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Low temperature photo-oxidation of silicon using a xenon excimer lamp
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Low temperaturé250 °Q photo-oxidation of silicon initiated by a Xeexcimer lamp operating at

a wavelength of 172 nm has been investigated. The induced reaction rate of 0.1 nm/min is 90 times
greater than thermal oxidation at 612 °C and more than three times greater than that previously
obtained at 350 °C using a low pressure mercury lamp. It was found to be strongly dependent upon
oxygen pressure with the highest rates being achievable below 10 mbar. Ellipsometry, Fourier
transform infrared spectroscopy, capacitance—voltage, and current—voltage measurements have
been employed to characterize the oxide films and designate them as high qualiy997©
American Institute of Physic§S0003-695(97)01346-9

The oxidation of silicon is one of the most important dioxide and silicon nitride films at low temperature by irra-
steps in the fabrication of Si based integrated circuits and hadgiating silane, nitrous oxide, and ammonia mixtute§: In
traditionally required high temperatures, typically aboutthis letter, we report the direct photo-oxidation of silicon at
1000 °C. Low-temperature oxidation of Si would be highly 250 °C using 172 nm radiation from a Xe excimer lamp. The
desirable for reduced thermal budget processing in devicBlms grown were characterized using ellipsometry, Fourier
fabrication, but unfortunately purely thermally driven reac-transform infrared spectroscop¥TIR), and capacitance—
tions are much too slow to be of use. In recent years, variougoltage C-V) techniques.
methods to enhance low temperature growth of thin high  The (100) orientation silicon wafers used wepetype
quality silicon dioxide (SiQ) films have been investigated with a resistivity of 2—1Q2 cm andn-type with a resistivity
using different approaches, involving plasmaen beamg,  of 2-4Q cm. The photon source was an excimer lamp filled
and visible® and ultraviole UV)* radiation. UV and vacuum with Xe and provided intense narrow-band radiation\at
UV (VUV) radiation, has been shown to increase the oxida= 172 nm from a dielectric barrier discharge. The distance
tion rates, in some cases by more than an order of magnitudeetween the silicon and the lamp was 1 cm with the power
over the thermal rate, by photoexciting the silicon and/ordensity incident on the sample being about 100 m\W/cm
directly dissociating the ©bond (5.1 eV) and liberating More details about this particular excimer deep UV source
atomic species® These can either react directly with the and the emission spectrum of Xean be found elsewhefé.
silicon or, through collisional processes, formy, Qvhich is  The mica heater used provided uniform background heating
also much more reactive than its allotropic cousin. over the entire surface of the sample, and the temperature,

Recently, a new generation of excimer UV lamps ca-measured with a thermocouple, was fixed at 250 °C. Prior to
pable of producing high power radiation over large areas andV irradiation at different exposure times the chamber was
extended availability of wavelengths from the near (B84  evacuated and filled to the required pressimetween 1 and
nm) to the deep UV(126 nm has been developéd. The 1000 mbay with electronic grade oxyge99.999%. The
principle underlying the operation of these lamps relies orthickness of the films grown was determined using a Ru-
the radiative decomposition of excimer states created by dolph AutoELII ellipsometer at a fixed refractive inder (
dielectric barrier dischargésilent dischargé The excimer =1.462). The error of measurements for the thickness is
molecules, once formed, rapidly decompose within a fewabout=4 A.
nanoseconds giving up their excitation energy in the form of  Figure 1 shows the oxide thickness of the films grown at
a VUV or UV photon. For example, in the case of the rare5 mbar as a function of exposure time compared with previ-

gas, Xe ously published data for layers grown using a low pressure
mercury lamp. As can be seen, the excimer lamp induced
Xel —2Xe+hv(A=172 nm. oxidation rate at 250 °C is more than three times greater than

that obtained previously using a low pressure mercury lamp
Since the excimer molecules readily dissociate there is nat 350 °C. It is also 90 times greater than thermal oxidation
self-absorption of the emitted radiation. Thus, the sourceat 612 °C®
can emit high UV intensities very efficientliefficiencies The bond energy of Qis known to be close to 5.1 eV.
between 7%-15% are readily achievahlghe development Therefore, with 172 nm radiatiofphoton energy 7.2 eV O,
of these novel lamps offers enormous potential for materialgan be readily dissociated
processing. Several possibilities of applications of the UV
sources have already been shown and include material depo- O>+hv(A=172 nm—O(°p)+O(*D).
sition, polymer etching, and surface modificatf8n'? These

have been also used to photodeposit good quality silico The oxygen atoms released can subsequently form ozone

I[:')y the following reaction:

3Electronic mail: j.zhang@eleceng.ucl.ac.uk 0,+0(3p)+M—03+M (M is a third body.
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TABLE |. Comparison of electrical properties and position of thie@-Si

140 | stretching absorption band maximum of UV grown oxides after different
1201 annealing time$172 nm lamp, 1000 mbar £400 °Q.
Hg L o
A Helamp o 250°C Si—O-Sistretching
. 100 Leakage current absorption band
< °© Annealing time Fixed oxide chargedensity at 1.0 V maximum
g 807 (h) density (cm?) (Alcm?) (cm™}
-] 1 o
-4 | 0 2.4x 10 1.2x10°8 1069
= 60 10 -7
= ] 1 7.5X10 7.0X10 1073
2 - ° 2 4.5x10%° 9.0x10°8 1075
5 A A A 350°C
207
1 initial oxide sider two of the most likely contributors. First, at higher
(i) T T T T T T T

pressures the short wavelength radiation produced by the
lamps (172 nn) will be more strongly attenuated in the gas
phase by the absorbing oxygen. This would result in the
FIG. 1. Oxide thickness grown as a function of exposure time of the Si tophotogenerated species being formed further away from the
172 nm radiation from a Xe excimer lamp and a low pressure mercury Iampsamp|e as well as less radiation reaching the silicon itself—
both of which could conceivably lead to reduced oxidation
The ozone can then be decomposed by further absorgctivity. Second, it is well known that as a consequence of
tion of the VUV light, producing excited stattD oxygen the high voltage and signal frequency applied and the result-
atoms. ing distribution of charge on the dielectric tubes, plasma for-
1 mation can occur around the exterior of the lamp at reduced
O3+hu(A=172 nm—0O,+0O( D). pressures. The presence of this plasma can also possibly en-
The active Oxygen Species thus formed Subsequent'y rélance the phOtO-OXidation rate of silicon in this pressure re-
act with the silicon leading to the formation of SiOlt is gime. Further work is clearly required to elucidate these
reasonable to assume that the oxidation process invalies: Points, and will be reported at a later date.
transport of the oxygen species to the oxide surféedif- The FTIR spectra obtained for the annealed films were
fusion through the oxide, an@B) reaction with Si at the Very similar to those recorded for thermally grown oxidés,
Si—SiO, interface, and that the overall reaction rate will be With peaks at 1075 cit (asymmetric stretching vibration
governed by the slowest process. During the initial stages 0300 cm *  (bending vibratiop, and 450 cm* (rocking
oxidation, the reaction at the silicon—oxide interface will mode. The full width at half-maximum of the stretching
most likely be the controlling factor, whereas in the laterPeak at 1075 cm' was 75 cm*, much smaller than that
stages, once a significant film thickness has formed, the difteported for excimer laser grown oxides (133 ¢jn*® Be-
fusion of reactant through the oxide layer may become imsides the above mentioned SiBands, no other absorption
portant, as is the case for conventional silicon oxidation. bands(e.g., hydroxyl groups, etc.were detected in the
The oxidation rate was found to be strongly dependenf000—400 cm* range.
upon oxygen pressure. Figure 2 shows the thickness of oxide Simple metal—oxide—semiconduct@OS) capacitors
grown as a function of oxygen pressure. At higher pressureBave been fabricated using 11-nm-thick layers with an
the oxidation rate is much lower than that obtained at loweg€vaporated Al top contact of area %20~ cn?. Table |

pressures. Several effects could cause this, but here we copows the fixed oxide charge density and the leakage current
density of as-grown films to be 2410 cm 2 and 1.2

X 10" % A/lcm? at 1.0 V, respectively. The electrical proper-
160 . . ties of these films are clearly not comparable with the best
high temperature thermal oxide films grown under strict
clean room conditions. However, even the rapid thermal ox-
120 LWavele“gthi 172 nm ’ . ides grown at 950 °C contain fixed oxide charge density in

0 20 40 60 80 100 120 140 160
Time (min)

Exposure time: 50 min the high 16* cm~2 range® It has been recently found that

“‘: UV-0; annealing of TgOg films improves their electrical

g sof 1 properties significantly’ This technique has been applied to

3 o our films, which were subsequently annealed in 1 atm of O

= o ] radiated by a 172 nm excimer lamp at 400 °C. A comparison
401 O . of the electrical properties of our films after different anneal-

ing times is shown in Table I. After 2 h/ UV annealing, the
fixed oxide charge densityQ;/q) decreased from 2.4
ol el X 10 cm™2 for the as-grown material, to 4510 cm™2
1 10 100 1000 . . .
Pressure (mbar) while the interface trap densityD() was found to be 4
x 10 eV 1cm 2 These are comparable to that for ther-
FIG. 2. Oxide thickness grown as a function of pressure during a fixed@lly grown oxide on Si at 1030 °€.It was also found that
irradiation time of 50 min using a 172 nm Xe excimer lamp. the Si—O-Sktretching peak shifted to higher wave numbers
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FIG. 3. Leakage current density vs applied electric field characteristics for a Bias (V)

MOS capacitor fabricated using as-grown films and annealed films. o ) )
FIG. 4. 1 MHzC-V characteristics of the MOS capacitors for different UV

. . o . ) annealing times at 400 °C (1000 mba)O

after this annealing steffable ), indicating a possible in-
crease in film density?1° Significant photo-oxidation of silicon at low temperature

The 1-V characteristics of the MOS capacitors also (250 °Q by using 172 nm radiation from a xenon excimer
showed that after UV annealing, the leakage current densitlamp has been demonstrated for the first time. Excellent elec-
reduced dramatically as summarised in Table |. Figure 3rical properties of the films grown, e.g., low fixed oxide
shows the leakage current density versus electric field chacharge densities (4:510'° cm™?), low leakage current den-
acteristics for the MOS capacitor fabricated using as-growrsity (9x 108 A/cm? at 1.0 \) and high breakdown fields in
films and annealed films. It can be seen that the as-growthe range of 7—10 MV/cm, are achieved, properties compa-
films exhibited high leakage current densitigabout rable to those reported for thermally grown oxide on Si. This
1 wAlcm?), in comparison to those that were annealed ox-UV-induced low temperature oxidation process would ap-
ides, which showed a decrease of over an order of magnpear to be very attractive for future ultralarge scale integra-
tude. One possible mechanism explaining the UV annealingon technology, especially when followed by a U\J/@n-
effect involves the active O species formed by 172 nm lightnealing step, since the lamp technology used can, in
irradiation reducing the density of donor levels in Sidm, principle, be readily extended to large areas wafers.
such as oxygen vacancies which lead to an increased leakage
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