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SEMICONDUCTOR DEVICE AND METHOD FOR
MANUFACTURING THE SAME

[0001] This application is a Divisional of U.S. patent
application Ser. No. 10/452,979, filed Jun. 2, 2003, now
pending, which claims priority from Korean Patent Appli-
cation No. 2002-48404, filed Aug. 16, 2002, which is
incorporated by reference in its entirety.

BACKGROUND OF THE INVENTION
[0002] 1. Field of the Invention

[0003] The present invention relates to semiconductor
devices and, more particularly, to a semiconductor device,
such as a capacitor, having enhanced electrical characteris-
tics. The invention also relates to a method for manufactur-
ing the same.

[0004] 2. Description of the Related Art

[0005] To increase the integration density of semiconduc-
tor devices, various methods have been employed. These
methods include reducing the thickness of a gate or capaci-
tor dielectric layer, or forming a high-k dielectric layer, for
example, to increase capacitance.

[0006] Unfortunately, although reducing the dielectric
layer thickness increases the capacitance, it also signifi-
cantly increases leakage current. In addition, forming a
high-k dielectric layer often requires the use of a metal
electrode, because a conventional polysilicon electrode
causes problems such as tunneling and increases leakage
current. In the case of such a metal-insulator-metal (MIM)
capacitor with a high-k dielectric layer, due to a high-speed
dielectric growth process typically required for mass pro-
duction, the high-k dielectric layer suffers from a substantial
amount of oxygen non-stoichiometry. Thus, a thermal pro-
cess in an oxygen ambient is needed to stabilize the stochi-
ometry in the lack of oxygen to cure defects occurring in the
dielectric layer during the deposition or to remove impurities
present in the dielectric layer. When such a thermal process
is performed, however, oxygen atoms react with an elec-
trode, thereby growing an unnecessary oxide layer that
reduces capacitance.

[0007] To avoid the oxidation, the thermal process may be
performed in a low-concentration oxygen ambient, or in an
inert gas (e.g., N, or Ar) ambient. This process is, however,
ineffective to remove impurities, such as carbon, present in
the dielectric layer. Furthermore, thermo-mechanical
stresses generated between the electrode and the dielectric
layer during the high-temperature thermal process increase
leakage current and further increase contact resistance.

[0008] Accordingly, there is an immediate need for novel
thermal processing techniques to deal with problems such as
described above.

SUMMARY OF THE INVENTION

[0009] A semiconductor device and a method for forming
the same are provided. According to one embodiment, a
dielectric layer is formed on a semiconductor substrate or on
a lower electrode of a capacitor. Vacuum annealing is
performed on the dielectric layer. Thus, impurities remain-
ing in the dielectric layer can be removed, and the dielectric
layer can be effectively densified. As a result, the electrical
characteristics of the semiconductor device are improved.

Dec. 8, 2005

For example, the leakage current characteristics of the
dielectric layer are improved and capacitance is increased.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] The above objects and advantages of the present
invention will become more readily apparent through the
following detailed description of preferred embodiments
thereof, made with reference to the attached drawings, in
which:

[0011] FIGS. 1A through 1D are partial cross-sectional
views of a semiconductor memory device illustrating a
method for manufacturing a capacitor of the semiconductor
memory device according to a first embodiment of the
present invention;

[0012] FIG. 2 is a graph representing the relationship
between an HfO, dielectric layer thickness and an equivalent
oxide thickness (EOT) in a capacitor manufactured using the
method of FIGS. 1A through 1D;

[0013] FIG. 3 is a graph illustrating changes in the binding
state of HfO, when the HfO, dielectric layer is thermally
treated using a variety of techniques;

[0014] FIG. 4 is a graph illustrating Hf binding states
when the HfO, dielectric layer is thermally treated under
different conditions;

[0015] FIG. 5A provides a contour mapping of a capacitor
region of a semiconductor memory device illustrating a
reduction in the thickness of the HfO, dielectric layer after
vacuum annealing.

[0016] FIG. 5B is a table comparing the results of HF wet
etching to illustrate the stability of the HfO, dielectric layer
densified through vacuum annealing;

[0017] FIG. 6 is a graph comparatively showing the
leakage current characteristics of the capacitor manufac-
tured by the method of FIGS. 1A through 1D and those of
capacitors manufactured by conventional methods;

[0018] FIG. 7 is a graph representing capacitances of a
capacitor of a semiconductor memory device when an HfO,,
dielectric layer formed on a TiN lower electrode of the
capacitor by atomic layer deposition (ALD) is thermally
treated using different methods;

[0019] FIGS. 8A through 8F are partial cross-sectional
views illustrating a method for manufacturing a capacitor of
a semiconductor memory device according to a second
embodiment of the present invention;

[0020] FIG. 9 is a graph representing electrical character-
istics of capacitors formed having a composite Al,O5/HfO,
dielectric layer structure using the method of FIGS. 8A
through 8F;

[0021] FIG. 10 is another graph showing electrical char-
acteristics of capacitors formed having a composite Al O,/
HfO, dielectric layer structure using the method of FIGS.
8A through SF;

[0022] FIG. 11 is a graph of leakage current variations in
relation to the temperature of vacuum anneal performed
after the formation of the composite Al,O,/HfO, dielectric
layer;
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[0023] FIG. 12 shows current-voltage (1-V) characteristic
curves illustrating temperature dependency of the electrical
characteristics of capacitors having a composite Al,O5/HfO,
dielectric layer structure;

[0024] FIG. 13 provides current-voltage (I-V) character-
istic curves showing electrical characteristic variations with
respect to different thicknesses of the HfO,, dielectric layer
of capacitors having a composite Al,O,/HfO, dielectric
layer structure vacuum annealed at 750° C., wherein the
Al Oy dielectric layer has a thickness of 35 A;

[0025] FIG. 14 is a graph showing leakage current distri-
bution with respect to EOT at different thickness ratios
between the Al,O5 dielectric layer and the HfO, dielectric
layer of capacitors having a composite Al,O;/HfO, dielec-
tric layer structure;

[0026] FIG. 15 is a table of providing EOT data for the
test samples represented in FIG. 14;

[0027] FIG. 16 is a table of leakage current data for the
test samples represented in FIG. 14;

[0028] FIG. 17 is a graph of leakage current variations
with respect to different thicknesses of an HfO, dielectric
layer formed on an Al,O5 dielectric layer having a constant
thickness in capacitors having the composite Al,O5/HfO,
dielectric layer structure manufactured according to an
embodiment of the present invention;

[0029] FIG. 18 is a graph showing leakage current varia-
tions for different thicknesses of an HfO, dielectric layer
formed on a constant thickness Al,O; dielectric layer in a
composite Al,O5/HfO, dielectric layer;

[0030] FIG. 19 is a comparison graph illustrating leakage
current characteristics of capacitors having a single dielec-
tric layer made of Al,O5;

[0031] FIG. 20 is a graph showing leakage current varia-
tions resulting from different thicknesses of the AL, O,
dielectric layer in a composite Al,0,/HfO, dielectric layer
structure having a constant HfO, dielectric layer thickness;

[0032] FIG. 21 is a graph illustrating leakage current
variations with respect to different thicknesses of the HfO,
dielectric layer formed on a constant thickness Al,O dielec-
tric layer in capacitors having the composite Al,O,/HfO,
dielectric layer structure according to an embodiment of the
present invention;

[0033] FIG. 22 provides atomic force microscopic (AFM)
images illustrating characteristics of HfO, layers having
different thicknesses;

[0034] FIG. 23 is a graph of leakage current variations
resulting from different HfO, dielectric layer thicknesses
formed on a constant thickness Al,O; dielectric layer in
capacitors having the composite Al,O,/HfO, dielectric layer
structure according to an embodiment of the present inven-
tion;

[0035] FIGS. 24A through 24F are partial cross-sectional
views illustrating a method for manufacturing a capacitor of
a semiconductor memory device according to a third
embodiment of the present invention;

[0036] FIG. 25 is a graph showing the effect of forming an
upper electrode on the HfO, dielectric layer on leakage
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current characteristics of a capacitor having an HfO, dielec-
tric layer/Al,O5 Cl-barrier layer structure;

[0037] FIG. 26 is a graph showing electrical characteris-
tics of capacitors having an HfO, dielectric layer/Al,O4
Cl-barrier layer structure according to an embodiment of the
present invention;

[0038] FIGS. 27A through 27G are partial cross-sec-
tional views illustrating a method for manufacturing a
capacitor of a semiconductor memory device according to a
fourth embodiment of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0039] TItshould be understood that the exemplary embodi-
ments of the present invention described below may be
modified in many different ways without departing from the
inventive principles disclosed herein. The scope of the
present invention is therefore not limited to these particular
embodiments. Rather, these embodiments are provided by
way of example and not of limitation.

[0040] In the drawings, the thicknesses of layers and
regions are exaggerated for clarity. It will also be understood
that when a layer is referred to as being “on” another layer
or substrate, it can be directly on the other layer or substrate,
or intervening layers may be present.

[0041] FIGS. 1A through 1D illustrate a method of
manufacturing a capacitor of a semiconductor memory
device according to a first embodiment of the present
invention. Referring to FIG. 1A, a lower electrode 20 is
formed on a semiconductor substrate 10 to a thickness of
approximately tens to hundreds of angstroms (A) The lower
electrode 20 can be formed, for example, of polysilicon, a
metal nitride, or a noble metal. For instance, the lower
electrode 20 may be formed of a single layer of doped
polysilicon, TiN, TaN, WN, Ru, Ir, or Pt, or a composite
layer of TiN, TaN, WN, Ru, Ir, or Pt. When the lower
electrode 20 is formed of doped polysilicon, the surface of
the lower electrode 20 is subjected to rapid thermal nitrida-
tion (RTN) to form a silicon nitride layer (not shown) on the
lower electrode 20. This prevents the lower electrode 20
from being oxidized during subsequent thermal processes.

[0042] Referring to FIG. 1B, an HfO, dielectric layer 30
is formed on the lower electrode 20 to a thickness of about
20-200 A. The HfO, dielectric layer 30 can be formed by
conventional techniques such as chemical vapor deposition
(CVD) or atomic layer deposition (ALD). When the HfO,
dielectric layer 30 is formed using CVD, an Hf source
material, for example, HfCl,, Hf(OtBu),, Hf(NEtMe),,
Hf(MMP),, HE(NE,),, or Hf(NMe,),, and an oxygen gas
are used at a temperature of about 400-500° C. and a
pressure of about 1-5 torr. When the HfO, dielectric layer 30
is formed using ALD, HfCl, or a metal organic precursor
(e.g., Hf(OtBu),, Hf(NEtMe),, Hf(MMP),, Hf(NEt,),, or
Hf(NMe,),) as an HF source material, and alcohols con-
taining H,O, H,0,, or —OH radical, or O, or O, plasma as
an oxygen source are used at a temperature of about 150-
500° C. and a pressure of about 0.1-5 torr. The deposition
and removing (purging or pumping) processes are repeated,
as in the conventional ALD techniques, until the HfO,
dielectric layer 30 reaches a desired thickness.

[0043] Referring to FIG. 1C, the HfO, dielectric layer 30
is thermally treated by vacuum annealing. The vacuum
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annealing is performed without supplying an inert gas or a
reactant gas onto the HfO, dielectric layer 30. While evacu-
ating the reaction chamber to a high vacuum level of about
1x1078-1 torr, vacuum annealing is performed on the HfO,
dielectric layer 30 at a temperature of about 200-850° C
(most preferably, about 700-800° C. when the lower elec-
trode is formed of polysilicon or about 400-600° C. when the
lower electrode is formed of a metal nitride or a noble
metal). Through the vacuum annealing, impurities, such as
carbon, which remain on the HfO, dielectric layer 30, can be
effectively removed without degrading the electrical char-
acteristics of the capacitor. The HfO, dielectric layer 30 can
therefore become effectively densified.

[0044] Referring to FIG. 1D, an upper electrode 40 is
formed on the HfO, dielectric layer 30 to a thickness of
about 50-2000 A. The upper electrode 40 can, for instance,
be formed of a single layer of polysilicon, a metal nitride, a
noble metal, or a composite layer of these materials. For
example, the upper layer 40 may be formed of a single layer
of polysilicon, TiN, TaN, WN, Ru, Ir, or Pt, or a composite
layer of these materials. Suitable composite layers for the
upper electrode 40 include, for example, TiN/polysilicon,
TaN/polysiicon, Ru/TiN. The upper electrode 40 may be
formed by ALD, CVD, or metal-organic chemical vapor
deposition (MOCVD), with the MOCVD technique being
more preferred. When the upper electrode 40 is formed by
MOCVD, a metal organic material is used as a source metal
material. Because a Cl-containing material is not used as the
source material, the leakage current characteristic of the
capacitor including the HfO, dielectric layer 30 is not
degraded.

[0045] FIG. 2 is a graph illustrating the relationship
between the thickness of the HfO, dielectric layer and an
equivalent oxide thickness (EOT) when the HfO, dielectric
layer is formed having a variety of thicknesses on the lower
electrode of TiN using the method of FIGS. 1A to 1D,
followed by vacuum annealing at 450° C. As is apparent
from FIG. 2, the HfO, diclectric layer thickness and the
EOT have a linear relationship. The HfO, dielectric layer
formed on the lower TiN electrode has a dielectric constant
of 20.

[0046] FIG. 3 illustrates changes in the binding state of
HIO_detected by X-ray photoelectron spectroscopy (XPS)
after the HfO, dielectric layer deposited on a silicon sub-
strate is thermally treated by a variety of techniques. Refer-
ring to FIG. 3, immediately after the deposition of the HfO,
dielectric layer (as-deposited), a CO bond appears near 533
eV. However, as the thermal treatment is performed, the CO
bond disappears and a stable HfO_ bond is formed.

[0047] FIG. 4 is a graph showing the Hf binding state
when the HfO, dielectric layer is thermally treated in dif-
ferent conditions. When vacuum annealing is performed
after the deposition of the HfO, dielectric layer, the full
width full maximum of Hf 4£7 and Hf 4f5 in the as-deposited
state is reduced to result in a deep valley between the two
peaks. It is believed that due to an increased number of
stable HfO, bonds, more stable HfO, bonding is formed.

[0048] FIG. 5A shows a reduction in the thickness of the
HfO, dielectric layer after vacuum annealing. Referring to
FIG. 5A, through the vacuum annealing on the HfO,
dielectric layer, the thickness of the HfO, dielectric layer is
reduced by about 10%, compared to the as-deposited state.
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From this result, it is evident that the HfO, dielectric layer
becomes denser through the vacuum annealing.

[0049] FIG. 5B is a table illustrating the results of HF wet
etching performed to evaluate stability of the HfO,, dielectric
layer after undergoing the vacuum annealing. To investigate
whether the stable bond remains in the HfO,, dielectric layer
densified through vacuum annealing, wet etching is per-
formed on the HfO, dielectric layer in a HF etchant, after the
deposition of the HfO, dielectric layer, and after vacuum
annealing on the HfO, dielectric layer at 750° C. for 2
minutes. The thickness of the HfO, dielectric layer was
measured before and after the wet etching and is shown in
the table together with the etching rate. Referring to FIG.
5B, when the wet etching is performed in the as-deposited
state, most of the HfO, dielectric layer was etched. In
contrast, when the wet etching is performed after vacuum
annealing, the thickness of the HfO, dielectric layer remains
substantially unchanged. The results shown in FIGS. 3, 4,
5A and 5B, demonstrate that the HfO, dielectric layer is
further stabilized through vacuum annealing.

[0050] FIG. 6 is a graph comparing leakage current char-
acteristics of capacitors when the HfO, dielectric layer is
thermally treated by vacuum annealing when the HfO,
dielectric layer is thermally treated by other techniques. In
FIG. 6, the EOT for each case is shown. To measure the
leakage current characteristics, an HfO, dielectric layer is
formed to a thickness of 90 A on a lower electrode. The
lower electrode is formed of a 200 A thick TiN layer. The
HIO, dielectric layer is then thermally treated by a variety of
methods. An upper electrode is formed of an 800 A thick
TiN layer on the thermally treated HfO, dielectric layer. As
shown, when the HfO,, dielectric layer is thermally treated in
an O condition, the leakage current characteristic is signifi-
cantly degraded, and the EOT is increased. When the HfO,
dielectric layer is thermally treated in an O, condition and a
N, condition, the EOT does not increase, but the leakage
current characteristic degrades, compared with the case
where the vacuum annealing is performed.

[0051] FIG. 7 is a graph showing capacitance when the
HIO, dielectric layer formed on the TiN lower electrode by
ALD is thermally treated using different methods. When the
H{O, dielectric layer is thermally treated in an O5 condition,
the oxygen atoms easily permeate the HfO, dielectric layer
even at a low temperature to reach the interface between the
HfO, dielectric layer and the TiN lower electrode. Thus, the
TiN lower electrode can be easily oxidized. Accordingly,
capacitance degradation, and micro lifting between the
lower electrode and the HfO, dielectric layer occur. As a
result, leakage current increases. In contrast, when the HfO,,
dielectric layer is thermally treated in a N, ambient or an O,
ambient, capacitance is not degraded. Negative leakage
current is greatly increased, however, as compared with
vacuum annealing.

[0052] FIGS. 8A through 8F are partial cross-sectional
views illustrating a method for manufacturing a capacitor of
a semiconductor memory device according to a second
embodiment of the present invention. Referring to FIG. 8A,
a lower electrode 120 is formed on a semiconductor sub-
strate 110 to an approximate thickness of tens to hundreds of
angstroms (A) The lower electrode 120 can be formed using
the same or similar methods described above.

[0053] Referring to FIG. 8B, an Al,O, dielectric layer 132
is formed on the lower electrode 120. Preferably, the AL,O4
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dielectric layer is formed to a thickness of about 20-60 ATt
is preferable that the Al,O; dielectric layer be thicker than an
HfO, dielectric layer to be formed in a subsequent process.
The reason for this will be described later.

[0054] The Al,O5 dielectric layer 132 may be formed by
ALD. In this case, the Al,O; dielectric layer 132 is deposited
using trimethyl aluminium (TMA) as a first reactant and O
as a second reactant at a temperature of about 200-500° C.
and a pressure of about 0.1-5 torr. The deposition and
removing (purging or pumping) processes are repeated, as in
the conventional ALD techniques, until the Al,O; dielectric
layer reaches a desired thickness. Suitable first reactants for
the Al,O; dielectric layer 132 include, for example, AICL;,
AIH,N(CHy);, C.H;5Al0, (C,H,),AlH, (CH,),AlC],
(C,Hs);Al or (C,H,)5Al as well as TMA. H,0, H,O,, or an
activated oxidizing agent, such as plasma N,O, plasma O,,
may be used as the second reactant. When the AL, O,
dielectric layer is formed using H,O as the second reactant,
the device reliability increases, although the dielectric con-
stant and leakage current characteristic are similar to those
when O is used as the second reactant.

[0055] Referring to FIG. 8C, an HfO, dielectric layer 134
is formed on the AL, O; dielectric layer 132 to form a
composite dielectric layer of Al,O5/HfO,. The composite
dielectric layer of Al,O,/HfO, has a high dielectric constant
and improved leakage current characteristics over the single
AL, O; dielectric layer, which has good leakage current
characteristic but a low dielectric constant, and the single
HIO, dielectric layer, which has a high dielectric constant but
poor leakage current characteristics. In other words, the
electrical characteristics of the capacitor can be improved by
forming a composite Al,0,/HfO, dielectric layer. The HfO,
dielectric layer 134 may be formed using the same or similar
method described with reference to FIG. 1B. Preferably, the
HfO, dielectric layer 134 is formed to a thickness of about
10-60 A. As described above, it is preferable that the HfO,
dielectric layer 134 be formed thinner than the AlL,O,
dielectric layer 132.

[0056] Referring to FIG. 8D, vacuum annealing is per-
formed on the HfO, dielectric layer 134. The vacuum
annealing of FIG. 8D is performed using the same or similar
method described previously with reference to FIG. 1C.
Through vacuum annealing, impurities, such as carbon,
which remain on the HfO, dielectric layer 134, can be
effectively removed, and the HfO, dielectric layer 134 can
become effectively densified.

[0057] Referring to FIG. 8E, the vacuum-annealed HfO,
dielectric layer 134 can optionally be thermally treated at a
temperature of about 200-600° C., and preferably, about
300-400° C. (Alternatively, the thermal treatment in the
oxygen condition is performed before the vacuum annealing
described with reference to FIG. 8D.) The HfO, dielectric
layer 134 is thermally treated at a pressure of about 5-50 torr
in the O; plasma condition, or at a pressure of about 0.1-5
torr in the O, plasma condition. When the thermal treatment
is performed in an oxygen condition, as described above
with reference to FIG. 8E, the oxidation of the lower
electrode 120 due to oxygen diffusion is a concern. How-
ever, the oxygen diffusion can be effectively blocked by the
AL, O dielectric layer 132 and the densified HfO, dielectric
layer 134. Thus, the lower electrode 120 is not oxidized.
Specifically, when the lower electrode 120 is formed of
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metal, such as a metal nitride or a noble metal, the composite
layered structure of the Al,O dielectric layer 132 and the
HIO, dielectric layer 134 protects the lower electrode 120
from being oxidized.

[0058] Referring to FIG. 8F, an upper electrode 140 is
formed on the HfO, dielectric layer 134 thermally treated in
a vacuum or oxygen condition, to a thickness of about
50-2000 A. The upper electrode 140 may be formed using
the same or similar methods described above. As stated
above, when the upper electrode 140 is formed by MOCVD,
a metal organic material is used as a source metal material.
Because a Cl-containing material is not used as the source
material, leakage current characteristic of the capacitor
including the HfO, dielectric layer 134 is not degraded.

[0059] FIG. 9 is a graph illustrating electrical character-
istics of a capacitor having a composite Al,O;/HfO, dielec-
tric layer. For the electrical characteristics measurement of
FIG. 9, after a lower electrode was formed of a phospho-
rous-doped polysilicon layer, a silicon nitride layer was
grown on the lower electrode by RTN. After Al,O, and HfO,
dielectric layers are sequentially formed, vacuum annealing
is performed at 750° C. Next, an upper electrode is formed
of a stacked TiN/polysilicon layer structure and annealed at
650° C. for activation. The resultant structure was subjected
to photolithography and etching processes to complete a
capacitor structure having an aspect ratio of about 10:1. The
electrical characteristics thereof were then measured. As
shown in FIG. 9, when the composite Al,O5/HfO, dielectric
layer is thermally treated by vacuum annealing, electrical
characteristics including leakage current characteristics are
improved, compared with the as-deposited state.

[0060] FIG. 10 is a graph illustrating electrical character-
istics of capacitors formed having the composite Al O,/
HfO, dielectric layer that are thermally treated using differ-
ent methods. As shown in FIG. 10, when the composite
Al O5/HfO, dielectric layer is thermally treated by vacuum
annealing, the electrical characteristics are further improved
as compared with when the composite Al,O5/HfO, dielec-
tric layer is thermally treated by O, annealing. The leakage
current characteristics between vacuum annealing and O,
annealing are almost the same, but the capacitance is
improved by about 10% when vacuum annealing is applied.

[0061] FIG. 11 is a graph of leakage current variations in
capacitors having a composite Al,O;/HfO, dielectric layer
in relation to a temperature of vacuum annealing performed
after the formation of the composite Al,0,/HfO, dielectric
layer. For the measurement of the leakage current variations
of FIG. 11, test samples were manufactured in the same
conditions in FIG. 9, except for the vacuum thermal treat-
ment conditions. Referring to FIG. 11, in the vacuum
thermal treatment conditions indicated by an arrow “A”, the
EOT and leakage current are relatively small, thereby evi-
dencing improved electrical characteristics of the capacitors.

[0062] FIG. 12 shows current-voltage (I-V) characteristic
curves of capacitors having a composite Al,O,/HfO, dielec-
tric layer, for evaluating temperature dependency of electri-
cal characteristics of the capacitors. From FIG. 12, it
appears that the temperature dependency of the leakage
current is apparently negligible up to 125° C.

[0063] FIG. 13 includes I-V characteristic curves showing
electrical characteristic variations with respect to different
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thicknesses of the HfO, dielectric layer of a composite
Al O,/HIO, dielectric layer. In this graph, vacuum annealing
is performed at 750° C., and the AL,O; dielectric layer has
a thickness of 35 A. Referring to FIG 13, as the thickness
ratio of the Al,O5 dielectric layer and HfO, dielectric layer
is varied, the leakage current characteristic and the EOT
change. The applicants evaluated the correlation between
the Al,O; dielectric layer thickness and the HfO, dielectric
layer thickness as follows to ascertain a preferred thickness
ratio of the Al,O; dielectric layer and the HfO, dielectric
layer.

[0064] FIG. 14 is a graph is a graph representing leakage
current distribution with respect to the EOT at different
thickness ratios between an Al,O; dielectric layer and an
HFO dielectric layer of capacitors haVing a composite Al O,/
HfO dielectric layer structure. Referring to FIG. 14, in the
region surrounded by circle “A”, the composite Al,O5/HfO,
dielectric layer structures have an AlL,O; dielectric layer
whose thickness is greater than that of the HfO, dielectric
layer. These structures show degradation of leakage current
characteristics. In contrast, the composite Al,O;/HfO,
dielectric layer structures shown along a dashed line “B”
have a normal leakage current distribution.

[0065] FIGS. 15 and 16 are tables showing the test data
of FIG. 14, indicating leakage current degradation occurs
with respect to the thickness ratio of the Al,O; dielectric
layer and the HfO, dielectric layer. The data in FIG. 15
indicate the EOT of each of the sample capacitors, and that
of FIG. 16 indicates the leakage current of each of the
sample capacitors. In FIGS. 15 and 16, data from circle “A”
of FIG. 14 are expressed as “leakage current degradation”,
and data from dashed line “B” of FIG. 14 are expressed as
“normal leakage current”.

[0066] FIG. 17 is a graph of leakage current variations
with respect to different thicknesses of an HfO, dielectric
layer formed on an AL, O; dielectric layer haVing a constant
thickness of 20 A. In FIG 17, when a thickness ratio
between the Al,O5 dielectric layer and the HfO, dielectric
layer is less than 1.0 (i.e., when the thickness of the AL, O,
dielectric layer is smaller than that of HfO, dielectric layer),
the leakage current characteristics degrade. When a thick-
ness ratio between the Al,O5 dielectric layer and the HfO,
dielectric layer is greater than 1.0 (i.e., when the thickness
of the AL,O; dielectric layer is greater than that of HfO,
dielectric layer), leakage current characteristics are
improved.

[0067] FIG. 18 is a graph of leakage current variations
with respect to different thicknesses of an HfO, dielectric
layer formed on an Al,O, dielectric layer having a thickness
of 35 A. In FIG. 18, When a thickness ratio between the
Al Oy dielectric layer and the HfO, dielectric layer is less
than 1.0, the leakage current characteristics degrade. When
a thickness ratio between the Al,O dielectric layer and the
HfO, dielectric layer is greater than 1.0, the leakage current
characteristics are improved.

[0068] FIG. 19 is a comparison graph showing leakage
current characteristics of capacitors having a single Al,O4
dielectric layer. Referring to FIG. 19, as the thickness of the
AL, O5 dielectric layer is reduced, the EOT is reduced. The
leakage current of the dielectric layer greatly increases when
the Al,O dielectric layer has a thickness of about 35 Aor
less. From the results of FIG. 19, when the dielectric layer
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is constructed of only an Al,Oj layer, it is apparent that there
is a limit to the amount by Which the EOT of the dielectric
layer can be reduced, namely, to an EOT of about 30 A,
considering the leakage current characteristics of the Al,O,

layer.

[0069] FIG. 20 is a graph illustrating leakage current
variations with respect to different thicknesses of an Al,O,
dielectric layer in a composite Al,O,/HfO, dielectric layer,
n which the HfO, dielectric layer has a constant thickness
of 20 A. In FIG. 20 when the Al,O; dielectric layer has a
thickness of 20 A and 25 A, the leakage current greatly
increases in a voltage region of 2V or less. When the ALO;4

dielectric layer has a thickness of 30 Aand35 A the leakage
current characteristics are similar to that of a single AL,O4

dielectric layer although the composite Al,O,/HfO, dielec-
tric layer structure has a smaller EOT.

[0070] FIG. 21 is a graph of leakage current variations
with respect to different thicknesses of an HfO, dielectric
layer formed on an Al,O; diclectric layer haVing a constant
thickness of 30 A. In FIG 21, as the thickness of the HfO,
dielectric layer is increased, leakage current decreases
Although the degree of improvement in leakage current
characteristic is very small, compared with increasing the
thickness of the Al,O; dielectric layer, it should be noted that
increasing the thickness of the HfO, dielectric layer does not
greatly affect the EOT.

[0071] Accordingly, leakage current characteristics of a
capacitor having a composite Al,O,/HfO, dielectric layer is
largely dependent upon the AL,O; dielectric layer thickness,
rather the HfO, dielectric layer thickness. To obtain stable
leakage current characteristics in the capacitor having a
composite Al,O5/HfO, dielectric layer, it is therefore pref-
erable to provide the AL O, dielectric layer acting as an
oxygen barrier layer With a thickness of 30 A or greater.

[0072] In general, as the deposition thickness of the HfO,
layer is increased, crystallization occurs during the deposi-
tion, which can be identified using an atomic force micro-
scope (AFM). FIG. 22 shows AFM images for different
thicknesses of the HfO, layer. As shown in FIG. 22, when
the HfO, layer has a thickness of 60 A, surface roughness
greatly increases. As the thickness of the HfO, layer
increases, partial crystallization occurs within the HfO,
layer. Also, the crystallized portion of the HfO, layer grows
at a relatively high rate as compared with an amorphous
HIO, layer. As is apparent from the AFM images of FIG. 22,
when the HfO, layer has a thickness of 60 A, the HfO, layer
becomes sharp and rough, thereby increasing surface rough-
ness. According to the results of the AFM analysis, crystal-
lization of the HfO, layer is nitiated at a thickness of about
50 A.

[0073] FIG. 23 is a graph showing leakage current varia-
tions for different thicknesses of an HfO, dielectric layer
formed on a constant thickness A1,O, dielectric layer (25 A)
Although it was expected that the leakage current charac-
teristics would be further improved by increasing the thick-
ness of the HfO, dielectric layer. FIG. 23 shows that the
leakage current characteristic is instead degraded as the
thickness of the HfO, dielectric layer is increased. This is
believed to be a result of the crystallization of the HfO,
dielectric layer. In other words, as the thickness of the HfO,
dielectric layer is increased, crystalline HfO, grains begin to
grow. As the HfO, grains grow into the Al,O5 layer of the



US 2005/0272272 Al

composite AL,O,/HfO, dielectric layer structure, they act as
leakage current paths within the dielectric layer to degrade
the leakage current characteristics thereby.

[0074] The results of the above measurements, indicate
that to reduce leakage current in a capacitor having a
composite Al,O,/HfO, dielectric layer structure, the thick-
ness of the HfO, dielectric layer is preferably smaller than
the thickness at which crystallization of the HfO, layer is
initiated. For example, the thickness is preferably about 40
A or less, e.g., about 10-40 A.

[0075] FIGS. 24A through 24F are partial cross-sectional
views illustrating a method of manufacturing a capacitor of
a semiconductor memory device according to a third
embodiment of the present invention.

[0076] When forming a capacitor upper electrode using a
source gas containing chlorine atoms, such as TiCl,, leakage
current characteristics tend to significantly degrade the
operation of a capacitor having an HfO, dielectric layer.
Therefore, to improve the leakage current characteristics of
the capacitor in which the upper electrode is formed using a
Cl-containing source gas, a method for blocking the effect of
the Cl atoms is desirable.

[0077] Referring to FIG. 24A, a lower electrode 220 is
preferably formed on a semiconductor substrate 210 having
a thickness in a range of about tens to hundreds of angstroms
(A) The lower electrode 220 may be formed using the same
or similar methods as described above. Referring to FIG.
24B, an HfO, dielectric layer 232 is formed on the lower
electrode 220. The HfO, dielectric layer 232 may be formed
using the same or similar method as described with refer-
ence to FIG. 1B. For example, the HfO, dielectric layer 232
preferably has a thickness of about 20-80 A.

[0078] Referring to FIG. 24C, the HfO, dielectric layer
232 is preferably thermally treated by vacuum annealing.
The vacuum annealing can be performed using the same or
similar method as described with reference to FIG. 1C.
Through vacuum annealing, impurities, such as carbon,
which remain on the HfO, dielectric layer 232 can be
effectively removed, and the HfO, dielectric layer 232 can
be effectively densified.

[0079] Referring to FIG. 24D, a Cl barrier layer 234 is
formed on the HfO, dielectric layer 232 thermally treated by
vacuum annealing. When a Cl-containing gas such as TiCl,
is used to form an upper electrode of the capacitor including
an HfO, dielectric layer, the leakage current characteristics
of the capacitor become significantly degraded. In this
embodiment, the Cl barrier layer 234 is formed on the HfO,,
dielectric layer 232 to block the adverse effect of CI atoms
on the upper electrode. The Cl barrier layer 234 can be
formed, for example, of Al,O5, Ta,Oy, Si0,, or Si;N,,. The
Cl barrier layer 234 is preferably formed to a thickness of
about 3-50 A and, most preferably, to a thickness of about
10-20 A.

[0080] The Cl barrier layer 234 is formed by CVD or
ALD. When the Cl barrier layer 234 is formed of ALO,
using CVD, the Cl barrier layer 234 is deposited, for
example, using TMA and H,O at a temperature of about
400-500° C. and a pressure of about 1-5 torr. When the Cl
barrier layer 234 is formed of Al,O; using ALD, the Cl
barrier layer 234 is preferably deposited using TMA as a first
reactant and O; as a second reactant at a temperature of
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about 250-400° C. and a pressure of about 1-5 torr. The
deposition and purging processes are repeated until an AL,O4
layer teaches the desired thickness. Suitable first reactants
for the Al,O; layer include, for example, AICL,,
AIH,N(CH;);, C,H,sAlO0, (C,Hg),AlH, (CH,),AICl,
(C,Hy);AlL or (C,Hy);AlL as well as TMA. H,0, or an
activated oxidizing agent, such as plasma N,O, plasma O,,
may be used as the second reactant.

[0081] Referring to FIG. 24E, the resultant structure hav-
ing the Cl barrier layer 234 is thermally treated in an O or
0, plasma condition at a temperature of about 250-400° C.,
and preferably, about 300-400° C. This step can be omitted.

[0082] The Cl barrier layer 234 is thermally treated at a
pressure of about 5-50 torr in the O plasma condition and
at a pressure of about 0.1-5 torr in the O, plasma condition.

[0083] Referring to FIG. 24F, an upper electrode 240 is
formed on the ClI barrier layer 234 thermally treated in the
oxygen condition, to a thickness of about 50-2000 A. The
upper electrode 240 is formed of polysilicon, a metal nitride,
or a noble metal. For example, the upper electrode 240 may
be formed of a single layer of polysilicon, TiN, TaN, WN,
Ru, Ir, or Pt, or a composite layer of these materials. The
upper electrode 240 is preferably formed using ALD, CVD,
or MOCVD.

[0084] FIG. 25 is a graph showing how forming the upper
electrode on the HfO, dielectric layer affects the leakage
current characteristics of a capacitor having an HfO, dielec-
tric layer/Al,O4 Cl-barrier layer structure. Leakage current
characteristics for a single HfO, dielectric layer formed by
ALD, where the Cl barrier layer was not formed, having an
upper electrode formed by a variety of methods, are shown
for comparison.

[0085] From FIG. 25, it is evident that the leakage current
characteristics of the capacitor are largely dependent upon
the method used to form the upper electrode. When the
upper electrode (“ALD-TIN”) is formed of TiN on the HfO,
dielectric layer by ALD using TiCl, and NH; as reactant
gases, the leakage current characteristics become signifi-
cantly degraded. The leakage current characteristic degra-
dation results from Cl radicals generated when the TiN
upper electrode is formed by ALD. Therefore, when the
upper electrode is directly formed on the HfO, dielectric
layer, a physical vapor deposition (PVD) or MOCVD
method is desirable to avoid the effect of the Cl radicals on
the upper electrode. In a capacitor having an HfO, dielectric
layer/Al,O, Cl-barrier layer structure, leakage current deg-
radation is prevented by an Al,O; Cl-barrier layer while an
upper electrode is formed by ALD.

[0086] FIG. 26 is a graph of electrical characteristics of
capacitors having the Al,O5 Cl-barrier layer formed on the
HfO, dielectric layer. As shown in FIG. 26, when the TiN
upper electrode formed by ALD using TiCl, and NH; as
reactant gases contacts the Al,O; Cl-barrier layer, the leak-
age current characteristics are improved when compared
with the situation in which the TiN upper electrode directly
contacts the HfO, dielectric layer. The Al,O; layer, there-
fore, effectively blocks the Cl radicals during the formation
of the upper electrode.

[0087] FIGS. 27A through 27G are partial cross-sec-
tional views illustrating a method for manufacturing a
capacitor of a semiconductor memory device according to a
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fourth embodiment of the present invention. Referring to
FIG. 27A, a lower electrode 320 is formed on a semicon-
ductor substrate 310 to a thickness of about tens to hundreds
of angstroms (A) The lower electrode 320 may be formed
using the same or similar methods described above.

[0088] Referring to FIG. 27B, an Al,O, dielectric layer
332 is formed on the lower electrode 320. The AL,O,
dielectric layer 332 prevents the lower electrode 320 from
being oxidized during subsequent thermal treatment on the
dielectric layer when the lower electrode 320 is formed of a
metal layer, such as a metal nitride or a noble metal. The
Al O; dielectric layer 332 is preferably formed using the
method as described with reference to FIG. 8B.

[0089] Referring to FIG. 27C, an HfO, dielectric layer
334 is formed on the AL,O; dielectric layer 332. The HfO,
dielectric layer 334 may be formed using the same method
as described with reference to FIG. 1B or 8C.

[0090] Referring to FIG. 27D, the HfO, dielectric layer
334 is thermally treated by vacuum annealing. Vacuum
annealing is preferably performed using the same method
described previously with reference to FIG. 1C. Through
vacuum annealing, impurities, such as carbon, remaining on
the HfO, dielectric layer 334 can be effectively removed,
and the HfO, dielectric layer 334 can be effectively densi-
fied.

[0091] Referring to FIG. 27E, a Cl barrier layer 336 is
formed on the HfO, dielectric layer 334 thermally treated by
vacuum annealing. The Cl barrier layer 336 is formed using
the method described previously with reference to FIG.
24D. The formation of the Cl barrier layer 336 blocks the
adverse effect of Cl atoms on the upper electrode to be
formed in a subsequent process. The Cl barrier layer 336 is
formed of, for example, Al,O;, Ta,O5, SiO,, or SizN,.
Referring to FIG. 27E, the resultant structure having the Cl
barrier layer 336 formed by the method described with
reference to FIG. 24E can then optionally be thermally
treated in an O5 or O, plasma condition.

[0092] Referring to FIG. 27G, an upper electrode 340 is
formed to a thickness of about 50-2000 A on the CI barrier
layer 336. The upper clectrode 340 can be formed of
polysilicon, a metal nitride, or a noble metal. For example,
the upper layer 340 may be a single layer of doped poly-
silicon, TiN, TaN, WN, Ru, Ir, or Pt, or a composite layer of
these materials. The upper electrode 340 is preferably
formed by ALD, CVD, or MOCVD. Although the upper
electrode 240 is deposited using a Cl-containing source
material, such as TiCl,, TaCls, WCl,, the Cl barrier layer 336
effectively blocks the Cl atoms.

[0093] In the above embodiment, because the Al,O,
dielectric layer 332 is formed between the lower electrode
320 and the HfO, dielectric layer 334, and the Cl barrier
layer 336 is formed between the HfO, dielectric layer 334
and the upper electrode 340, the lower electrode 320 can be
effectively protected from oxidation during subsequent ther-
mal treatment on the dielectric layer. The adverse effect of
the Cl atoms during the formation of the upper electrode 340
can thereby be eliminated. Also, the formation of the HfO,
dielectric layer 334 is followed by vacuum thermal treat-
ment, so that impurities can be effectively removed from the
HfO, dielectric layer 334, and the leakage current charac-
teristics of the dielectric layer can be stably maintained.
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[0094] In the above-described embodiments, the method
for forming a dielectric layer including a HfO, dielectric
layer and the subsequent vacuum annealing method have
been described in connection with the manufacture of a
capacitor of a semiconductor memory device. The embodi-
ments are not, however, intended to limit the scope of the
present invention. Rather, the principles of the present
invention can be applied to any other highly-integrated
semiconductor devices, as long as a dielectric layer is
involved. For example, the methods are applicable to the
formation of a gate stack including a gate dielectric formed
on a semiconductor substrate. In addition, although the
vacuum annealing methods have been described with refer-
ence to the HfO, dielectric layer in the above embodiments,
those skilled in the art will appreciate that vacuum annealing
can be performed on a variety of other high-k dielectric
layers such as Y,0;, Al,O5, TiO,, BaO, SrO, ZrO,, Ta,Os,
Mb, 05, whether as a single layer or a composite layer of
these materials.

[0095] Also, the Cl barrier layer can be formed on dielec-
tric layers other than the HfO, dielectric layer and effec-
tively block Cl atoms when the capacitor upper electrode is
formed using a Cl-containing source material.

[0096] In conclusion, with embodiments of the present
invention, among other things, impurities remaining in the
dielectric layer can be effectively removed, and the dielectric
layer can be effectively densified. As a result, electrical
characteristics of the semiconductor device can be signifi-
cantly improved. For example, the leakage current is
reduced and capacitance is increased.

[0097] While this invention has been particularly shown
and described with reference to preferred embodiments
thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein
without departing from the spirit and scope of the invention
as defined by the appended claims.

What is claimed is:
1. A method for forming a dielectric layer, the method
comprising:

introducing a first reactant into a chamber;

removing the remaining first reactant from the chamber
by pumping or purging;

introducing a second reactant into the chamber;

removing the remaining second reactant from the cham-
ber to form a dielectric layer on a semiconductor
substrate; and

vacuum annealing the dielectric layer.

2. The method of claim 1, wherein the dielectric layer is
asingle layer of Y, 05, Al, 05, TiO,, BaO, SrO, ZrO,, Ta,Og,
Mb,Oy or a composite layer of Y,05, Al,O5, TiO,, BaO,
Sr0, ZrO,, Ta,05, Mb,O,

3. The method of claim 1, wherein the vacuum annealing
is performed on the dielectric layer at a temperature of about
200-850° C. in a chamber, while evacuating the chamber to
a high vacuum level of about 1x1075-1 torr.

4. A method for forming a dielectric layer, the method
comprising:

(a) introducing a first reactant into a chamber;
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(b) removing the remaining first reactant from the cham-
ber by pumping or purging;

(¢) introducing a second reactant into the chamber;

(d) removing the remaining second reactant from the
chamber to form a dielectric layer on a semiconductor
substrate;

(e) repeating said steps (a) through (d); and

(f) vacuum annealing the dielectric layer.
5. A method for forming a dielectric layer, the method
comprising:

(a) introducing a first reactant into a chamber;

Dec. 8, 2005

(b) removing the remaining first reactant from the cham-
ber by pumping or purging;

(¢) introducing a second reactant into the chamber;

(d) removing the remaining second reactant from the
chamber to form a dielectric layer on a semiconductor
substrate;

(e) vacuum annealing the dielectric layer; and

(f) repeating said steps (a) through (d).



