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(57) Abstract: A method for forming a semiconductor device is provided in
several embodiments. According to one embodiment, the method includes
providing a substrate in a process chamber, flowing a process gas consisting
of hydrogen (H2) and optionally a noble gas into the process chamber, form-
ing plasma excited species from the process gas by a microwave plasma
source. The method further includes exposing an interface layer on the sub-
strate to the plasma excited species to form a moditied interface layer, and
depositing a high dielectric constant (high-k) film by atomic layer deposition
(ALD) on the modified interface layer. In some embodiments, the modified
interface layer has higher electrical mobility than the interface layer, and the
high-k film nucleates at a higher rate on the moditied interface layer rate
than on the interface layer.
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TITLE OF THE INVENTION

METHOD OF ENHANCING HIGH-k FILM NUCLEATION RATE AND ELECTRICAL
MOBILITY IN A SEMICONDUCTOR DEVICE BY MICROWAVE PLASMA TREATMENT

CROSS-REFERENCE TO RELATED APPLICATIONS

[8881] This application is related to and claims priority to United States Provisional application
serial no. 61/946,829 filed on March 2, 2014, the entire contents of which are herein
meorporated by reference. This application is related to and claims priority fo United States
Provisional application serial no. 61/986,995 filed on May 1, 2014, the entire contents of which

are herein incorporated by reference.

FIELD OF THE INVENTION

{8662} The present invention generally relates to a method of enhancing high-dielectric constant
{(high-k) film nucleation rate and clectrical mobility in a semicondoctor device by microwave
plasma treatment of an interface layer on a substirate prior to deposition of a high-k film on the

mierface layer,

BACKGROUND OF THE INVENTION

18083} Devices with a high-mobility channel, such as 51, SiGe, Ge and compound
seodconductors offer the possibility of increased device performance beyoend traditional Si-
based devices. In particular, Ge and Ge-containing materials are attractive candidates due to
lower effective mass and higher mobility for charge carriers compared to Si. However, ong of
the issues with the high mobility channel 15 the poor oxide and interface quality that can result in
device degradation.

{8084} HfD»-based diclectrics have successfully replace Si0; in the state of art CTMOS
technology. However, in order to countinue the further scaling of the HfO»-based gate dieloctric
and other high-k dielectrics, it is necessary to scale the equivalent oxide thickness (EOT) by

scaling the overall dielectric thickness, including the thickness of the mterface layer.
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SUMMARY OF THE INVENTION
{8605] A methed is provided for forming a semiconductor device. According to one
embodiment, the method includes providing a substrate in a process chamber, flowing a process
gas consisting of hydrogen (Hy) and optionally a noble gas into the process chamber, and
forming plasma excited species from the process gas by a microwave plasma soorce. The
method further includes exposing an interface layer on the substrate {0 the plasma cxeited
species 1o form a modified terface Jayer, and depoesiting & high dielectric constant (high-k) film

by atomic layer deposition {ALD) on the modified imterface layer.

180806] According to another embodimend, the method includes providing a substrate i 2
process chamber, flowing a process gas consisting of H; and optionally a noble gas into the
process chamber, and forming plasma excited species from the process gas by a microwave
plasma source. The method further includes exposing an interface layer on the substrate {o the
plasma exeited species to form a modified interface layer with increased electrical mobility,
where the exposing reduces a thickness of the interface layer, and depositing a high-k film by
ALD on the modified interface layer, where the high-k film nucleates at a higher rate on the

modified interface layer rate than on the interface layer.

{88871 According to yet another embodiment, the method includes providing a germaninm-
containing subsirate in a process chamber, flowing a process gas consisting of Hj and optionally
anoble gas into the process chamber, and forming plasma excited species from the process gas
by a microwave plasma sowrce. The method further includes exposing & germaniom-containing
imterface layer on the substrate to the plasma excited species to form a moditied germanivm-
condaining interface layer with increased electrical mobility, and depositing a high-k film by
ALD on the modified germanium-containing interface layer, where the high-k film nucleates at
a higher rate on the modified germanivm-containing interface layer rate than on the germanium-

containing interface layer.

BRIEF DESCRIPTION OF THE DRAWINGS

{8688} In the accompanying drawings:

{8809 FIG. 1 s a process flow diagram for forming a semiconductor device aceording to an
embodiment of the invention;

{8618} FiGs. 2A through 2E schematically ilhustrate through cross-sectional views a method for

forming a semiconductor device according to an embodiment of the invention;
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{8011} FIG. 3 shows HEO, thickness and Si0, interface layer thickness as a function of
oxidation fime;

[8812] FIG. 4 shows 510, interface layer thickness measured ex-situ by XPS and interface layer
roughness measured by Xeray reflectivity (XRR) as a fonction of oxidation time;

{8813] FIG. S shows HIO; thickness deposited on a Si0» interface layer versus deposited on a
maodified Si0; interface layer as a function of number of ALD cyeles;

18014} FIG. 6 shows S10; interface layer roughness as a function of gas pressure used during
exposure of the Si(y; interface layer to microwave plasma excited Hy,

18815} FIG. 7 shows maeasured transconductance (G x L/W) as a function of inversion oxide
thickness ( Tiy) for four different test samples;

{8616} FIG. 8 shows measured hole mobility as a function of effective ficld;

18017} FIG. 9 shows germanium oxide thickoess and thickness uniformity as s function of
microwave plasma oxidation time;

16018} FIG. 10 is a schematic diagram of a plasma processing system containing a RLSA™
plasma for forming s modified interface layer according to one embodiment of the invention;
and

[8019] FIG. 11-13 are schematic diagrams of a plasma processing system confaining a RLSA™
plasma for forming a modified interface layer according to another embodiment of the

inveniton.

DETAILED DESCRIPTION OF SEVERAL EMBODIMENTS

80284 Embodiments of the invention are described below in reference to the Figures.
According 1o one embodiment, & method is provided for forming a semiconductor device. The
method ases microwave plasma treatment to enhance high-k film nacleation rate and electrical
mobility in the semiconductor device.

19621} According to one embodiment, the method includes providing a substrate ina
process chamber, flowing a process gas consisting of Hy and optionally a noble gas into the
process chamber, and forming plasma excited specics from the process gas by a microwave
plasma source. The method further includes exposing an interface layer on the subsirate to the
plasma excited species to form a modified interface layver with increased electrical mobility, and
depositing a high-k film on the modified interface layer. The exposure of the interface layer to
plasma excited species can reduce the thickuoess of the interface layer and the modified interface

layer has been found to be more reactive than the original unmodified interface layer. The more

[X)
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reactive interface layer provides improved nocleation duwring ALD of a high-k film on the
modified interface layer. In addition to increased ALD deposition rate, and thus higher
manufacturing throughput, the high-k {ilm has the superior material and clectronic propertics
needed for advanced semiconductor devices, including scaled CMOS devices.

{86221 FIG. 1 is a process flow diagram 100 for forming a semiconductor device and FIGs.
2A through 2F schematically tHustrate through cross-sectional views a method for forming a
seraiconductor device according to an embodiment of the jnvention. The process flow diagram
100 includes, in 102, providing a substrate 200 in a process chamber, The substrate 200 can, for
cxample, include silicon, germantum, silicon germaniom, or compound scmiconduciors.
According to one embodiment, the substrate 200 may contain a germanivm-containing substrate,
for example Ge or 5iGe.

{8823 As depicted in FIG, ZA, the substrate 200 can have an interface layer 202 formed
thereon. The mterface layer 207 can, for example, include an oxide layer, an oxynitride layer, or
a nitride layer, or a combmation thereof. Examples include 510, S1ON, and SiN. To the case of
a germanium-containing substrate 200, the germanium-contaiming mterface layer can include
germaniing oxide (Ge(y).

18024] 1o one cxanple, the interface layer 202 may be formed or deposited on the substrate
200 m the process chamber prior 1o exposing the substrate 200 to the plasma excited species.
According (o one embodiment, the substrate 200 is not exposed to air between the time the
substrate 200 is introduced into the process chamber and when the substrate 200 1s exposed to
the plasma excited species.

18025) In one example, the interface layer 202 may be formed by exposing a clean substrate
200 to alternating pulses of ozone and water. In another example, the interface layer may be
formed by cxposing the substrate o piasma exited specics formed by microwave plasma
excitation of an oxygen-containing gas. The oxygen-containing gas can contain O; and
optionally a noble gas. The interface laver 202 may be formed using a substrate temperature
between about 20°C and about 300°C, between about 20°C and about 200°C, between about
20°C and about 200°C, between about 20°C and about 100°C, between about 100°C and about
500°C, between about 200°C and about 500°C, between about 3007C and about 300°C, between
about 20°C and about 500°C, or between about 200°C and about 300°C. In one example, the
subsirate temperature can be about 250°C.

18026} When forming the interface Jayer 202 by exposing the substrate 200 to plasma exited
species formed by microwave plasma exeitation of O and Ar, the Ar gas flow rate can be
between about 100scem and about 5000scem, between about 100scem and about 2000scem,

4
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between about 100scom and about 1000scem, between about 100scem and about 500scem,
between about 3000scem and about 5000scem, between about 2000scem and about 5000scem,
ot between about 100G0scem and about 5000scem. An Op gas flow rate can be between about
1scom and about 50scem, between about fscem and about 30scom, between about 1scem and
about Z{scem, between about 1scom and about 10scem, between about Sscem and about
S{scem, between about 10scem and about 50scom, or between about 20scem and about 50scom.
18627} In other examples, the interface layer 202 may be formed by Hx(O» oxidation, wet
{hquid) chemical oxidation, or in-situ steam growth (ISSG).

{8028} According to onc embodiment, an initial oxide layer {c.g., a native oxide layer) may
be removed from the substrate 200 in the process chamber or outside the process chamber prier
to forming the interface layer 202 on the substrate in the process chamber. The fmitial oxide laver
may be removed by a chemical oxide removal (COR) process or by exposure to wet dilute
hydroftuoric acid (BHF). Thus, after removal of an initial oxide layer, g surface of the substraie
200 provided in the process chamber may be at least substantially free of oxygen.

{86291  In one cxample, a substrate 200 containing an initial oxide layer is introduced into the
process chamber, the initial oxide layer 1s removed from the substrate in the process chamber,
thercafter an interface layer 202 is formed on the substrate in the process chanber, and
thereafter the interface layer 202 is exposed to the plasma excited species to form a modified
mterface layer on the substrate.

{8838]  In another cxample, a substrate containing an initial oxide layer is infroduced into an
auxiltary process chamber {¢.g., & chamber configured for performaing a chemical oxide removal
(COR) process, the initial oxide layer s removed from the substrate in the awiliary process
chamber, thereafter an inferface layer is formed on the substrate in the process chamber, and
thereafter the interface layer is exposed to the plasma excited specics in the process chamber to
form a modified interface layer on the substrate.

8831} In 104, the method further inchudes flowing a process gas consisting of hydrogen
(Hy) gas and optionally a noble gas {¢.g., He o1 Ar) into the process chamber. Exemplary
processing conditions include a process gas containing Hy and Ar. An Ar gas flow rate can be
between about 100scem and about 5000scem, between about 100scem and about 2000scem,
between about 100scom and about 1000scem, between about 100scem and about 5300scem,
between about 3000scem and about 5000scem, between about 2000scem and about 5000scem,
or between about 1000scem and about 3000scem. A Ho gas flow rate can be between about
10seem and about 560scem, between about 10scem and about 300sccm, between about 10scom
and about 200scem, between about 10scem and about 100scem, between about Sscem and

5



10

15

20

WO 2015/134398 PCT/US2015/018333

about 500scem, between about 100scem and about 500scem, or between about 200sccm and
about 500scem. In one example, the Ar gas flow can be about 2000sccm and the H, gas flow
can be about 100scem. The substrate temperature can be between about 20°C and about 560°C,
between about 20°C and about 300°C, between about 20°C and about 200°C, between about
20°C and about 100°C, between about 14(°C and about SG0°C, between about 200°C and about
S00°C, between about 300°C and about 500°C, between about 20°C and about 500°C, or
hetween about 200°C and about 300°C. To one example, the substrate tomperature can be about
256°C.

18632}  Tuo 106, the method further includes forming plasma excited species from the process
gas by a microwave plasma source. Exemplary plasma processing systems confaining a
microwave plasma source are described m F1Gs, 10-13.

{88331  In 108, the method further includes exposing the interface layer 202 on the subsiraic
200 to the plasma excited specics 204 to form a modificd interface layer 206. In one example,
exposing the interface layer 202 to the plasma excited species increases the clectrical mobility of
the interface layer 202, reduces a thickness of the interface layer 202, and forms a modified
mterface layer 206 with fmproved nocleation characteristics for ALD of a high-k film on the
maodified interface layer 206.

{8034 In 110, the method further includes depositing a high-k film 208 by ALD on the
modified interface layer 206. In one example, the ALD process may be performed in the same
process chamber that was used to form the modified interface layer 206. The ALD process can
melude alternating exposures of a metal-containing precursor and an oxygen-containing gas.
18835} The high-k film 208 can contain one or more metal elements selected from alkahne
carth clements, rare carth elements, Group IHA and Group IVE clements of the Perodic Table
of the Elements. The high-k material can include oxides, oxynitrides, or nitrides of those
clements. Alkaline carth metal elements include bervliium (Be), magnesium (Mg}, calcium (Ca),
strontiom (Sr), and barium (Ba). Exemplary oxides include magnesium oxide, caleiimm oxide,
and barium oxide, and combinations thereof. Rare carth metal clements may be selected from
the group of scandivm (Sc), yitrium (Y), lutetiuro (L), lanthanum (La), cerium (Ce),
praseodymium (Pr), neodymom (Nd}, samarium (Sm), europium (Eu), gadolinium (Gd),
terbivim (Th), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), and ytterbinm (Yb).
The Group VB clemends include titanium (T1), bafnium (HY), and zirconivm (Zr). According
to some embodiments of the invention, the high-k material may contain HfO,, HON, HfSi0ON,

ZE'Oz, ZI‘ON, ZYSEO\Y, TiOQ, TiO\T 1@1203, LE{QO}, V\’r;‘Qg, CeOg, ‘YzO?,, of Tag(}s, ofra
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combination of two or more thereof. However, other high-k materials are contemplated and
may be used.

18034 Representative examples of Group TVEB metal-containing precursors nchade:
HROBu): (hafnium tert-butoxide, HTR), HANTEL) (tetrakis(diethylamidohafiom, TDEAHD,
HENEMe)s (tetrakis{ ethylmethylamidoyhafnium, TEMAHRHD, H(NMe) )4
(tetrakis(dimethylamidothafnium, TDMAHTE), Zr(O'Bu)s (zirconium tert-butoxide, ZTB),
Zr(NER ) (tetrakis(dicthylamido)zirconium, TDEAZr), Ze(NMekEt),
{tetrakis{cthylmethylamido)zirconiom, TEMAZ)}, ZrtNMey

Zr{mamp g, Ti(mmp )y, BICL, ZxCly,
TiCh, TUNIP ), TINIPR)s, tris{N N -dimethylacctanudinato ftitardum, ZrCpyMes,

{tetrakis(dimethylamido)zirconiom, TOMAZr), Hf(mmp)a,
Ze(tBaCp)Mes, Zr(NiPr)s, THOIPH,, THOBu)y (titanium tert-butoxide, TTR), THNEL)
(tetrakis{diethylamido)titaniom, TDEAT), Ti{NMceEt), (tetrakis{ethylmethylamidoftitanivm,
TEMAT), Ti{NMey u (tetrakis(dimethylamidoytitanium, TDMAT), and Ti{THD), (1118(2,2,6,6-
tetramethyl-3, 5-heptanedionatoe fitanium).

188371 In some examples, the high-k film 208 can be a bilayer containing a 1) diffusion barmer
such as ALGs, SiN, or AIN, and 2) HED», Zr Gy, TiO,, Lar(Ds, or GdaOa.

18038]  After forming a high-k film 208 on the modified interface layer 206, the substrate 200
may be further processed, for example by depositimg a metal-containing gate electrode film 2190
on the high-k film 208, and forming a gate stack by  patterning the metal-containing gaic
electrode film 210, the high-k film 208, and the modified interface layer 206. The gate stack
depicted in FIG. 2E comtaing a paticrned metal-corntaining gate electrode film 220, a patterned
high-k film 218, and a patterned modified interface layer 216.

18038} FIG. 3 shows HIO» thickness and Si0; interface layer thickness as a function of
oxidation time. The thicknesses were measured ex-situ by XPS. The oxidation time refers to
exposure of the Si substrate to microwave plasma excited (O species to form the 510, interface
fayer. The oxidation times were 15 seconds, 30 seconds, and 120 seconds. Trace 300 shows
S}, thickness formed by exposing a Si substrate to microwave plasma excited O species.
Trace 302 shows S0, thickness formed by exposing a St substrate to microwave plasma excited
O species and, thereatter, modifying the S10) by exposure to microwave plasma excited Hy
species. Trace 304 shows HI(Q, thickness deposited by ALD on a 510, interface layer formed
by cxposure to microwave plasma excited O species. Trace 306 shows HIO, thickness
deposited by ALD on a $i0; intorface laver formed by exposure to microwave plasma excited
(3, specics and thereafter modified by exposure to microwave plasma excited H; species. The
HIEG, filims were desposited by 40 alternating exposures of a hafnium precursor

7
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{(tetrakis(cthylmethylamino thafnium; TEMAHT) and water vapor at a substrate temperature of
250°C. The H; microwave plasma excitation was performed for 90 seconds at a chamber
pressure of 90mTorr and substrate temperature of 250°C.

[B8048]  FIG. 3 shows that the thickness of the modified 510, interface laver is less than the
thickness of the vnmodified 510 interface layer (about 5 Angstrom reduoction for thick Si(,
wterface layers), and the thickaess of the HIG, film is greater on modified SiQ interface layers
compared to on unmodified S0 mterface layers. These results are due fo thinning of the 5id»
mterface layer by the exposure to Hy gas excited by the microwave plasma source, and fmproved
nucleation of HIO, formed by ALD on the meodified SiQ0, interface layer,

18841]  FIG. 4 shows 510, oterface layer thickness measured ex-situ by XPS and interface
layer roughness measured by Xoray reflectivity (XRR) as & function of oxidation time. Trace
400 shows film roughness for a Si(, interface layer formed by exposing a Si substrate to
microwave plasma excited O, species. Trace 4072 shows film roughness for a SiQ; interface
layer formed by cxposing a St substrate to microwave plasma excited O species and, thereafter,
modifying the 510 interface layer by exposure to microwave plasma excited Hy species. Trace
406 shows HIQ; thickness deposited by ALD on a 510, interface layer formed by exposure to
microwave plasma cxcited On species. Trace 406 shows HQ, thickness deposited by Al D ona
810y, interface layer formed by exposure to microwave plasma excited (3, species and thereafter
modified by exposure to microwave plasma excited H; species.  The results in Fig, 4 show that
no significant increase (degradation) in the roughness of the Si0; interface layer is observed
following the exposure to microwave plasma excited Hp.

18042}  FI1G. 5 shows HIO, thickness deposited on a 510, interface layer versus deposited on
a modified Si10; interface layer as a fimetion of number of ALD cycles. The deposition rate
{growth rate) of HfO, was higher on the modified 510, interface layer (trace 542) than on the
310y interface layer (trace 540), indicating better nucleation of the HfO; on the modified
mterface layer. The process flow incladed forming a chemical oxide film on the substrate by a
wet process, removing the chemical oxide film in a process chamber using a2 chemical oxide
removal process, forming an Si0» interface layer on the substrate by sequendial ozone (On) and
water (H20) exposures in the process chamber, modifying the 510, interface layer by exposure
to microwave plasma excited Hp, depositing HEG, by ALD on the modified Si0, interface layer,
and measwring the HIG: thickness ex-situ using XPS. The sequential ozone and water exposures
ncluded 2 pulses of ozone followed by 10 pulses of water, with puroping and purging between

gach pulse.
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18043}  FIG. 6 shows Si0; mterface layer roughness as a function of gas pressure used during
exposure of the Si(h; interface layer to microwave plasma excited Hy. Substrates containing a
810}, interface layer were prepared and some were exposed to microwave excited Hy species at
different gas pressures in the process chamber. The 310, interface layers were prepared by
performing the following process twice: sequential ozone and water exposures that included 2
pulses of ozone followed by 10 pulses of water, with pumping and purging between cach pulse.
18044}  Fig. 6 shows that increasing the gas pressure reduced the roughness of the modified
SiG, interface layer (602, solid squares). Increasing the gas pressure to aboot 3 Torr, or greater,
reduced the roughness of the modified 5i0, interface layer to approximately the same roughness
as unmodified 310, interface layer (600}, This decrease n roughness is likely due to reduced
amount of microwave excited H; species that reach the substrate with increasing gas pressure,
since the exeited Hy species are thought increase the roughness of the modified 510y interface
fayer. However, a reduced amount of excited Hj species also reduces the nucleation
enhancement on the modified interface layer,

180487  FI1G. 7 shows measured transconductance (G, x /W) as a function of inversion oxide
thickness (Ti} for four different test samples. Transconductance is a measure of electric
mobility in semiconductor devices, The test samples included a germanivm (Ge) substrate, an
vamodified and a modified germanium oxide nterface layer on the Ge substrate, an AlO: high-
k layer deposited by ALD on the unmodified and modified germaniom oxide interface layers,
and a Zr(y, high-k layer deposited by ALD on the AbO; high-k layer. A thickness of the ALO;
layer was about 3 Angstrom, and a thickuess of the Zr(» layer was about 30 Angstrom. The
mterface layers for the test samples were prepared as follows: 700) a clean Ge substrate was
oxidized using microwave plasma excited O2 species; 710} the interface layer in 700 was
modified by exposure to microwave plasma excited Hz species; 720) a clean Ge substrate was
oxidized using sequential ozone (Os) and water (H20) exposures (6 sequential ozone gas pulses
followed by 10 sequential water pulses); and 730) the mterface layer in 720 was modified by
exposure to microwave plasma oxcited Hy specics.

18046}  FI1G. 7 shows that the transconductance was greatly enhanced for both tost samples
700 and 720 when they were modified by exposure to microwave plasma excited H; species.
Further, the inversion oxide thickness, and thus the effective oxide thickness (EOT), was lower
for the interface layers 720 and 730 than the interface layers 700 and 710. It is contemplated
that the exposure to microwave plasma exctied Hy species makoes the interface layer more
reactive while also lowering the surface roughness and surface defects. This can increase the
hole and/or electron mobility of the interface layer and the resulting semiconductor device.

g
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18047}  FIG. 8 shows measured hole mobility as a fumction of effective field. The test
samples 800, 810, and 830, were the same as the test samples 700, 710, and 730, respectively in
FIG. 7. FIG. 8 shows a 53% increase in mobility between samples 800 and 810, and 30%
merease in mobility between samples 800 and §30.

{8048}  FIG. 9 shows germanium oxide thickness and thickness uniformity as a function of
microwave plasma oxidation time. The oxidation was done at low substrate temperatore, below
400°C. Very good control over oxidation of Ge by microwave plasma using O gas s observed
with good control over the oxide thickness 800 under Inm, and the with-in-wafer non-
uniformity {WiWNU) 902 was around or below 1%.

{6049} FIG. 10 is a schematic diagram of a plasma processing system condaining 2 RLSA™
plasma (Tokyo Electron Limited, Akasaka, Japan) for forming a modified interface layer
according to one embodiment of the invention. The plasma prodoced in the plasma processing
system SO0 is characterized by low clectron temperatore and high plasma deosity. The plasma
processing system 500 contains a plasioa processing chamber 550 having an opening portion
551 in the upper portion of the plasma processing chamber 550 that is larger than a substrate
558. A cyhndrical dielectric top plate 554 made of guartz, akminum nitride, or aluminom oxide

is provided to cover the opening portion 551,

[8858] Gas Hnes 372 are located in the side wall of the upper portion of plasma processing
chamber 550 below the top plate 554, In one example, the number of gas lines 572 can be 16
{ondy two of which are shown in FIG. 10). Alternatively, a ditferent rumber of gas lines 572
can be used. The gas lines 572 can be circumferentially arranged in the plasma processing
chamber 550, but this is not required for the invention. A process gas can be evenly and
uniformby supplied into the plasma region 559 i plasma processing chamber 550 from the gas
lines 572.
{80651} In the plasma processing system 500, microwave power is provided to the plasma
processing chamber 550 through the top plate 534 via a slot antenna 560 having a plurality of
slots 560A. The slot antoona 560 faces the substrate 358 to be processed and the slot anteona
560 can be made from a metal plate, for example copper. In order to sapply the microwave
power to the slot antenna 560, 3 waveguide 563 is disposed on the top plate 554, where the
waveguide 563 is connected {0 a microwave power supply 561 for generating microwaves with
a frequency of about 2.45GHz, for exaraple. The waveguide 563 contains a flat civeular
waveguide S63A with a lower end connected to the slot antenma 560, a circular waveguide S63B
connected to the upper surface side of the circular waveguide 363A, and a coaxial waveguide
converter 563C comnected to the upper surface side of the circular waveguide 563B.
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Furthermore, a rectanguiar waveguide S63D is connected to the side surface of the coaxial

~

waveguide converter 563C and the microwave power supply 56

{8052} Inside the circolar waveguide 5638, an axial portion 562 of an electroconductive

material s coaxially provided, so that one end of the axial portion 562 is connected to the central
(or nearly central) portion of the upper surface of siot antenna 560, and the other end of the axial
portion 562 is comnected to the upper surface of the circular waveguide 5638, thereby forming a
coaxial structure. As a result, the circolar waveguide 5638 is constituted so as to fimction as a
coaxial waveguide. The microwave power can, for example, be between about (1.5 W, Jom” and
about 4 W/en. Alternatively, the microwave power can be between about 0.5 W/em® and about
3 W/ent. The microwave irradiation may contain a microwave frequency of about 300 MHz to
about 10 GHz, for example about 2.45 GHz, and the plasma may contain an electron
temperature of less than or equal to S eV, inchuding 1, 1.5,2,2.5,3,3.5,4,4.50r 5 ¢V, orany
combination thereof. In other examples, the clectron temperature can be below SeV, below
4.5eV, below 46V, or even below 3.5eV. In some examples, the electron temperature can be
between 3.0 and 3.5 oV, between 3.5¢V and 4.0¢V, or between 4.0 and 4.5 ¢V, The plasma may

. L3 3,3 .
have a density of abour 1 x 10" /em” 10 about 1 x 10" /car’, or higher.

{8053} In addition, in the plasma processing chamber 550, a substrate holder 552 1s provided
opposite the top plate 554 for supporting and heating a substrate 558 (¢.g., a wafer). The
substrate holder 552 contains a heater 557 to heat the substrate 525, where the heater 557 can be
a resistive heater. Alternatively, the heater 557 may be a lamp heater or any other type of heater.
Furthermore the plasma processing chamber 550 contains an exhaust line 353 connected to the
bottom portion of the plasma processing chamber 550 and 1o a vacuum pump 555,

[8854] The plasma processing system SO0 further contains a substrate bias system 556
configured to bias the substrate holder 552 and the substrate 538 for generating a plasma and/or
controlling encrgy of jons that are drawn 1o a substrate 558, The substrate bias system 556
mehides a substrate power source configured couple power to the substrate holder 552, The
subsirate power source contains a RF generator and an impedance match network. The substrate
power source is configured to couple power to the substrate holder 552 by energizing an
clectrode i the substrate holder 552, A typical frequency for the RF bias can range from about
0.1 MHz to about 100 MHz, and can be 13.56 MHz, In some examples, the RF bias can be less
than | MHz, for example less than 0.8 MHz, less than 0.6 MHz, iess than 0.4 MHz, or even less
than 0.2MHz. Iun one cxample, the RF bias can be about 0.4 MHz. Alternatively, RF power s
applied o the electrode at multiple frequencies. The sabstrate bias s

stem 556 s configured for

o
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supplying RF bias power can be between W and 100W, between 100W and 200W, between
200W and 300W, between 300W and 400W, or between 400W and 500W. In some examples,
the RF bias power can be less than 100W, less than 50W, or less than 25W, for example. RF
bias systems for plasma processing are well known to those skilled in the art. Further, the
substrate bias system 5356 mcludes a DC voltage generator capable of supplying DC bias

between -5kV and +3kV to the substrate holder 552,

18885] The substrate bias system 556 1s further configured to optionally provide pulsing of the
RF bias power. The pulsing frequency can be greater than THz, for example 2Hz, 4Hz, 6Hz,
8Hz, 10Hz, 20Hz, 30Hz, 50Hz, or greater. 1t is noted that one skilled in the art will appreciate
that the power levels of the substrate bias system 556 are related to the size of the substrate
being processed. For example, a 300 mmn 51 wafer requires greater power consumption than a

200 o wafer during processing.

18886} Still referring to FIG. 18, a controller 599 1s configured for controlling the plasma
processing system 500, The controlier 599 can include a microprocessor, a memory, and a
digital 1/0O port capable of generating countrol voltages sufficicnt to conununicate and activate
mputs of the plasma processing system 500 as well as monitor cutputs from the plasma
processing system SO{. Moreover, the controlier 599 is coupled to and exchanges information
with plasma processing chamber 550, the vacuum pump 553, the heater 557, the substrate bias
system 556, and the microwave power supply 561, A program stored in the memory is utilized
to control the aforementioned components of plasma processing system 500 according to a
stored process recipe. One cxampic of controller 599 is a UNIEX-bascd workstation.
Alternatively, the controller 599 can be implemented as a general-purpose computer, digital

signal processing system, efc.

[8057] FIG. 11 is a schematic diagram of a plasma processing system containing a RLSA™
plasma (Tokyo Electron Limited, Akasaka, Japan) for forming a modified interface layer
according to another embodiment of the invention. As shown in FIG. 11, the plasma processing
system 10 includes a plasma processing chamber 20 (vacimum chamber), an antenna unit 50, and
a substrate holder 21, Inside of the plasma processing chamber 20 is roughly sectionalized into
a plasma generation region R, located below a plasma gas supply undt 30, and a plasma
diffusion region R2 above the substrate holder 21. A plasma generated in the plasma generation
region R1 can have an clectron temperature of several electron volts (V). When the plasma is
diffused into the plasma ditfusion region R2, where the file formation process is performed, the

electron temperature of the plasma near the substrate holder 21 may drop to 8 value of lower
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than about 2eV. The substrate holder 21 1s located centrally on a bottom portion of the plasma
processing chamber 20 and serves as a substrate holder for supporting a substrate W. [nside the
substrate bolder 21, there is provided an insulating member 21a, a cooling jacket 21h, and a

temperature control unit (not shown) for controlling the substrate temperature.

{8858] A top portion of the plasma processing chamber 20 is open-ended. The plasma gas
supply unit 30 s placed opposite to the substrate holder 21 and 1s attached to the top portion of
the plasma processing chamber 20 via sealing members such as O rings (not shown). The
plasma gas supply unit 30, which may also function as a dielectric window, can be made of
materials such as aluminum oxide or quartz and has a plavar surface. A plurality of gas supply
holes 31 are provided opposite the substrate holder 21 on a planar surface of the plasma gas
supply onit 30. The plurality of gas supply holes 31 communicate with a plasma gas supply port
33 via a gas flow chaonel 32. A plasma gas supply source 34 provides a plasma gas, for
example argon (Ax) gas, or other inert gases, into the plasma gas supply port 33, The plasma gas
18 then uniformly supplicd nto the plasma generation region R via the plorality of gas supply

holes 31.

[8859] The plasma processing system 10 further inchides a process gas supply unit 40, which s
centered in the plasma processing chamber 20 between the plasma generation region R1 and the
plasma diffusion region R2. The process gas supply unit 40 may be made of a conducting
matcrial, for example an alumioum alloy that includes magnesium (Mg}, or staindess steel.
Similar to the plasma gas supply vnit 36, a plurality of gas supply holes 41 are providedon a
plenar surface of the process gas supply unit 40. The planar surface of the process gas supply

unit 40 1s positioned opposite to the substrate holder 21.

{88681 The plasma processing chamber 20 further includes exhaust Hnes 26 connected to the
bottom portion of the plasma processing chamber 20, a vacuum line 27 connecting the exhaust
lines 26 to a pressure controlier valve 28 and 1o a vacuum pump 29, The pressure controller

valve 28 may be used to achieve a desired gas pressure in the plasma processing chamber 20

18061} A plan view of the process gas supply unit 40 is shown in FIG. 12, As shown in this
figure, grid-like gas flow channels 42 are formed within the process gas supply unit 40, The
grid-like gas flow channels 42 communicate with an upper-end of the phurality of gas supply
holes 41, which are formed in the vertical direction. The lower portion of the plurslity of gas
supply holes 41 are openings facing the substrate holder 21, The plurality of gas supply holes

41 commumicate with a process gas supply port 43 via the grid-patterned gas flow channels 42.
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18862 Further, a plurality of openings 44 are formed in the process gas supply unit 40 such that
the plurality of openings 44 pass through the process gas supply unit 40 in the vertical direction.
The plurality of openings 44 introduce the plasma gas, ¢.g., argen {Ax) gas, helium (He) gas, or
other inert gases, into the plasma diffusion region R2 above the substrate holder 21, As shown
n FIG. 12, the plurality of openings 44 are formed between adjacent gas flow channels 42, The
process gas may be supplied from three separate process gas supply sources 45-47 to the process
zas supply port 43. The process gas supply sources 45-47 may supply Hy gas, O; gas, and Ar

ti

1]
@

8863} The process gas flows through the grid-like gas flow channels 42 and is uniformly
supplied into the plasma diffusion region R2 via the plurality of gas supply holes 41, The
plasma processing system 10 further inclodes four valves (V1-V4) and four mass flow rate

controller (MFC1-MFC4) for controlling a supply of the process gas.

18864} An external microwave generator 55 provides a microwave of a predetermined
frequency, e.g., 2.45 GHz, to the antenna unit 50 via a coaxial waveguide 54. The coaxial
waveguide 54 may include an inner conductor 54B and an outer conductor 54A. The
microwave from the microwave generator 535 generates an electric field just below the plasma
gas supply unit 30 in the plasma generation region R1, which in turn causes exeitation of the

process gas within the plasma processing chamber 20,

180653} FIG. 13 illustrates a partial cross-sectional view of the antenna unit 50, As shown in thig
figure, the antenna unit 50 may include a flat anterma main body 51, a radial hine slot plate 52,
and a diclectric plate 53 to shorten the wavelength of the microwave. The flat antenna main
body 51 can have a circular shape with an open-ended bottom surface. The flat antenna main

body 51 and the radial line slot plate 52 can be made of a conductive material.

18868} A plarality of slots 56 are provided on the radial Hne slot plate 52 to generate a circularly
polarized wave. The plurality of slots 56 arc arranged in a substantially T-shaped form with a
small gap between cach siot. The plorality of slots 56 are arranged in a concentric circle patiern
or a spiral pattern along a circumferential direction. Since the slots 56a and 56b are
perpendicular to each other, a circularly polarized wave containing two orthogonal polarized

components is radiated, as a plane wave, from the radial line slot plate 52

18067} The diclectric plate 53 can be made of a low loss diclectric material, ¢.g., aluminum
oxide (ALOs) or stlicon nitride (S1aNy), that is located between the radial Hine slot plate 532 and
the flat antenna main body 51, The radial line slot plate 52 may be mounted on the plasma

processing chamber 20 using sealing members (not shown), such that the radial line slot plate 52
14
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is i close contact with a cover plate 23. The cover plate 23 is located on the upper sarface of
plasma gas supply unit 30 and is formed from a microwave transmissive diclectric material such

as aluminum oxide (ALG:)

[8868] An external high-frequency power supply source 22 is electrically comnected to the
substrate holder 21 via a matching network 25. The exterpal high-frequency power supply
source 22 generates an RF bias power of a predetermined frequency, e.g. 13.56 MHz, for
controlling the energy of ions in the plasma that are drawn to the substrate W. The power supply
source 22 is further configured to optionally provide pulsing of the RF bias power. The pulsing
frequency can be greater than 1Hz, for example 2Hz, 4Hz, 6Hz, 8Hz, 10Hz, 20Hz, 30Hz, 50Hz,
or greater. The power supply source 22 s configured for supplying RF bias power between 0W
and 100W, between 100W and 200W, between 200W and 300W, between 300W and 400W, or
between 400W and 500W. One skilied in the art will appreciate that the power levels of the
power supply source 22 are related to the size of the substrate being processed. For example, a
300 mim S1 water requires greater power consumption than a 200 mam wafer during processing.
The plasma processing system 10 further includes DC voltage generator 35 capable of sopplying

DC voltage bias between -5kV and +5kV to the substrate holder 21

[886%] A phwality of embodiments for forming a semiconductor device have been described.
The method uses microwave plasma treatment to enhance high-k film nucleation and electrical
mobility in the semicounductor device. The foregoing description of the embodiments of the
imvention has been presented for the purposes of illustration and description. It is not intended
to be exhaustive or to limit the invention to the precise forms disclosed. This description and the
claimos following include terms that are used for descriptive purposes only and are not to be
construed as Hmiting. Persons skilled in the relevant art can appreciate that many modifications
and variations are possible in light of the above teaching. It is therefore intended that the scope
of the invention be Himited not by this detailed description, but rather by the claims appended

hereto.
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What is claimed is:

1. A method for forming a semiconductor device, the method comprising:

providing a substrate in a process chamber;

flowing a process gas consisting of hydrogen (H») and optionally a noble gas into the
process chamber;

forming plasma excited species from the process gas by a microwave plasma souree;

exposing an interface layer on the substrate to the plasma excited specices to form a
modified uderface layer; and

depositing a high diclectric constant (high-k} film by atomic layer deposition {ALD)

on the modified interface layer.

2. The method of claim 1, wherein the modified interface Jayer has higher clectrical

mobility than the interface layer.

3. The method of claim 1, wherein the high-k flm nucleates at a bigher rate on the

modified mterface layer rate than on the interface layer.

4. The method of claim 1, wherein the interface layer includes an oxide layer, an oxynitride

laver, or a nitride layer, or a combination thereof,

5. The method of claim 1, wherein exposing the interface layer to the plasma excited

species reduces a thickness of the interface layer.

6. The method of claim 1, forther comprising

forming the interface layer on the substrate in the process chamber.

~

The method of claim 6, wherein forming the interface layer comprises

exposing the substrate fo sequential pulses of ozone and water.
8. The method of claim 6, wherein forming the interface layer comprises

exposing the subsirate to plasma exited species formed by microwave plasma

cxcitation of (O and optionally a noble gas.

16
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S. The method of claim 6, wherein an initial oxide layer is removed from the substrate prior

to forming the interface layer on the substrate.

10. The method of claim 9, wherein the initial oxide layer is removed by a chemical oxide

5 removal (COR) process or by exposure io wet dilute hydrofluoric acid (DHF).

11. The method of claim 1, wherein the providing comprises
providing a substrate in a process chamber, wherein a surface of the substrate is at
least substantially free of oxygen; and

10 forming an interlayer on the substrate in the process chamber.

12. The method of claim 1, further comprising depositing a metal-containing gate electrode

film on the high-k film.

15 13, The method of claim 12, further comprising
paticrning the metal-containing gate clectrode film, the bigh-k film, and the modified

interface layer to form a gate stack on the substrate,

14, The method of claim |, wherein the substrate contains silicon, germanium, silicon

20 gormanium, of a compound semiconducior.

. A method for forming a semiconductor device, the method comprising:
providing a substrate in a process chamber;
flowing a process gas consisting of hydrogen (H») and optionally a neble gas into the
25 process chamber;
forming plasma excited species from the process gas by a microwave plasma souree;
exposing an interface layer on the substrate to the plasma cxeited species to form a
modified interface layer with fncreased clectrical mobility, wherein the exposing reduces a
thickness of the interface layer; and
30 depositing a high dielectric constant (high-k} film by atomic layer deposition (ALD)
on the modified interface layer; wherein the bigh-k film nucleates at 2 higher rate onthe

modificd mterface layer rate than on the interface layer.
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16. The method of claim 15, wherein the providing comprises
providing a substrate in a process chamber, wherein a surface of the substrate is at
fcast substantially free of oxygen; and

fornying an interlayer on the substrate in the process chamber.

17. A method for forming a semiconductor device, the method comprising:

providing a germanium-containing substrate o a process chamber;

flowing a process gas consisting of hydrogen (M) and optionally a noble gas tnto the
process chamber;

forming plasma cxcited species from the process gas by a microwave plasma source;

exposing a germanium-containing interface layer on the substrate o the plasma
excited species to form a modified germaniom-containing interface layer with increased
clectrical mobility; and

depositing a bigh diclectric constant (high-k) flm by atonic layer deposition {ALD)
on the modified germanium-containing interface layer, whercin the high-k film nucleates at a
higher rate on the modified germaniom-containing interface layer rate than on the

germanium-containing interface layer,

18. The method of claim 17, wherein the germanivm-containing substrate includes Ge or

SiGe.

v

19. The method of claim 17, wherein the germaniim-containing interface layer includes

germanivm oxide.

20. The method of claim 17, wherein exposing the germanivm-contaiming interface layer to

the plasma excited species reduces a thickness of the germantum-containing interface layer.

18
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