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Abstract. The paper reviews recent progress and current challenges in implementing high-k dielec-
trics in microelectronics. Logic devices, non-volatile-memories, DRAMs and low power mixed-
signal components are found to be the technologies where high-k dielectrics are implemented or
will be introduced soon. Two gate architectures have to be considerd: MOS with metal as gate elec-
trode and MIM. In particular, Hf-silicates for logic and NVM devices in conventional MOS archi-
tecture and ZrO, for DRAM cells in MIM architecture are discussed.

Fields of applications

The breakthrough and thus the enormous growth of the microelectronics, especially in the Informa-
tion Technology, in the past few decades is based, to a large extend, on the SiO,/Si system which
was therefore called “a simple gift of nature”. Gate dielectrics consisting of ultra thin silicon diox-
ide layers are the key element in conventional silicon based microelectronic devices. In the very
beginning of the microelectronics, the thickness of the Si0, gate oxide was a few hundred nanome-
ters. Nowadays, state-of-the-art MOSFETs (metal oxide semiconductor field effect transistor) re-
quire gate oxide thicknesses of just a few atomic layers. Until recently, the continuous scaling of the
ULSI (ultra large scale integration) devices has been accomplished by shrinking physical dimen-
sions. Physical gate oxides with physical thicknesses in the range of 1.6 nm are currently fabricated
and thicknesses below 1.0 nm will be requested for future device generations [1]. In this thickness
range, key dielectric parameters degrade, like gate leakage current, channel mobility, reliability etc.
[2,3,4]. Thus, the necessity arises to replace the SiO, with a dielectric of higher permittivity [5,6].
Application of oxides with a higher dielectric constant (high-k) allows for a physically thicker insu-
lating layer with the same capacitance per unit area as that required for SiO,. The so-called equiva-
lent oxide thickness (EOT) is defined as follows:

EOT = dhighk * ksio2 / Knigh-k - (1)

dnigh-k 18 the physical oxide thickness, ksijo» and kpigni are the dielectric constant of the silicon diox-
ide and the high-k oxide, respectively. But, the high-k dielectric has to satisfy several requirements
to fulfil all the demands of state-of-the-art gate dielectrics. First, it has to be thermodynamically
stable in contact with silicon [7], it must be process compatible with CMOS (complementary MOS)
and withstand source/drain implant annealing, oxygen diffusion should be low to prevent generation
of a sizeable SiO; interface layer (IL) or trapping defects [8], and it must have sufficiently high
band offsets to act as barrier for electrons and holes [9]. Also, the high-k oxide has to show a high
quality interface to silicon, with only few interface or defect states within the silicon band gap, be-
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cause the performance of a field effect transistor strongly depends on the quality of the dielectric-
silicon interface [10].

Moreover, the development of an oxide insulator technology, that is not thermally grown, for the
conventional silicon semiconductor technology may make the application of a similar approach to
other semiconductors (e.g., Ge, GaAs, and SiC) feasible promising improved MOS device perform-
ance for these semiconductor materials [10].

The DRAM technology was among the first which had introduced high-k oxides into the de-
vices. High-k oxides (e.g., Ta;Os, Al,O3) have been inserted to stack-cell capacitors, because they
are formed after the transistors [11]. If the thermal budget of transistor processing is too high, ca-
pacitor performance will be degraded. Therefore trench capacitors are less suitable for integration of
high-k oxides [12]. But, at the latest, for the 48 nm technology generation high-k oxides have to be
adopted for trench capacitors [13], too. Most probably, metal-insulator-metal (MIM) capacitors will
be introduced. Depending on the processing sequence, however, either capacitor before transistor or
transistor before capacitor formation, different demands have to be fulfilled by the high-k oxides.

The minimum feature size of flash and charge-trapping memory devices has been reduced below
that of DRAM memory products [1]. To keep up with this development, the reduction of the EOT
of SONOS (silicon oxide nitride oxide silicon) memory stacks is of great concern. The introduction
of a high-k oxide into the ONO-gate stack is very promising to reduce EOT [14,15,16,17]. Espe-
cially, the replacement of silicon dioxide as the material of the blocking oxide with various high-k
oxides has shown significant improvements for several flash memory properties [18,19].

Integration of precision MIM capacitors into high performance technologies has been a key
building block for mixed-signal IC applications, such as low offset voltage operational amplifiers,
analog frequency tuning circuits, switched capacitor circuits, filters, resonators, digital-to-analog
(D/A) and analog-to-digital (A/D) converters [20]. The use of MIM capacitors in these applications
has attracted great attention because of their highly conducting electrodes and low parasitic capaci-
tances [21,22,23]. A high capacitance density is required for a MIM capacitor to allow for small
area, to increase the circuit density, and to further reduce the manufacturing costs. Therefore, adop-
tion of high-k oxides is a very efficient way to increase the capacitance density [24].

The above examples illustrate that high-k oxides will be necessary in nearly all fields of applica-
tions in microelectronics, sooner or later. For stack-cell structured DRAM capacitors and for preci-
sion MIM capacitors for mixed signal applications, products with high-k oxide inside are already on
the market. In 2007 Intel and IBM have announced that for their next processor technology genera-
tion high-k oxides will be the choice as material for the gate dielectric [25,26]. Great efforts have
been made to fabricate high-k oxides ready for the market, but even greater common efforts have to
be undertaken to scale further down the thickness of the high-k oxides by keeping the very high
standards in microelectronics or even to enlarge it. In contrary to silicon dioxide, one big challenge
proves to be the varying demands on high-k for different fields of applications. For example, for
logic devices the thickness of the high-k oxide and the interface to silicon (e.g., to get a high on-
current) is of utmost importance, whereas the leakage current is the critical parameter (e.g., to get
long retention times) for memory application. Therefore, high-k oxides with different properties
have to be considered for any of the various applications.

Selection of high-k oxide

The requirements on high-k oxides are challenging. Beside the absolute need for a higher k-value,
the thermal stability inside the layer and with the interfaces of the high-k oxides to the substrates or
the electrodes, the energy band offsets to the substrates or the electrodes, and interface and bulk
charges inside the dielectric, are among others the most important properties which high-k oxides
have to fulfil to satisfy the big challenges of future CMOS production processes [27]. The dielectric
constant, k, and the energy band-offset values, AEc and AEy, between the conduction and the va-
lence bands of the oxide and the silicon crystal, respectively, are fundamental layer parameters
[28,43].
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Thermodynamic stability of high-k oxides in contact with Si or with metal is another issue to be
considered. Stability requires no or little reaction of the high-k oxide with the silicon or metal to
prevent formation of interfacial SiO, [4,28] or metal silicides [29]. Depending on the application or
the thermal budget which has to be applied after high-k formation, the selection of high-k oxides is
limited. Furthermore, thermodynamic stability means no phase separation in compositions, in multi-
layer, or in doped high-k oxides (e.g., forming SiO, and HfO, islands in deposited HfSi,Oy layers)
[30] during successive annealing steps.

Hygroscopicity is another physical parameter which has to be considered. If the oxides of several
lanthanides are brought in contact with water (e.g., humidity from the ambience or from cleaning
steps) a chemical reaction can occur resulting in the formation of hydroxides [31]. Those hydrox-
ides, however, show significantly increased leakage current densities or/and an increase in EOT.
The oxides of La and Lu are very sensitive and the oxides of Gd, Dy, Sm, and Pr are sensitive to
water. Hence, an increased operating expense in processing has to be carried out to protect these
rare earth oxides from water (e.g., by using capping layers).

To predict promising candidates of high-k oxides for different applications some physical prop-
erties of the dielectrics have to be considerd. The dielectric constant, k, is determined by the po-
larizability, a. The relation between the two quantities is given by the Clausius-Mosotti expression
[32]:
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where Vi, is the volume per molecule in the dielectric and the simple case assumed of a completely
homogenous material surrounding the polarized molecule [33]. This is expressed by the factor 1/3
in the equation. Fig. 1 shows the dependence of the k-value on the ratio o/V,. For a value of = 0.24,
it has an asymptote to infinity. Beside the molecular polarizability, a, it is obvious that the volume
occupied per molecule, V., determines the k-value. Hence, the material structure, whether amor-
phous or arranged in different crystalline geometries, may have a considerable influence on the k-
value. Furthermore, when o/V,, approaches the asymptote, a small change in the crystallinity of the
structure may give rise to a large change in the dielectric constant [34].
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Figure 1: k-value as a function of the ratio between polarizability and molecular volume
as given by Eq. (1)
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The fourth factor is the band offsets. The band offsets at both valence and conduction band
should be above about 1 eV in order to suppress the current injected into the oxide. Fig. 2 shows the
band offsets between the conduction bands of different high-k oxides and silicon as a function of
their respective k-value [28]. It is evident that the band offsets of many high-k oxides are consid-
erably low. Indeed, the band gap tends to vary inversely with the k-value. Hence, band offsets can
quite easily be below 1 eV. Therefore, the adoption of suitable high-k oxides on silicon substrate
can be restricted,. Deposition of high-k oxides on metal electrodes with appropriate work-function
can compensate the restriction in some cases.
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Figure 2: Band offset between conduction bands for different high-k oxides and silicon
as a function of k-value [28]. Filled circles are experimental values from the literature,
triangles are values where AE, has been predicted in [28].

The fifth factor is stability versus processing and electrical quality. This will be discussed mainly
with HfO, as an example for high-k oxides. Depending on HfO, thickness, crystallization into pre-
dominantly monoclinic polycrystalline films occurs at 300-500°C deposition temperature or subse-
quent annealing step [35,36,37]. Moreover, additional interfacial SiO, is often formed, increasing
EOT [38]. It can be assumed that grain boundaries in polycrystalline high-k oxides may provide
paths for leakage current and, therefore, giving rise to increased leakage current densities. But, this
was not conclusively proved by experiment [36]. However amorphous high-k oxides are preferred
for other reasons. Grain boundaries were also suspected to be responsible for localized unoccupied
states below the conduction band edge of high-k oxides. Such band edge defect states have been
shown to occur in HfO, if and only if the dielectric exhibit crystallinity as detected by infrared spec-
troscopy, X-ray diffraction, and vacuum ultraviolet spectroscopic ellipsometry [39]. Such states are
very close to the high-k oxide band edge and may not explain the significant increase in leakage
current densities for polycrystalline layers. However, if defect states due to grain boundaries exist at
the band edge it is very likely that defect states exist deeper in the band gap, too. Such defect states
may explain why Poole-Frenkel hopping through the dielectric, which occurs via trapping sites, is
the preferred conduction mechanism in high-k oxides. Therefore, it appears preferable to apply only
amorphous high-k oxides [4]. In order to minimize crystallization and to reduce interfacial SiO,
formation, the thermal stability of the high-k oxides can be increased by adding Si, Al, or N to the
dielectric [36,39,40,41,42]. But, HfAIO gate dielectrics show reduced carrier mobility in the transis-
tor channel which may be due to fixed charges in the layer [41]. Therefore, HfSiO or HfSiON layer
are preferred. With the incorporation of small quantities of Si into the high-k oxide, electron peak
mobility identical to that of low N-content SiON control devices can be reached. Since Si-O bonds
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are stiffer than Hf-O bonds, soft phonon modes, which are suspected to reduce charge mobility, are
reduced in intensity [4]. Additional N incorporation optimizes electrical thickness and thermal sta-
bility. However, N near the channel reduces carrier mobility through coulomb scattering by fixed
charges. Thus, N incorporation is preferred near the top of the HfSiO [4].

For logic devices, it turns out that a thin interfacial SiO, layer is mandatory between the bulk
silicon and the high-k oxide. The IL raises the EOT, but the performance of the transistor degrades
severely without it. Therefore, a compromise between thickness and dielectric constant of the inter-
facial layer (e.g., by adding nitrogen to the IL which increase the dielectric constant and reduces IL
growth during subsequent annealing steps) has to be found [4].

Until now, one of the biggest challenges to be met with high-k oxides is the stability of the
threshold voltage. Threshold voltage shift of devices incorporating high-k oxides is probably caused
by an oxygen deficiency in the dielectric layer which may be formed during annealing steps [44]. It
is still unclear whether O can be reintroduced into the dielectric without unacceptable Si0, growth
at the interface, and whether such O content can be maintained throughout a full CMOS integration
flow. Capping layers deposited on the high-k oxide to minimize oxygen diffusion have shown that
sufficient threshold voltage improvement can be achieved without degrading overall device per-
formance [45,46,47]. Because gate electrodes consisting of poly-Si show a lot of drawbacks, sig-
nificant research has been conducted on high-k/metal gate stacks which have shown the ability to
scale EOTs below 1 nm while maintaining high electron mobility and low leakage current [48,49].
As for poly-Si gates discussed above, also for metal gates capping layers inserted between the high-
k oxide and the metal gate are analyzed to adjust properly the threshold voltage [50]. But, controlla-
ble and reliable threshold voltage control still remains a potential issue.

Nevertheless, high-k oxides deposited by metal organic chemical vapour deposition (MOCVD)
or atomic layer deposition (ALD) have the highest potential to substitute conventional SiO, as gate
dielectric. Several examples where the implementation of high-k oxides in various device technolo-
gies is examined are illustrated using the following three examples:

HfSiO for logic devices

In this part, hafnium silicate layers on Si and Ge substrates are analyzed for gate dielectric applica-
tion in logic devices. For future technology generations the hole mobility in the silicon channel of
p-MOS transistors seems no longer high enough for advanced CMOS application. Ge instead of Si
may be a promising alternative. Therefore, modified substrates, such as strained Si, SiGe, or Ge
layers [1] are under investigation.

Physical characterization. Films were deposited by metal organic chemical vapour deposition
using the single-source precursor Hf(acac),(OSi‘BuMe,),. This precursor exhibits good properties in
terms of hydrolysis stability, volatility, and deposition. The quantitative analysis of Hf,S1,0, layers
deposited on Si wafers by X-ray photoelectron spectroscopy (XPS) reveals a high C contamination
of up to 20 at.-% in as-deposited films. Carbon is known to be unfavourable for electrical properties
(e.g., it increases leakage currents). Therefore, several attempts to reduce C content in the films as
well as to analyze the thermal stability of Hf,SiyO, on Si were performed using different rapid
thermal annealing (RTA) steps. Table 1 summarizes the results obtained on Si wafers for different
RTA conditions and layer thicknesses (sample labeled A to F). Stoichiometric coefficients x, y, and
z for Hf,S1,0,, C content, and physical thickness before and after RTA are given. All XPS-spectra
were measured in approx. 2 nm to 5 nm depth from the surface after Ar sputter cleaning. As dis-
cussed previously [51,52], C-free films can only be obtained after an O,-RTA (A, B compared to C
to F), which leads to structural changes (i.e., decreasing physical thickness daneated (C to F)) and Si
redistribution in the layers (i.e., change in stoichiometry compared to uniform as-deposited films
[52] (A, D to F)). With decreasing layer thickness, Si enrichment in the dielectric film was observed
after anneal (D to F).
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sample Tgep dasdep. RTA danncaled  Stoichiometric coefficient C
[°C]  [nm] [nm] Hfy Siy 0O, [at.%]
550 14.6 w/o 14.6 0.78 0.22 2.1 18

550 146 700°C/10s/N, 13.0 0.80 0.20 1.9 20
550 146 700°C/10s/0, 11.0 0.86 0.14 2.0 -
550 146 900°C/10s/0, 10.5 0.86 0.14 2.0 -
600 7.7 900°C/10s/0, 6.5 0.62 0.38 1.7 -
575 6.6 900°C/10s/0, 5.2 0.52 0.48 1.7 -

mmga W

Table 1: Effects of different RTA steps and decreasing layer thicknesses on
stoichiometric coefficients x, y, and z for Hf;S1,0, (x+y = 1), C content, and change in
physical thickness. Results are obtained on Si wafers [51].

In Fig. 3, high resolution TEM images for representative gate stacks with thick dielectric (as-
deposited (A) and O,-annealed (D)) as well as thin dielectric (O,-annealed (F)) are shown. It should
be noted that even for the as-deposited film (Fig. 3a), which was deposited immediately after re-
moval of the native oxide by a HF dip, an interfacial layer of 1.3 nm thickness was grown, most
probably SiOy. Annealing the dielectric layer in oxygen atmosphere resulted in an increase of the
interfacial layer thickness of about 3 nm irrespective of high-k layer thickness (Fig. 3b, ¢). There-
fore, undesirable effects on electrical properties like increasing effective oxide thickness are ex-
pected. Another effect of the O,-RTA step is a change in morphology. As-deposited layers reveal an
amorphous structure, while annealed films exhibit a poly-/nano-crystalline structure in the case of
thick films (indicated by the two different lines for the lattice planes in Fig. 3b) and completely
crystalline structure in the case of thin films (Fig. 3c). It should be mentioned that for all samples
identical RTA steps at 900 °C for 10 s in O, atmosphere were performed. Another interesting result
refers to the metal/dielectric interface. For the as-deposited layer (Fig. 3a), a rough surface layer
with a large thickness variation of 1.7 nm is seen. After RTA, this interfacial layer is smoothed and
its thickness decreases to 1.2 nm for the thick layer (Fig. 3b). An explanation may be the carbon
elimination along with film densification and structural changes. In case of a thin film (Fig. 3¢) with
identical metal electrode (Ni) deposited on top after RTA, no interfacial layer can be observed, at
all.
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Fig. 3: High resolution TEM images of a) as-deposited 14.8 nm (A), b) O,-annealed
10.4 nm (D) and ¢) O-annealed 5.7 nm (F) thick hafnium silicate layers on Si.

High-k oxides were deposited on Ge wafers, too. The deposition behaviour of
Hf{(acac),(OSi'BuMe,), precursor changes compared to Si wafers. As discussed previously [51],
TEM images (not shown here) reveal a three-layer structure of the dielectric stack similar to the
results obtained for Si wafers. But, in contrary to the depositions on Si wafers, RTA causes no den-
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sification of high-k layers on Ge wafers (i.e., layer thickness is unchanged) and XPS analysis identi-
fies the bulk dielectric to be stoichiometric hafnium oxide.

To further analyze these findings, 16 nm thick high-k layers were deposited on both, blank and
nitrided Ge wafers. Pre-deposition nitridation of the Ge surface was done by rapid thermal nitrida-
tion (RTN) at 600 °C for 120 s in NH; atmosphere. After HfSiO deposition, one part of the sample
received a RTA (700 °C / 10 s / O, atmosphere) and was analyzed by XPS. Fig. 4 shows the XPS
results obtained at the surface and in the bulk of the high-k oxide. Unlike to Si samples, no C is de-
tected in the bulk of as-deposited films within the detection limit of XPS. This is rather unexpected,
as Si samples showed C contamination of up to 20 at.-% under identical deposition conditions. This
indicates a change in precursor decomposition mechanisms for different surfaces (i.e., Si and Ge
wafers). For the as-deposited films, Si is detected in both cases of blank and nitrided Ge wafers in
the surface region of the high-k oxide. Values of 6 at.-% to 7 at.-% of Si are obtained for samples
without and with RTN (rapid thermal annealing), respectively. But, no Si can be measured in the
bulk dielectric within the detection limits of XPS.
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Figure 4: Film composition determined by XPS of a 16 nm thick high-k dielectric de-
posited on both blank and nitrided Ge wafers w/o and w/ post deposition RTA. XP
spectra were measured both, directly on the surface and after 3 min of Ar-ion milling.
Open symbols indicate results at or below the detection limit of XPS. The lines are
drawn as guide for the eye.

Electrical Characterization. High-frequency (100 kHz to 1 MHz) capacitance-voltage (C-V)
and temperature dependent current density-voltage (J-V) measurements of the samples labeled A to
F in Table 1 and O,-annealed layers deposited on nitrided [51] Ge wafers (sample label Ge) were
performed. Extracted parameters for selected films are summarized in Table 2. For easier compari-
son, flatband voltage Vg is given with respect to the work function difference ®ys.

As presented recently [51], C is a main issue for leakage current, especially for high-k oxides
deposited by MOCVD. Therefore, post-deposition RTA in O, atmosphere is required. Such a RTA
step improves electrical properties (e.g., it decreases effective oxide thickness (EOT) and leakage
currents), but causes crystallization of the dielectric and growth of an interfacial layer between the
dielectric and Si (Fig. 3). For instance, sample D processed with the highest thermal budget of 900
°C for 10 s of all analyzed sample with identical as-deposited film thicknesses of 14.6 nm reveals
the lowest EOT of 3.3 nm compared to 5.2 nm of the as-deposited sample (A) and 3.8 nm for the at
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700 °C annealed sample (C). However, effective k-values of 12 (including interfacial layers) are
similar for this series (Table 2). Hence, the actual permittivity of the deposited Hf,Si,O, layer is
even higher. Considering interfacial layer and degree of crystallization of the dielectric layer, which
should be maximum for sample D, the permittivity can be correlated to morphology and layer com-
position (i.e., the higher the degree of crystallization and Hf content, the higher the permittivity).
For samples with different film thicknesses annealed under identical conditions (D to F), a reduc-
tion of EOT is observed (Table 2). The reason is the formation of a dielectric/Si interfacial layer
during RTA, which is of the same thickness of about 2.9 nm for all samples and defines EOT to a
great extend. This is a severe drawback, as this interfacial layer limits the down scaling of EOT. For
Ge sample (G), an effective k value of about 18 was extracted, which is reasonable taking the
stoichiometric HfO, bulk dielectric into account.

sample Film composition EOT k  Vpg-®Opg  Nesr= Qef/q  current conduction

[bulk] [nm] [V] [10" cm™] mechanism
C Hf) 865101402, 3.8 113 0.2 -1.1
D Hf) 86S19.1402.0 33 124 -1.1 7.2 FN/PF (1-1.1 eV)
E Hf) 625103301 7 3.1 8.2 -0.35 24 PF/FAT (0.7-1 eV)
F (Hf0,5zsi0.4301.7) 2.9 7.0 -0.96 7.0 acc.: PF/FAT (06-08 GV)
inv.: FN
Ge HfO, 42 18.6 -0.10 0.5 PF (0.5 eV)

Table 2: Electrical parameters for selected films extracted from C-V and J-V analysis.

To obtain a better insight into electrical film properties with layer thickness as parameter, tem-
perature dependent J-V curves were measured in the range of 25 °C to 180 °C for O,-annealed Si-
based samples (D to F) as well as for the nitrided Ge-based sample (Ge). Fig. 5 displays the ob-
tained J-V characteristics. It is clearly seen that with reducing film thickness (D to F) the shape of J-
V curves and the temperature dependence alter. The 10.5 nm thick film (D) reveals distinct tem-
perature dependence for both injection polarities. In addition, good symmetry of leakage current
with respect to Vpp-@ys is observed, which is usually obtained for symmetric potential barriers.
With the reduction in film thickness to 6.5 nm (E) and 5.2 nm (F), the asymmetry in J-V curves
increases and the temperature dependence vanishes almost completely. These results indicate that
with reduced film thickness a change in current conduction mechanism occurs. For the analysis of
the current conduction mechanism, both material related conduction (e.g., Fowler-Nordheim (FN)
tunneling, direct tunneling) and defect related conduction (e.g., Poole-Frenkel (PF), field-assisted
tunneling (FAT)) were considered [53,54].

By plotting J-V curves in FN or PF coordinates, the data of all samples shown in Fig. 5 were
analyzed. The results are summarized in Table 2. Thereby, the contributing current conduction
mechanisms are listed and, in case of trap related processes, extracted values of trap depths are
given. It turned out that trap-related conduction mechanisms dominate the leakage current behav-
iour in all layers except for the thinnest film (F) under substrate injection, where FN is dominant.
An explanation may be the high fraction of SiO-rich dielectric at the Si interface. The finding that
leakage currents for samples E and F are governed by trap-related field-assisted tunneling (Table 2)
can explain the weak temperature dependence observed for these two samples. The FAT process
follows an expression similar to FN equation with the only difference that the electrode/dielectric
barrier height in FN equation is replaced by the trap energy level [54]. Regarding the energy level
of traps involved, a decrease with decreasing thickness, or in other words, a decrease with increas-
ing degree of crystallization and Hf content from 1-1.1 eV for 10.5 nm thick poly-/nanocrystalline
Si-containing Hfy g6Si9.14020 layer (D) to 0.6-0.8 eV for a fully crystalline layer separated 5.2 nm
thick layer (F) was evaluated. These results are in agreement with the dominant value of 0.5 eV
determined for the trap energy of a high-k dielectric on Ge wafer (Ge) taking the stoichiometric
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HfO,; bulk dielectric into account. Therefore, we conclude that the trap level with energies of about
0.5 eV and 1 eV are related to Hf and Si bonds, respectively.
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Figure 5: Temperature dependent J-V characteristics of O,-annealed Si based samples
D to F and for films deposited on nitrided Ge wafers (Ge) with thicknesses of the di-
electric stack of 10.5 nm (D), 6.5 nm (E), 5.2 nm (F), and 20 nm (Ge).

In summary, post-deposition rapid thermal annealing in O, atmosphere causes crystallization of
the deposited films, Si/Ge redistribution in the dielectric, and interfacial layer growth. However,
oxygen annealing was also found to reduce effective oxide thickness significantly compared to as-
deposited films, which is attributed to crystallization effects. But, scaling of effective oxide thick-
ness is limited by the interfacial layer growth. Leakage currents are mainly caused by trap-related
conduction mechanisms. Energy levels of involved traps decrease with increasing crystallization
and/or Hf content and values of 0.5 eV and 1 eV related to Hf and Si bonds, respectively, are ob-
tained.

HfSiO for SONOS

SONOS-type MIS capacitors with hafnium silicate as a control oxide were characterized and com-
pared to devices with a conventional SONOS gate stack. Samples analyzed in this part were manu-
factured on p-type silicon substrates. After a tunnel oxide of 5 nm was grown by dry oxidation, an
8 nm thin silicon nitride trapping layer was deposited by LPCVD at 710 °C. Next, a SiO;, control
oxide of 5 nm thickness was deposited by LPCVD from TEOS and densified at 900 °C for 60 min-
utes in an inert ambient. For several samples this control oxide was etched back to 3 nm in diluted
HF and a layer of 8 nm Hf,Si,O4 (Hf-rich) was deposited by MOCVD. On top of all of these gate
stacks, a metal gate consisting of 10 nm TaN and 300 nm Al was deposited by RF sputtering. Fi-
nally, MIS capacitors were structured by lithography and dry etching.

To examine the feasibility of Hf,Si;04 as a control oxide in SONOS-type memory cells, basic
memory properties were analyzed. The charge trapping properties of a SONOS-like capacitor with
Hf,S1,04 as control oxide using Fowler-Nordheim tunneling as charge injection mechanism are
shown in Fig. 6.
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Figure 6: Charge trapping properties of a SONOS gate stack with an 8 nm Hf,Si,04/
3 nm SiO; control oxide stack for various program voltages and pulse durations.

Samples with a control oxide of pure silicon oxide exhibit similar flatband voltages under pro-
gramming voltages for comparable equivalent oxide thicknesses. This can be explained by the elec-
tric field in the tunnel oxide which does not differ for both sample types. Measurements under erase
conditions show a significant improvement of erase speed for the samples with Hf,Si,0, in the gate
stack. A comparison of erase voltage and duration between both control oxide types is given in Fig.
7.
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Figure 7: Erase properties of SONOS gate stacks with a 5 nm SiO, (open symbols)
layer and with an 8 nm Hf,S1,04/ 3 nm Si0O, (filled symbols) control oxide stack, re-
spectively.

The poor performance of the device with the SiO, control gate is due to FN tunneling of elec-
trons from the gate electrode through the control oxide during erase operation. These electrons re-
occupy previously emptied traps in the silicon nitride layer and thus hamper the de-trapping process.
For the Hf,S1;04 control oxide, however, the electron injection from the gate is efficiently sup-



Materials Science Forum Vols. 573-574 175

pressed due to the lower electric field in the silicate. This effect can also be proved by simulating
the band bending in the gate stack. FN tunneling of holes from the accumulated substrate (Jry)
becomes the dominant current transport mechanism under high erase voltages [18]. The injected
holes recombine with trapped electrons in the nitride layer, thus enhancing the erase operation. Be-
yond, since the total leakage current in samples with a control oxide of Hf,Si,04 1s several decades
lower for comparable erase voltages, oxide degradation is expected to be less severe.

Next, the stability of the tunnel oxide in the gate stacks is characterized in accumulation to quan-
tify this observation. The band diagram implies that the breakdown of the gate stack under negative
gate bias (erase condition) takes place in the tunnel oxide near the anode due to the high electric
field [55]. Constant voltage stress is applied in accumulation because charge injection from the gate
is strongly affected by the material of the control oxide. Measurement results are depicted in Fig. 8.
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Figure 8: Oxide stability of SONOS gate stacks with different control oxide materials
for different stress voltages (symbols) and extrapolation of oxide stability to 10 years
(lines)

Each symbol represents the breakdown measurements of 30 individual samples and the subse-
quent evaluation by Weibull statistics. Collected data were extrapolated assuming an exponential
dependence of the electric field on the time to breakdown of the gate stack [55].

As mentioned above, injection conditions for both types of samples are identical in inversion.
The gate stacks with HfSi,O4 sustain higher leakage currents before a breakdown event occurs.
This observation is attributed to a less severe degradation at the anode (i.e., in the HfSi,04 layer
near the gate electrode) due to a lower electric field. It is evident from both inversion and accumula-
tion measurements that dielectric breakdown in gate stacks with Hf,Si;O4 occurs under higher write
as well as higher erase voltages compared to conventional SONOS gate stacks.

Finally, retention measurements of programmed (“1”’) and partially erased (“0”) test structures at
room temperature are performed. Measurement data are compared to a simulation considering
thermal emission and trap-to-band tunneling as the dominant charge loss mechanisms. Without
band bending, theory predicts that trapped charges in the silicon nitride layer are more efficiently
retained by the Hf,S1,04 gate stack than by the conventional gate stack due to the higher physical
thickness of the control oxide. Considering effective electron masses and conduction band offsets,
the trap-to-band tunneling probability under low fields for the gate stack with Hf,S1,04 is consid-
erably lower than that for the conventional gate stack. However, this is not the case for memory
applications where high charge densities have to be retained. In this case, additional discharge is
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observed in gate stacks with Hf,S1,04 for both programming states. This charge loss may result
from trap-to-band tunneling of trapped charges in the Hf,Si,O4 layer to the gate electrode. Addi-
tionally, increased tunneling of charges from the silicon nitride layer must be considered due to the
strong band bending in the gate stack at high charge densities. For further discussion, band dia-
grams without external bias for gate stacks with different control oxides are presented in Fig. 9.

control oxide:

—— HfSi 0,+Si0

-
prtb H

Figure 9: Band bending in SONOS gate stacks with different control oxides for a high
density of trapped charges (homogeneously distributed) in the silicon nitride layer
without an external bias

Under these conditions trap-to-band tunneling of charges occurs near the control oxide which
completely bypasses the Hf,S1,04 layer due to its lower conduction band level. Thereby, the tunnel-
ing probability for trap-to-band tunneling py is significantly increased. This charge loss is evident
even in the partially erased state for samples with the Hf,S1,04 control oxide.

The application of HfSi,O4 in the control oxide of charge-trapping memories significantly en-
hances erase operation by effectively suppressing the tunneling of electrons from the gate. How-
ever, an EOT reduction cannot be achieved without degrading retention properties. For the future,
the use of TaN as control oxide and a high-k layer with a lower trap density and a higher conduction
band offset (e.g., Al,O3) [18] is suggested to reduce the flatband voltage shift due to charge trapping
in this layer and to enhance charge retention, respectively.

Zr0O, for DRAM application

Scaling trench DRAM down to the 48 nm node and below, MIM capacitors with an EOT of lower
than 2 nm are envisaged [1]. But, to fulfil the stringent requirements on leakage current density
which has to be lower than 1-10® A/cm? at 1 V, amorphous HfO, or ZrO, show no high enough k-
values [56]. At standard pressure, both HfO, and ZrO; can crystallize into three different phases
which are the cubic, the tetragonal, and the monoclinic phase. A full crystallization into the tetrago-
nal phase shows the highest dielectric constant of about 39 for the ZrO, [57]. Even though, the
monoclinic phase is the most stable, the tetragonal phase can be tuned by temperature, film thick-
ness, or doping (e.g., promising elements are Si, Al, etc). This is schematically illustrated in Fig. 10
[29]. Even, if the bandgap of ZrO, is about 0.5 eV smaller than that of HfO,, ZrO, exhibits a 100 °C
lower crystallization temperature and an about 20 % higher dielectric constant [56]. The critical
thickness defines a maximum size where the tetragonal phase is stable. With temperature the critical
thickness increases, but the tetragonal phase is not quenchable (e.g., during cooling it converts back
to monoclinic phase). Another way to increase critical film thickness is doping and, furthermore,
thinner films need less doping.
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Fig. 10: Temperature and thickness dependence of phases in HfO, and ZrO,, indicating
schematically the effect of doping.

In the following part, ZrO, as a high-k dielectric for future trench gate DRAM generation is con-
sidered. The most challenging requirement on the dielectric is a thermal stability up to 1000 °C by
preserving the specification of leakage current density. 5 nm ZrO, films on p-type silicon samples
were deposited via ALD from TEMAZr and O3 as precursors [56]. Post deposition anneals in N,
and NHj3 were performed at temperatures from 400 °C to 1000 °C. The thickness dependence on
annealing temperature was measured with spectral-ellipsometry and X-ray reflectometry. For tem-
peratures up to 400 °C no crystallization was seen, for temperatures between 400 °C and 800 °C the
thickness of the layers shrinks significantly due to densification effects which leads to lower EOT
values, and for temperatures higher than 800°C intensive interface growth takes place revealing an
increase in physical thickness and therefore in EOT. X-ray diffraction indicates that the ZrO, is
crystallized in the high-k cubic/tetragonal phase. The surface roughness was analyzed by atomic
force microscopy (AFM) and transmission electron microscopy (TEM). The surface shows a very
low roughness for annealing temperatures up to 800 °C, even after crystallization. But, there is a
significant increase in roughness for higher annealing temperatures. In Fig. 11, the capacitance
equivalent oxide (CET) thickness in dependence on the leakage current for at different temperatures
and times annealed samples are shown. As already mentioned above, for annealing up to 400 °C no
shrinking in CET can be seen, but a significant decrease in leakage current density is revealed
which may be due to reorganization effects in the dielectric layer. A further raise in annealing tem-
perature leads to a decrease in CET due to crystallization whereas the leakage current density re-
mains constant. An increase in the annealing temperature beyond 700 °C results in an IL growth
and in a significant increase in leakage current density. Annealing in N, is much more beneficial
regarding leakage current density than in NH;. In summary the phase of the film, the IL growth, and
the thermal stability are the key points characterizing the electrical properties of thin ZrO; films.

Summary and perspectives

In nearly all sectors of microelectronics high-k oxides have to be introduced to fulfil the
specifications of future technology generations. For several sectors high-k oxides are already
introduced, for others they are shortly before implementation. But this is only the very beginning.
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Fig. 11: Leakage current densities in dependency on CET with annealing temperature
and atmosphere as parameter.

The available high-k oxides are only applicable for the current or next technology node. In the fu-
ture, significant improvements have to be done to meet the stringent demands of subsequent tech-
nology generations. A very promising but challenging field for improvements of high-k oxides is
using more “exotic” metals or doping the current high-k oxides with those “exotic” materials. It was
shown that doping can influence crystallization (e.g., leakage current densities, soft phonon scatter-
ing), interface reaction (e.g., mobility degradation, threshold voltage shift), and trapping properties
(e.g., reducing oxygen vacancies) and therefore electrical stability and reliability. The deposition
method for high-k oxides will be ALD. With ALD lower deposition temperatures are possible,
above all if Plasma ALD is used, the layer by layer growth enables more precise doping, and for
3D-structures with high aspect ratios, ALD is the only applicable deposition technology. Further-
more, high-k oxides are conceivable only together with metal electrodes. Metal electrodes guarantee
less interface reaction, lower CET, and better adjustment of the work function difference. But, as
for high-k oxides, for metal electrodes further big efforts have to be undertaken for implementation.

References

[1] International Technology Roadmap for Semiconductors (ITRS), Information on
http://www.itrs.net.

[2] D. Buchanan: IBM J. Res. & Dev. 43 (1999), p. 245.

[3] M.L. Green, E.P. Gusev, R. Degraeve, and E. Garfunkel: J. Appl. Phys. 90 (2001), p. 2057.
[4] E.P. Gusev, V. Narayanan, and M.M. Frank: IBM J. Res. & Dev. 50 (2006), p. 387.

[5] G. Wilk, R M. Wallace, and J.M. Anthony: J. Appl. Phys. 89 (2001), p. 5243.

[6] J. Robertson: Solid State Electronics 49 (2005), p. 283.

[7] H.J. Hubbard and D.G. Schlom: J. Mater. Res. 11 (1996), p. 2757.

[8] M. Copel, M. Gribelyuk, E.P. Gusev: Appl. Phys. Lett. Vol. 76 (2000), p. 436.

[9] J. Robertson: J. Vac. Sci. Technol. 18 (2000), p. 1785

[10]V.V. Afanas’ev and A. Stesmans: J. Appl. Phys. 102 (2007), 081301-1.

[11]A. L. Kingon, J. P. Maria, and S.K. Streiffer: Nature 406 (2000), p. 1032.



Materials Science Forum Vols. 573-574 179

[12]E. Gerritsen, N. Emonet, C. Caillat, N. Jourdan, M. Piazza, D. Fraboulet, B. Boeck, A.
Berthelot, S. Smith, P. Mazoyet: Solid State Electronics 49 (2005), p. 1767.

[13]T.S. Boscke; S. Govindarajan, C. Fachmann, J. Heitmann, A. Avellan, U. Schroeder, S.
Kudelka, P.D. Kirsch, C. Krug, P.Y. Hung, S.C. Song, B.S. Ju, J. Price, G. Pant, B.E. Gnade,
W. Krautschneider, B.H. Lee, and R. Jammy: IEDM Tech. Dig. (2006), pp. 255-258.

[14]1X. Wang, J. Liu, W. Bai, D.L. Kwong: IEEE Trans. Elec. Dev. Vol. 51 (2004), p. 597.

[15]Y.Q. Wang, P.K. Singh, W.J. Yoo, Y.C. Yeo, G. Samudra, A. Chin, W.S. Hwang, J.H. Chen,
S.J. Wang, D.L. Kwong: IEDM Tech. Dig. (2005), p. 162.

[16]Y.N. Tan, W.K. Chim, W.K. Choi, M.S. Joo, B.J. Cho: IEEE Trans. Elec. Dev. Vol. 53 (2006),
p. 654.

[17]T. Sugizaki, M. Kobayashi, M. Ishidao, H. Minakata, M. Yamaguchi, Y. Tamura, Y.
Sugiyama, T. Nakanishi, H. Tanaka: VLSI Tech. Symp. Dig. Tech. Papers (2003), p. 27.

[18]C.H. Lee, K.I. Choi, M.K. Cho, Y.H. Song, K.C. Park, K. Kim: [EDM Tech. Dig. (2003), p.
613

[19]C.-H. Lee, C. Kang, J. Sim, J.S. Lee, J. Kim, Y. Shin, K.T. Park, S. Jeon, J. Sel, Y. Jeong, B.
Choi, V. Kim, W. Jung, C.I. Hyun, J. Choi, K. Kim: [EEE NVSMW (2006), p. 54.

[20]J.A. Babcock, S.G. Balster, A. Pinto, C. Dirnecker, P. Steinmann, R. Jumpertz, B. El-Kareh:
IEEE Electr. Dev. Lett. Vol. 22 (2001), p. 230.

[21]P. Zurcher, P. Alluri, P. Chu, P. Duvallet, C. Happ, R. Henderson, J. Mendonca, M. Kim, M.
Petras, M. Raymond, T. Remmel, D. Roberts, B. Steimle, J. Stipanuk, S. Straub, T. Sparks, M.
Tarabbia, H. Thibieroz, and M. Miller: IEDM Tech. Dig. (2000), p. 153.

[22]M. Armacost, A. Augustin, P. Felsner, Y. Feng, G. Friese, J. Heidenreich, G. Hueckel, O.
Prigge, and K. Stein: [IEDM Tech. Dig. (2000), p. 157.

[23]1X. Yu, C. Zhu, H. Hu, A. Chin, M.F. Li, B.J. Cho, D.-L. Kwong, P.D. Foo, and M.B. Yu: IEEE
Electr. Dev. Lett. Vol. 24 (2003), p. 63.

[24]S.B. Chen, C.H. Lai, A. Chin, J.C. Hsieh, and J. Liu: IEEE Electr. Dev. Lett. Vol. 23 (2002), p.
185.

[25]Information on http://www.Intel.com.
[26] Information on http://www.IBM.com.
[27]J. Robertson : Eur. Phys. J. Appl. Phys. 28 (2004), p. 265.

[28]0. Engstrom, B. Raeissi, S. Hall, O. Buiu, M.C. Lemme, H.D.B. Gottlob, P.K. Hurley, K.
Cherkaoui: Solid State Electronics 51 (2007), p. 622.

[29]T. Boscke, S. Kudelk, A. Sanger, J. Miiller, and W. Krautschneider: ESSDERC (2006), p. 391.

[30]S. Stemmer, Y. Li, B. Foran, P.S. Lysaght, S.K. Streiffer, P. Fuoss, and S. Seifert: Appl. Phys.
Lett. Vol. 83 (2003), p. 3141.

[31]K. Kakushima, K. Tsutsui, S.I. Ohmi, P. Ahmet, V.R. Rao, And H. Iwai, in: Rare earth oxide
films, Springer (2007), p. 345.

[32]C. Kittel, in: Introduction to Solid State Physics, New York: John Wiley & Sons (1953).

[33]S. Wang, in Fundamentals of Semiconductor Theory and Physics, Englwood Cliffs, NJ: Pren-
tice Hall (1989).

[34]T. Busani, R.A.B. Devine: J. Appl. Phys. 98 (2005), 044102-1-2-5.
[35]D.A. Neumayer and E. Cartier: J. Appl. Phys. 90 (2001), p. 1801.



180 Rapid Thermal Processing and beyond: Applications in Semiconductor
Processing

[36]W.J. Zhu, T. Tamagawa, M. Gibson, T. Furukawa, and T.P. Ma: IEEE Electr. Dev. Lett. Vol.
23 (2002), p. 649.

[37]E.P. Gusev, J.C. Cabral, M. Copel, C. D'Emic, and M. Gribelyuk: Microelectron. Eng. 69
(2003), p. 145.

[38]S. Guha, E.P. Gusev, M. Copel, L.A. Ragnarsson, and D.A. Buchanan: Mater. Res. Soc. Bull.
27 (2002), p. 226.

[39]N.V. Nguyen, M.M. Frank, A.V. Davydov, and D. Chandler-Horowitz: Appl. Phys. Lett. Vol.
87 (2005), 192903.

[40]M.Y. Ho, H. Gong, G.D. Wilk, B.W. Busch, M.L. Green, W.H. Lin, A. See, S.K. Lahiri, M.E.
Loomans, P.I. Réisdnen, And T. Gustafsson: Appl. Phys. Lett. Vol. 81 (2002), p. 4218.

[41]S.H. Bae, C.H. Lee, R. Clark, and D.L. Kwong: IEEE Electr. Dev. Lett. Vol. 24 (2003), p. 556.

[42]K. Sekine, S. Inumiya, M. Sato, A. Kaneko, K. Eguchi, and Y. Tsunashima: IEDM Tech. Di-
gest (2003), p. 102.

[43]J. Robertson: Solid State Electronics 49 (2005), p. 283.
[44]J. Robertson, K. Tse, D. Liu, K. Xiong: Microelectron. Eng. 84 (2007), p. 2028.

[45]H.S. Jung, J.H. Lee, S.K. Han, Y.S. Kim, H.J. Lim, M.J. Kim, S.J. Doh, M.Y. Yu, N.L. Lee,
H.L. Lee, T.S. Jeon, H.J. Cho, S.B. Kang, S.Y. Kim, I.S. Park, D. Kim, H.S. Baik, and Y.S.
Chung: VLSI Tech. Symp. Dig. Tech. Papers (2005), p. 833.

[46]W.S. Kim, S. Kamiyama, T. Aoyama, H. Itoh, T. Maeda, T. Kawahara, K. Torii, H. Kitajima,
and T. Arikado: IEDM Tech. Digest (2004), p. 833.

[47]H.J. Li, and M.I. Gardner: IEEE Electr. Dev. Lett. Vol. 26 (2005), p. 441.

[48]C. Cabral, Jr, C. Lavoie, A.S. Ozcan, R.S. Amos, V. Narayanan, and E.P. Gusev: J. Electro-
chem. Soc. 151 (2004), p. F283.

[49]Z. Chen, V. Misra, R.P. Haggerty, and S. Stemmer: Phys. Stat. Sol. B 241 (2004), p. 2253.

[50]K. Okamoto, M. Adachi, K. Kakushima, P. Ahmet, N. Sugii, K. Tsutsui, T. Hattori, and H.
Iwai: ESSDERC (2007), p. 199.

[ST]M. Lemberger, F. Schon, T. Dirnecker, M.P.M. Jank, L. Frey, H. Ryssel, A. Paskaleva, S.
Zuercher, A.J. Bauer: Chemical Vapor Deposition 13 (2-3) (2007), p. 105.

[52]M. Lemberger, A. Paskaleva, S. Ziircher, A. J. Bauer, L. Frey, H. Ryssel: J. Non-Cryst. Solids
322 (2003), p. 147.

[53]S. M. Sze, in: Physics of Semiconductor Devices, 2nd ed., John Wiley & Sons, New York
(1981).

[54]K. Y. Lim, D. G. Park, H. J. Cho, J. J. Kim, J. M. Yang, 1. S. Choi, I. S. Yeo, J. W. Park: J.
Appl. Phys. 91 (2002), p. 414.

[55]D.J. Dumin, in: Oxide Reliability, River Edge, New York (2002).

[56]W. Weinreich, M. Lemberger, E. Erben, J. Heitmann, L. Wilde, V.A. Ignatova, S. Teichert, U.
Schroder, L. Oberbech, A.J. Bauer, H. Ryssel, P. Kiicher: EMRS Fall Meeting (2007), p. 6.

[57]X. Zhao and D. Vanderbilt: Phys. Rev. B 65 (2002), 23310.



