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It has been shown that low temperat(880 °C remote plasma enhanced processing can separately
and independently control interface formation and bulk oxide deposition on silicon substrates.
Plasma processing is followed by a low thermal budget thermal anneal, e.g., 30 s at 900 °C. In this
article, this process has been modified and applied to germanium substrates to determine if it can
provide a successful pathway to device-quality Ge—dielectric interfaces. The new process also
employs a three-step proces§) an O/He plasma-assisted, predeposition oxidation of the
germanium surface to form a superficial germanium—oxide passivating (filngeposition of a

SiO, bulk film by remote plasma-enhanced chemical vapor deposition from &id Q, and(iii )

a postdeposition anneal for chemical and structural relaxation. The resulting interfaces are improved
by the predeposition, plasma-assisted oxidation step, but are still far too defective for device
applications. ©2000 American Vacuum Sociefa0734-210(00)13304-4

[. INTRODUCTION rms roughness of about 0.3 nm and spatial frequency of
about 10 nm. The predeposition plasma-assisted oxidation
Previously there have been several different approachegep also typically decreased; from 1-3x10
attempted to produce device quality metal-oxide—cm 2 eV ! to 1x10 ° cm ? eV ! The predeposition
semiconductofMOS) devices using germanium as the semi-oxidation also stabilized the Si-dielectric interface, as has
conductor substrate. Germanium nitrides and oxynitridepeen demonstrated by studies where the deposition process
have been integrated in MOS and devices, including MO&onditions were varied while the preoxidation step process
field effect transistors, MOSFETs3 While deposited silicon conditions were held constant. These studies indicated there
dioxide, SiQ, has been extensively studied as a dielectriovas essentially no dependence of g values on deposi-
both on silicon and germanium, its use on germanium hasion conditions, while the same study, with hydrogen clean-
proven considerably less effective than on*Si.For ex- ing instead of a preoxidation step, showed large variances in
ample, Vitkavageet al® used remote plasma techniques tothe D, values'®
deposit a thin layer of Si onto hydrogen plasma cleaned ger- In this article, we have used RPECVD to deposit silicon
manium surfaces to act as a buffer layer for the silicon diox-dioxide on germanium wafers with, and without, a remote
ide deposition. The silicon buffer layer prevented subcutaneplasma predeposition oxidation step similar to what had been
ous oxidation of the germanium substrate during the lowpreviously used in Ref. 10 for Si. MOS capacitors
temperature remote plasma enhanced chemical vapor depaere then fabricated by conventional techniques, and
sition, RPECVD, of the silicon dioxide film. Compared with capacitance—voltage and current-voltage measurements
the direct deposition of SiQonto germanium, the density of were preformed to evaluate the effectiveness of the predepo-
interface trapsD;, was improved by an order of magnitude. Sition plasma-assisted oxidation step.
Following this article, it has been shown thatsitu hy-
drogen plasma cleaning of silicon damages the semicondugr EXPERIMENT
tor surface, resulting in electrically active defect sité-
stead a remote plasma oxidation step has been used to clen
and passivate the silicon surface prior to the Si@position. The substrate samples wenegype Ge&111) with a resis-
High resolution transmission electron microscdpdRTEM)  tivity of ~0.4Q cm. The samples were cleaned in four sepa-
studies of hydrogen cleaned(800) surfaces indicated a root rate baths. Bath one was bromif&%o) in methanol for 2
mean squaredrms) roughness of 0.6 nm and a spatial fre- min. This combination has been shown by ellipsometry to
guency of about 3.5 nm, while preoxidized surfaces had @roduce the smoothest and most oxide free surface, between
the substrate and ambient, when used as the etch in a
¥Electronic mail: gerry_lucovsky@ncsu.edu chemical-mechanical polishing stép.Bath two was a

Sample preparation
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The AES results in Fig 2 show spectra before and after
the predeposition plasma oxidation step, and indicate reduc-
tion of the carborKLL peak below the level of AES detec-
tion. In addition the oxygen signal increases and the line
methanol bath for 20 s; this was used to rinse away anghape of the germanium changed confirming that oxidation
residual bromine from bath one. Baths three and four wer®f the germanium surface had occurred. As the oxidation
used to remove residual Ge oxidé:bath three was a 60°C time increased, the intensity of the {ag, peak at 48 eV
de-ionized water bath for 5 min, ar{d) bath four was an decreased while the GeQy peak at 44 eV increasddee
ammonium hydroxidéNH,OH) soak for 2 min. The germa- Fig. 3.
nium wafers were then rinsed for 20 s in de-ionized water to The evolution of these two peaks demonstrates that the
remove any NHOH residues from bath four. Samples were bonding environment of the evolved from one where Ge at-
blown dry with dry nitrogen and loaded into the processing/oms have only Ge nearest neighbges ~48 eV) to one
analysis system load lock within 5 min of the last deionizedwhere the Ge atoms are bonded to oxygan~44 eV). A
water rinse. Based on an on-line Auger electron spectroscogylot of the ratio of these two peak heights versustioge) in
(AES) measurement, discussed in the next subsection, the§dd. 4 indicates an almost linear dependence. This is very
samples typically displayed small amounts of carbon andimilar to what has been reported by our group for a similar
oxygen contamination, in the monolayer to submonolayer
regime.

Fic. 1. Diagram of the RPECVD chamber used for the oxidation and depo
sition steps.

B. Deposition process

For comparisons with preoxidized substrates, silicon di- &
oxide was deposited directly onto to the germanium sub- §
strates using a remote plasma enhanced chemical vapos
deposition(CVD) process? The remainder of the germa- -
nium substrates were treated with a preoxidation step. For=
this predeposition, plasma-assisted oxidation step, heliumg
and oxygen were introduced through the quartz plasma tubes
and excited with 30 W of 13.56 MHz rf powdsee Fig. L
The excited gases were transported from the plasma genera
tion region to the substrate where plasma-assisted oxidatior
of the surface was accomplished at process pressure of 30!
mTorr, and at a substrate temperature of 300°C. The oxida- 30 32 34 3 38 40 42 44 46 48
tion time was 15 s, and based on the AES spectra in Fig. 2, Energy (eV)

a.S well "’.‘S preVio.us eXperiehce with plasma.-aSSiSted OXidia:-le. 3. AES of germanium—oxyge#4 eV) and germanium—germanium
tion of Si, the oxide layer thickness was estimated to be ajg e\ signals for(a) 15 s, (b) 30 s, (c) 3 min, and(d) 10 min of plasma-
most 0.5-0.6 nm. assisted oxidation.
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to this anneal. For example, the sample either showed physi-
cal signs of melting, bubbling and deformation, or the result-
—— — el ing MOS capacitors were shorted.
10 100 1000
Oxidation Time (sec) C. Electrical measurement of MOS structures
Fic. 4. Ratio of the Ge—O/Ge—Ge peaks vs oxidation time. MOS capacitors were fabricated by evaporating alumi-

num dots onto the silicon dioxide layer through a shadow
mask. The masks were constructed by Towne Technologies

plasma-assisted oxidation of silicdhin particular, the lin- and had apertures of 50-5@0m. The dot sizes were mea-
ear dependence versus (tigne) is indicative of an oxidation sured using an optical microscope with a digital camera at-
process that is effectively self-limiting. tached. The backside contact to the Ge wafer was aluminum.

After a remote plasma-assisted oxidation for 15 s, a sili-After metallization the samples were subjected to a postmet-
con dioxide layer about 4—5 nm thick was deposited byallization annea(PMA) at 400 °C in forming gas for 30 min.
RPECVD. For this process, in addition to helium and oxygen The |-V data of Fig. 5 are representative of the MOS
being introduced through the plasma tube, 2% silane in hedevices prepared in this way. The onset of current in both
lium was injected through the dispersal ring located directlytypes of devices at abb® V and the preoxidized samples
above the substratsee Fig. 1 This downstream injection increases slightly slower than the nonpreoxidized sample. An
of silane prevented it from being directly excited by the analysis of the leakage current based on the functional de-
plasma. This was due t6) the point of injection,(ii) gas  pendence expected for Fowler—Nordheim tunnéfirig the
flow rate of oxygen and helium through the plasma tube, andegion from 3 to abou6 V indicates that there is more cur-
(iii ) the process pressure. The CVD reaction responsible faient than is expected and that the current increases more
deposition occurred at the oxidized Ge substrate surface arsfiowly with increasing bias voltage. Therefore, we interpret
was between plasma-excited oxygen species and nonexcitéte onset of current flow as being associated with a soft, but
or fragmented silan& The substrate temperature was held atotherwise unspecified, breakdown/leakage proce®sY
300°C; the process pressure was 300 mTorr, and the urves of both a preoxidized sample and a nonpreoxidized
power at 13.56 MHz applied to the plasma was 30 W. Thesample show about the same capacitance in the substrate
deposition time was 4 min giving an estimated film thicknessaccumulation bias regimgsee Fig. 6 However, the
of 4.6:0.5 nm of silicon dioxide as determined from analy- nonplasma-oxidized sample has a flatband voltage of about
sis of capacitance—voltag€-V data. +0.8 V while the plasma-oxidized sample flatband voltage

In applications where the substrate is silicon, not germahas about+0.3 V. Based on the Fermi level position for
nium, the resulting structure is annealed at 900 °C for 30 ssubstrate doping and the use of an Al gate electrode, the
This anneal promotes structural and chemical relaxation oénticipated flatband voltage is approximatehp.4 V. The
the silicon dielectric interface and the silicon dioxide lajfer. positive shifts of flat band voltage for both types of samples
In the case of germanium, the substrate melts at 937 °C arate indicative of fixed negative charge, or equivalently filling
the interfacial germanium oxide layer decomposes to fornof electron traps at the Ge-dielectric interface. The larger
gaseous GeO at about 450°C. We found that any sampkghift for the nonplasma-oxidized sample is indicative of a
annealed at 600 °C was visibly damaged by being subjecteshore defective interface, either from a higher density of
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T : passivates the interface and prevents further oxidation of the
104 Si substrate during silicon dioxide deposition, yielding
device-quality interfaces for MOS structures, the same pro-
cessing sequences applied to Ge yield significantly poorer
084 interface electrical properties as determined frorV data.
g While the predeposition step did “clean” the surface it pro-
S o0s- o duced an oxidized Ge interface that when combined with
g 15 sec Preoxidation No Preoxidation deposited Si@resulted in poor qualitg-V traces. The poor
5 electrical quality of the interface means that neither inten-
’§ 0.4 tionally grown Ge oxide, as formed by the predeposition
g plasma-assisted oxidation, nor subcutaneous formation of Ge
© oxide that occurs during SiGdeposition generates a device-
0-24 quality interface. The difference between the t@&eV traces
indicates that different defect states result from these two
0.0 T T T T T T T T T T T 1 processes.
25 20 15 -1.0 -05 00 05 10 15 20 25 30 35
Volts
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