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Improvement of SiGe oxide grown by electron cyclotron resonance
using H ,O vapor annealing
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The influence of low-temperature annealing ipHvapor on electron-cyclotron-resonar@&CR)

grown SiGe oxides is reported. Annealing the oxides jOKapor at 280 °C fo3 h 20min, applied

after annealing in forming gas at 450 °C for 30 min, has several important effects: It reduces oxide
leakage current by up to four orders of magnitude, decreases the density of interface states, and
results in a low fixed oxide charge density-66.0x 10'1° cm™2 in comparison to those of the films
subjected to annealing in forming gas only. In addition, higher cumulative dielectric breakdown
fields up to 8 MV/cm have been achieved. From the results obtained it is evident that vapor
annealing is beneficial for ECR-grown SiGe oxides. 1896 American Institute of Physics.
[S0003-695(96)04543-3

The development of a high-mobility SiGp-channel x10' cm 2 eV ! and the oxide fixed charge density of
metal—oxide—semiconductor field-effect transistor —5.0x 10'° cm™2.
(p-MOSFET) is important since it allows one to reduce the SiGe samples were prepared by ultrahigh-vacuum
size of the p-MOSFET in complementary metal-oxide— (UHV) CVD (UHV/CVD) on a 0.0038—0.008) cm n-type
semiconductotCMOS) circuit design. There have been sev- Si (100) substrate. The layer structure consists of a 1000 A
eral attempts to implement-strained Si as a conducting n-type Si buffer and a 1000 A strainetitype SpgGey 15
channel2 however, the existence of parasitic low-mobility layer with doping concentration of210"" cm™3. Samples
conduction channel in the buffer layer degrades the perforwere chemically cleaned as described in previous Warid
mance of such a device, and an additional graded SiGe layétipped in 10% hydrofluoric acid for 15 s to leave a hydrogen
is required to reduce the band discontinditfhe use of Passivated surface. Oxides were grown using the ECR mi-
SiGe as the conducting channel in a heterostructure elimgrowave plasma source with a maximum power of 250 W at
nates this problem and gives the advantage of high holé-45 GHz at different substrate temperatu(@s-300 °Q.
mobility.3* Recently, a SiGe channa-MOSFET with Hydrogen plagmq precleaning was used to remove the native
electron—cyclotron-resonan¢ECR) -grown gate oxide has oxide. The (')deatIOI’? was performed unde.r.the substrate bias
been reported demonstrating higher peak hole mobility tha®f T4V WE\ICh_pI’OVI_deS the optimal condition for ECR ox-
that of a conventional Sp-MOSFET?’ The values of the ide growth: Oxide thlckness_ of _90—160 A with a unl_form|ty
peak hole mobility for SiGep-MOSFETs reported in the Of 9% was measured byx situsingle-wavelength ellipsom-
literature are comparable to those of strained si/sic&y- The refractive index of films was found.to be 1.42 at a
p-MOSFETSs with the same Ge contéritThe limits on the wavelength of 532.8. nm. AfFer the SiGe oxide was grown,
SiGe channel MOS transistor performance are mainly due tH‘e postannealing in f‘?“’”'”g gas was performed. The
poor gate oxide. The thermal oxidation of SiGe in pure 0Xy_samples were annealed in forming gas with a rapid thermal
gen or steam has not been successful due to the nonstoichio-
metric oxide and formation of Ge-rich layt€CR plasma
oxidation has been shown to be an efficient alternative 10° .

method of SiGe oxide growthput the quality of these ox- 1- ' . [ I :' -r
ides is lower than that of the state-of-the-art thermal ,SiO g 1071 777, i‘gr;)‘;“g g : i
and therefore needs further improvement. Postannealing in 2t forming gas ot 1
forming gas is a conventional way of improving the bulk & 107 and vapor jx*" 7]
properties of Si@ as well as the Sig¥Si interface. Another g 101 -7i ]
effective method, low-temperature wet annealing, recently § i
proposed by Sanet al.® has been reported to improve the ; 108 -
properties of the SigSi interface and bulk Si9formed by 2 .
remote plasma chemical-vapor deposition. As a result, high- 3 10" -
performance poly-Si thin-film transistors have been ol 1
. 10 e U0 b L g
achieved o 5 4 . g )

In this letter we apply the low-temperature wet annealing
technigue combined with forming gas annealing to the ECR-
grown SiGe oxide. The properties of the SiGe oxide are sig-

e : ; FIG. 1. Leakage current density as a function of oxide electric field for SiGe
nificantly improved. The best results obtained for th(,aoxide (do,—90 A) annealeda) in forming gas at 450 °C for 30 mifib) in

samples after Combin_ed an_nealing in forming gas and I"4,0 vapor at 280 °C for 200 mir(c) Combined annealing under the same
H,O vapor are the midgap interface state density~df.5  conditions as ina and(b).

Electric field (MV/cm)
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wet annealing time and saturation seems to happen after
~200 min of annealing. The best oxides were obtained by
annealing in forming gas at 450 °C for 30 min followed by
wet annealing at 280 °C for 200 min. Annealing tempera-
tures from 100 to 400 °C were applied, but no clear depen-
dence of oxide quality on temperature was observed, and
temperatures below 200 °C were found to be ineffective.

1.0

0.8

0.6

Normalized capacitance C/C,

04 / . This is in agreement with the results observed in pol§<%i,
¢ - -- forming gas . . . .
..... vapor which supports the idea of J@ vapor having a catalytic
02 — foiinﬁggotias . effect on oxide film.
anc vap 1 Figure 2 shows the high-frequen&rV curves for ox-
(UN1] "SR B B S WS W ides annealed under different conditions. Typically, oxides
-3 -2 -1 ] 0 1 2 3 annealed only in KO vapor demonstrate a hysteresis in the
Gate bias voltage (V) C-V curves due to the mobile charges, which decreases with

annealing time and becomes negligible afte?00 min of
FIG. 2. High-frequencC~V curves for SiGe oxide annealéa in forming  annealing. The samples annealed in forming gas followed by
gas at' 450 °C for' 30 min(b) in H,O vapor gt 280 O_C for 150 min(c) wet annea"ng exhibit a very low oxide fixed char@~
Combined annealing under the same conditions ds)iand (b). —5.0x10%° cm2 which is the lowest for SiGe oxides re-
ported in the literaturél® Wet annealing also shifts the
annealing Heat Pulse 210T-02 system at 450 °C for 30 minC—V curves and results in a low flatband voltage of typically
A set of Al gate MOS capacitors with diameters of 100—-400+0.2 V compared with+0.3—0.5 V for the original
um was thereafter formed using conventional vacuumsample preannealed in forming gas. The reduction of the
evaporation. The vapor annealing was carried out with afflatband voltage and oxide fixed charge takes place for oxide
electrically heated quartz furnace which was evacuated by ilms grown at any substrate temperatures, but the lowest
mechanical pump and back filled with,8 vapor by heating values were found for the oxides grown at Id@-15 °Q
de-ionized HO. Vapor pressure was controlled by the tem-substrate temperature. A summary of the oxide properties
perature of de-ionized 4D. The furnace was kept at 280 °C under different annealing conditions is shown in Table I.
for 100—-250 min in HO vapor with pressure of 50 Torr Annealing in HO vapor also reduces the stretchout of high-
during annealing. frequencyC—-V indicating the reduction of interface state
The oxide properties of MOS capacitors were studied bydensity. From quasistati€—V measurements the lowest in-
measuring current—voltagd V) as well as at high fre- terface state density is found to beD;~1.5
quency (1 MHz) and quasistatic capacitance—voltage X 10'* cm 2 eV~ ! at midgap which is comparable to the
(C-V) characteristics. Figure 1 shows the typical leakagdowest values achieved earlief:1°
current density as a function of the oxide electric field ex-  The physical meaning of annealing in forming gas and
tracted froml -V curves for SiGe MOS capacitors with dif- H,O vapor comes from the ability of hydrogen species to
ferent annealing schemes. Oxide films subjected to combinectact with unsaturated silicon atoms at the oxide/
annealing in forming gas and,® vapor exhibit significantly = semiconductor interface forming Si—H bonds. In the case of
lower leakage current densities than samples annealed eithdsO vapor annealing, Balk, Burkhardt, and Gregapro-
in forming gas or in HO vapor. Very low values of leakage posed that hydrogen is evolved by the reaction of the alumi-
current densities for fields:4 MV/cm indicate the reduction num gate with HO by some reaction such as 2A3
of leakage due to tunneling and better oxide quality. AnnealH,O0—6H+ Al,O3 to form atomic hydrogerfH_-) which
ing in H,O vapor also increases the cumulative dielectricdiffuses to the interface and reacts with unsaturated
breakdown field to 8 MV/cm when combined with annealingsilicon (—Si_-) to eliminate an interface state:
in forming gas. The dielectric breakdown field increases withH_- +—Si_-«+—Si—H. The hydrogen-ambient forming gas

TABLE |. Electrical properties of ECR-grown SiGe MOS capacitors frGmV measurements for different
annealing conditions.

Aluminum
deposition Interface state
Deposition before or Fixed Breakdown density at
temperature Type of after vapor charge field range midgap
(°C) annealing annealing (10" cm™?) (MV/cm) (10 cm 2 eVl
15 forming gas —-25 4.9-6.3 3.2
15 vapor before -1.8 3.2-3.9 25
15 forming gas,vapor before —-0.57 7.0-8.1 1.9
15 forming gas, vapor after -2.0 4.8-6.0 3.0
0 forming gas -19 5.1-6.7 2.9
0 vapor before -1.3 3.5-45 21
0 forming gas, vapor before -0.43 7.5-8.8 1.4
0 forming gas, vapor after -1.7 49-6.2 2.7
Appl. Phys. Lett., Vol. 69, No. 17, 21 October 1996 Tchikatilov, Yang, and Yang 2579

Downloaded-18-Jan-2007-t0-147.8.21.97.-Redistribution-subject-to-AlP-license-or-copyright,~see=http://apl.aip.org/apl/copyright.jsp



annealing operates on similar principle, except that the hyH,0 vapor annealing combined with forming gas annealing

drogen is supplied directly in the ambient, and the structurgeduces the interface state density, the oxide fixed charge,

need not be metallizelf. The fixed oxide charge is mini- and the leakage current, and also results in high cumulative

mized by annealing because dangling silicon bonds reagiielectric breakdown fields.

with the remaining oxidants that were dissolved in the de-  This work was supported by the Joint Services Electron-

posited oxide and which diffuse toward the interfate. ics Program under Contract No. DAAH04-94-G-0057 and
To confirm the development of hydrogen species fromNational Science Foundation under Grant No. ECS-93-

the reaction of HO with Al, the effect of HO vapor anneal- 19987.

ing before and after metal deposition was compared. The

samples with Al deposited after,® annealing have an in-

terface state density higher than for the samples with Al de-
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