Si/SiQinterface until the CMOS fabrication pro- Wwas used to grow 6.5 nm of gate oxide at 800°C for 30 min with a
cess is completed. Alternate approaches like growing gate oxide iflow rate of 750 sccm Nand 500 sccm @ 3000 A of Al was
D,0 ambienf or incorporation of deuterium by pyrogenic immediately deposited to form MOS capacitors. The oxide thickness
oxidatior? have yielded significant interface passivation because ofwas measured using ellipsometer on 13 sites and less than 5% varia-
higher deuterium retention. tion across the wafer was found. This was also compared to the

Another approach is to incorporate deuterium by ion implanta- thickness estimated from the electrical measuremgaigacitance-
tion. Harveyet al. have implanted deuterium to a partially com- Vvoltage, CV, measurementsvhich yielded similar results. To en-
pleted device(before metalizationto incorporate deuterium at the sure a good ohmic contact Al was also deposited at the back. A post
Si/SiO, interfacel® However, the impact of this was minimal and Metal annealing was carried out at 400°C for 20 min. Interface state
identical to deuterium annealing, as deuterium does not take part ilensity D was estimated using HP 4284 using high-frequency
oxide growth process. In addition, this process compromises théHF)/low-frequency(LF) CV measurement techniques across the
integrity of the gate oxide. In this work, we have used low energy band gap by measuring at least 10 devices per device'fype.
ion implantation where hydrogen and deuterium were implanted in Results and Discussion
silicon substrate before the thin gate oxide is grown to incorporate L . I .
hydrogen/deuterium at the Si/Sitnterface of a MOS device. Ear- Passwatlon_of dangling bonds at the Sl/§|®t¢rfac_e by im-
lier work on deuterium implantatidf and subsequent diffusion in plantfed deuter[um can be evaluategl by estimating |nterche state
single crystal silicon and in Si/SiCsystem suggests that deuterium 9€NSiY: Die. Figure 1 shows the interface states for different
diffuses slowly in SiQ compared to crystalline silicon. Therefore, if implanted doses as a function of implanted energy. The solid

SR X ; - : .~ ' _line connecting the Dose 2 and Dose 3 data points serves as a
gate oxide is grown after deuterium implantation strong interface

st : A h d visual guide and does not represent any functional dependence. It
passivation is possible. Deuterium implantation also provides a spa:.

tially uniform distribution of deuterium through out the channel. 1S clefarly seen01tlhat 7t{1e cgntrol d.eV|ce hz;s.thel hlghgst :jnld-gap
Preliminary work with low energy implant showed promising Di 0 1'5i< 10" eV~ cm™. Devices with implantation dose
resultst Through electrical characterization this work demonstrated®f 1 % 1_01 /cn? (Dose 2 show the lowest values oD at

for the first ime that an optimized implantation condition could Mplantation energy of 20 and 25 keV to be 1.1 and 1.2
effectively passivate the interface states due to deuterium retention< 10'° eV cm ? respectively. For devices with implantation en-
at the interface. The measured interface states deBsityn the ergies 15, 20, and 25 keV it is clear that Dose 2 has contributed to
order of 18° eV~ cm 2 confirms the passivation by deuterium as it |0Wer Dy whereas Dose 3 (X 10'Ycn?) has increase®; . For

is identical to a typical forming gas anneal. Hydrogen was implanteddevices with implantation energies 30 and 35 keV, on the other

to explore the possible the isotope effect. hand, the interface states were lower for Dose 3 compared to Dose 2
even though the overalD; much higher compared to 20 and 25
Experimental keV. Dose 1 (1X 10%cn?) was only used for 20 and 25 keV

- ; ; o~ ; a1~ implantation energies where the devices show comparable results to
To optimize the implantation conditions for interface passivation imp A . .
various implanted energies starting from 15 keV to 35 keV with that of Dose 2. Devices implanted at 15 keV with Dose 3 and de-
different implantation doses were used to implant deuterium intoVic€S implanted at 30 keV with Dose 2 showeD gvalue similarto
5-inch p-type Si wafer with a resistivity 0.8-1.2 ohm-cm. Hydrogen tha_t of the cont_rol device indicating minimal or no interface passi-
was also implanted at 20 keV and 25 keV. Table | summarizes the/ation was achieved.

implantation conditions. Stopping and range of ions in matter For devices implanted at 15 keV the implantation depth, obtained
from SRIM simulation, was shalloTable Il) and it is possible that

after implantation and during oxide growth the ions have out dif-
fused showing similar results to that of a control case. The observed

z - il: i i . . . .
E-mail: dmisra@njit.edu improvement in case of Dose 2 compared to Dose 3 is mainly be-
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Table I. List of the hydrogen and deuterium implantation conditions.

Implantation matrix(16 Wafers

Dose implantation D dose1 D dose2 D doses Haose2 Haoses
energy(keV) 1 X 10%cm? 1 X 10%cem? 1 X 108%cm? 1 X 10%en? 1 X 10'%cn?
1 Control wafer(no implantation + 15 X X
20 X X X X X
25 X X X X X
30 X X
35 X X

cause the implanted ions at Dose 3 created more number of Frenkel

Table Il. The estimated depths at which concentration peak oc- defect$® compared to that of Dose 2 during implantation. During
curs was obtained form initial SRIM simulation results. oxide growth the defect-assisted diffusion dominated the out diffu-
) sion of deuterium, implanted at a higher implanted dose.
Implantation 15 20 25 30 35 S ’ ) -
energy KeV KkeV KkeV eV keV Similar arguments are valid for 20 and 25 keV deuterium-

implanted devices where Dose 2 has shown b&tewralues com-

Peak depth  0.3084pm 0.3863um 0.4587um 0.5279 0.5918 pared to Dose 3. However, the thermal budget during oxide growth
and straggle  and and and pmoopm is such that optimal interface passivation was observed for devices
(deuterium  8.52nm  1003nm  11.2nm  and  and with deuterium implanted at 20 keV with Dose 2. Because the va-

114 129 ; L . L . .
. nm cancy creation Fiun_n_g |m_plantat|on significantly impacts the_ diffu-
Peak depth 0.2963um  0.3866pm sion of H and D in silicon it can be seen from SRIM simulatiéig.
and straggle and and 2) that the vacancy creation during implantation increases rapidly
(hydrogen 7.3nm 8.42 nm with increase in dose. In the case of 30 and 35 keV implantation
cases even though the implantation damage is relatively higher, deu-
terium has to travel a longer distance to reach at the interface. Be-
cause simultaneous annealing of defects during oxide growth is ex-
pected the peak deuterium concentration immediately after
1B1E+11 implantatio_n will make a differencg. We _believe t_he higher peak
’ concentration of deuterium and higher implantation straggle, as
o 151E+1 computed from SRIM simulatiofnot shown, for devices implanted
£ 121E+11 ] —o—Dose2 35 keV with Dose 3 has resulted in bet2y values.
Vs 9.10E+10 | ~*Dosed As the identical behavior of interface passivation for 20 and 25
L 510E+10 —X—20Dose-1 keV implanted devices was observed, the details of the passivation
A . —o—23Dose-1 process was further evaluated and compared to that of hydrogen
310E+10 1| _g control N implantation for possible isotope effects. All experiments were per-
1.00E+09 : : . = T . formed with Dose 2 and Dose 3 for both the implantation energies
0 5 10 15 20 25 30 35 40 for hydrogen and deuterium. The low frequency and high-frequency

CV measurements for 20 keV-implanted devices were given in Fig.
3 for both hydrogen and deuterium implantation. The CV character-

Fi . ) L istic of the control sample is also plotted for reference. The CV
igure 1. Interface state densit; as a function of deuterium implanta- - . . o S

tion energy at different doses indicates that an optimal interface passivatioﬁhafaeter'St'C$ suggest an identical passivation behavior in both the
is possible in the range of 20-25 keV implantation energies with a dose of¢a@ses. The high-frequency CV characteristics show more flatband
1 X 104cn. The solid line connecting the Dose 2 and Dose 3 data points Shift for deuterium and hydrogen implanted devices compared to
serves as a visual guide. control sample indicating possible hydrogen and deuterium incorpo-
ration into the oxide after the interface passivation.

The deuterium implanted devices for both implantation energies
at 20 and 25 keV shows better results compared to their hydrogen-
implanted counter parts. It is known that deuterium presence in
the oxide reduces the bulk oxide chaf§eéuring oxidation deute-

Energy(keV)

1.01E+16 e 15Key rium and hydrogen ions diffuse towards the interface and depen-
8.1E+15 ding on the thermal budget some ions get into oxide leaving the
w 71 |-20Key, majority of ions at the interface. This is expected as deuterium
% 6.1E+151 |_4 25Kev has a lower diffusivity in SiQ compared to silicod? It is also
] observed that for deuterium-implanted device D20-Dose-2 shows a
T 4.1E+15 —-30Key larger bulk oxide charge (5.04 1078 C/cn?) but reduced inter-
® 5 1ge15] | —0—35Kev face statesD; (1.1x 10 eV Ycm?) compared to D25-Dose-3
> = (1.08x 1078 Clen? and 1.2x 10° eV-Y/cn?) (not shown. This
1E+14 further confirms that for D20-Dose-2 more deuterium atoms contrib-
Dose.1 Dose.2 Dose.3 ute to interface and less get into oxide where as in case of D25-

Dose-2 more enter into oxide and less contribute to interface com-
pared to D20-Dose-2.

By carefully comparing the interface state dendity for both
Figure 2. Vacancy concentration as a function of implanted dose for hydrogen and deuterium lmplantatmﬁﬁl_g. L.l). it is noticed that in-
deuterium implantion at different energies shows that vacancy (:oncen—terface states for both the cases are significantly lower compared to

tration increases rapidly from Dose 2 to Dose 3 compared to Dose 1 tocontrol devices. The avera@k; values for deuterium-implanted de-
Dose 2. vices are lower in case of Dose 2 for both the implantation energies

Implantation Dose
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LF-20keV

(a) 181E+11 <> 20 keV Deuterium: Dose-2
1 — Fean A | 525 keV Deuterium: Dose-2
' 'E # 20 keV Hydrogen: Dose-2
0.8 | f/ O 101EHN @ 25 keV Hydrogen: Dose-2
x "> A Control
6 0.6 1 ——Control 0.’
O 041 e =~ 510E+10
— —D20A D- é
0.2 - D20B S ¢ @)
= — - bae 1.00E+09 r T r T
0 ‘ ‘ : ‘ . {0keV > {FBkeV >
3 2 - 0 1 2
Voltage(volts) Figure 4. Comparison of lowest observed interface state densities between
HF- 20keV hydrogen and deuterium implanted devices at two different implantation en-
(b) 1 ergies and for Dose 2.
0.8 1 Control substrate. It was observed that implantation energy and implantation
s 056 | B dose significantly influence the interface passivation. Electrical mea-
O ’ H0C surements of interface state density suggests that an isotope effect is
~ 04 ] — — D20 present as the deuterium implanted devices yielded better interface
O - -D20B passivation compared to that of hydrogen implanted devices. The
0.2 { — - -D20C optimized deuterium implantation condition was found to be im-
e plantation energy of 20 keV with a dose ofX 10** atoms/cr to
0 ; ; ‘ ‘ ; effectively passivate the interface. The passivation efficiency seems
3 -2 -1 0 1 2 3 to depend on transient enhanced diffusion of implanted hydrogen or
deuterium, which is significantly affected by the defects/vacancies
VoItage(VoIts) created due to implantation damage.

Figure 3. Low-frequency(20 Hz (a) and high-frequencyl MHz) (b) CV
measurements of 20 keV implantation energy for different implantation
doses along with control devices.

20 and 25 keV even though there is some overlapping was noticed.
For 20 keV, Dose 2, hydrogen-implanted devices the lowest ob-

served value oDy is 1.2X 10°eV™! cm™2 and for deuterium

implanted devices it is 1.X 10° eV~* cm 2. This behavior can

be attributed to defect creation during implantation, implantation 2- :
3. J. W. Lyding,Proc. IEEE,85, 589 (1997).

depth, and straggle and implanted ion concentration.
Hydrogen and deuterium are electronically equivalent as static 5
electronic structure of S-H and S-D bonds are idenfi¢alhe dif-

ference in behavior can be attributed to dynamics of these bonds. AsS:

discussed earlier, implanted deuterium and hydrogen ions initially -,

tend to diffuse to the defect sites mostly vacancies that were formedgj
during implantation damage. If these ions initially passivate the bulk 9.

dangling bonds the mechanism of these ions diffusing to interface
during oxidation(annealing will be entirely different because of the 1,

Conclusions 15

tation on the possible passivation of silicon dangling bonds at the,,
Si/SIG, interface when a thin oxide is grown on implanted silicon
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