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Effects of nitridation of silicon and repeated spike heating on the electrical
properties of SrTiO 5 gate dielectrics
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Electrical properties of SrTiQ(STO) gate dielectrics on Si substrates grown by rf-magnetron
sputtering were studied. We employed the surface nitridation and repeated spike heating to improve
the interfacial properties of STO/Si. The nitrogen was moderately incorporated at the interface by
first growing a thin SiON layer and then removing this sacrificial layer before growing STO gate
dielectric. The experimental results indicate that this nitridation treatment may retard the formation
of thin interfacial layer during the high-temperature growth of STO gate dielectric and consequently
decrease the equivalent oxide thickn¢ég&©T) by about 10% toward 24% at various deposition
pressures. The STO gate dielectric with this nitridation treatment exhibited slightly lower leakage
current at an accumulation region and nearly 2 orders of magnitude lower leakage current at an
inversion region. The repeated spike heating technique was also employed to deposit a STO gate
dielectric at repeated oscillating temperatures. The results show that this thermal treatment reduced
the interfacial trap states and the leakage current was also reduced by about 1 order of magnitude
at the same EOT. @002 American Institute of Physic§DOI: 10.1063/1.152691)4

Following the international technology roadmap of semi-been used to grow ultrathin oxide because nitrogen can ef-
conductor, the conventional Sj@ate oxide thickness is re- fectively suppress the growth of silicon oxitlé repeated-
quired to be less than 2 nm in the near futtitéowever, the  spike oxidation technique has been proposed by Hong
use of ultrathin Si@ gate oxide results in a number of etal®’ to grow ultrathin oxide. The variation of radiation
issues including high gate leakage current, reduced driveheat absorption in different regions on a wafer could be com-
current, reliability degradation, boron penetration, unifor-pensated by repeated-spike heating technique so that tem-
mity, etc. Any of these effects will fundamentally limit the perature uniformity can be improved. Their results also
usefulness of Si@as a gate dielectric. As the oxide thicknessshowed that the leakage current is reduced by an order of
is scaled down to below 2 nm, the gate leakage current inmagnitude. In the present study, we improve the interfacial
creases significantly due to the direct tunneling, leading t®roperties of STO/Si by means of surface nitridation and
undesired power consumptions in complementary metal+epeated-spike-heating method. The microstructure, leakage
oxide semiconductor devices. As a result, many Higiate  current density, and capacitance of STO gate dielectrics are
dielectrics have been investigated as potential replacementgported.
for SiO, to provide a physically thicker film to reduce the Boron-dopedp-type silicon(100) wafers with 1 to 100
leakage current. Among many possible candidates of kigh-cm resistivity were used as the starting substrates. After a
gate dielectrics, SITiQ(STO) provides special functions be- standard Radio Corporation of America clean, an 8 nm SiON
cause it can be epitaxially grown on silicon substra8TO  film was grown on the silicon wafer at 950 °C in purga\
possesses a very large dielectric constant, which is advantgas in a furnace. For comparison, 8 nm $i@as thermally
geous for the realization of a metal/ferroelectric/insulator/grown in a pure @ ambient as the control sample. After
semiconductoi(MFIS) structure for the application of 1 T these sacrificial SION and SjQayers were removed by dip-
ferroelectric random access memdiy the MFIS structure, ping the wafer in diluted HF solution, the 20 nm STO thin
the dielectric constant of the insulator should be increased tgms were deposited on the aforementioned two pretreated
match that of the ferroelectric material in order to reduce thesypstrates by using rf-magnetron sputtering at a substrate
operation voltages. Moreover, STO is perovskite-type mateemperature of 500 °C. The two samples were grown on a
rial, which provides a good buffer layer for the growth of spin substrate holder at the same time for comparison. After
perovskite-type ferroelectric thin films. However, it is very {he removal of the SION and SiGacrificial layer, it can be
difficult to fabricate high-quality STO gate dielectrics be- seen from the x-ray photoelectron spectroscopy profiles of
cause a thin interfacial layer forms due to Si oxidation angne silicon substrates that the characteristic binding energy of
interdiffusion at high temperature. The resultant interfacialy 15 was slightly increased for the,®-pretreatment sample,
layer with low permittivity will limit the highest possible ingicating that nitrogen has been moderately incorporated
gate capacitance or the lowest achievable EOT. Severghi, the silicon surface.
methods have been employed to improve the interfacial  Tpg repeated-spike-heating technique was carried out by
properties. Nitrogen implantation into silicon substrate hassetting the temperature to ramp up and down between 450
and 550 °C for 30 min, while the control sample was held at
JEmail: tseng@cc.nctu.edu.tw a constant temperature of 500 °C for the same time. After the
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FIG. 1. The high-frequencyG—V) curves of control and YD pretreatment 0 10 20 30 40 50
samples. The inset is the corresponding leakage current density.
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) . . . . . FIG. 3. Variation of EOT and leakage current with working pressure for
film depositions, rapid thermal annealing in ap &nbient at  control and NO pretreatment samples.

650—800 °C was carried out to improve the crystallinity of
the films. The thickness of interfacial layer between STO and .

. . : e ; Sample has leakage current of 2 orders of magnitude lower
Si was determined using transmission electron microscop

. . n that of th ntrol sample at the inversion redioosi-

(TEM). For the electrical measurement, aluminum was use an that of the contro’ sample at te Inversio edyoos
as both the top electrode and backside substrate ohmic cony biag, while the leakage current of the,d pretreatment
tact. The ca gcitance—volta €4V) measurements were sample is only 0.5 order of magnitude lower than that of

' P 9 control sample at the accumulation regigmegative bias
performed by a HP 4284A LCR meter at 100 K to 1 MHz . . .

: The reasons may be explained by the following. Previously
while the current—voltagel V) measurements were re-

. reported result§ indicated that the conduction band offset
corded by a HP 4156A semiconductor parameter analyzer. between STO and Si is almost zero. If STO is directly in

The C-V curves showed frequency dispersion durlngcontact with Si, the leakage current density should be very

C-V measurement which may be due to extrinsic parasitic[ S :
. . . : arge. In order to reduce the leakage current, a thin interfacial
inductance and resistance. After being calibrated by fours

element modefi,the C—V curves of the STO gate dielectrics Iaye_r with _hlgher_band gap _m_ust _be employed to increase Fhe
- . . barrier height. Since the nitridation can reduce the interdif-
at 45 mTorrr deposition pressure with and withoyCONpre-

treatment and the quantum-mechani€@M) fitting curve® fusion of STO and Si, the thinner interfacial layer withQN
are shown in Fig 1qWe can observe that the E OgT of th® N pretreatment contains less amounts of Sr or Ti species and is

pretreatment sample is smaller than that of the controia)(pecte‘j to have a larger band gap, resulting in t_he re(_juctipn
sample. The reason for this phenomenon is attributed to thOf Ieakage currgnt. The effgct of |r_10reased barrier helgh.t 'S

) " o y . fore important in the inversion region than the accumulation
nitrogen incorporation in the silicon surface that allev'atedregion because the electrons flow from Si substrate at posi-
the reaction of the silicon surface into low dielectric constan

. o ; . . ttive bias voltagginversior).
SiO, thin interfacial layer during the high-temperature : o
growth of STO gate dielectrics. In fact, it shows from TEM The EOT and leakage current densityte V of 500 °C

images that the thickness of the interfacial layers of th® N deposited 20 nm thick STO gate dielectrics at various depo-

pretreatment sample and the control sample are 1.9 and Zs'tion pressures are shown in Fig. 3. Generally, the EOT
. . : : : ecreases with increasing deposition pressure. The main rea-
nm, respectivelyFig. 2). The inset of Fig. 1 shows the cor- g dep P

responding leakage current densities. Th©Nretreatment son may be that the composition of STO thin film is varied
P 9 9 ' "o with deposition pressures and, consequently, affect the di-

electric constant of the thin films. Therefore, the EOT de-
creases with the increase of deposition pressure for the
samples indicated. We can observe that all th® lretreat-
ment samples have a significantly lower EOT than the con-
trol samples at various deposition pressures. The variation of
the leakage current density with deposition pressure is also
illustrated in Fig. 3. The BD pretreatment sample has a leak-
age current density of nearly 2 orders of magnitude lower
than that of the control samples at various deposition pres-
sures.

The plots of leakage current density versus EOT for typi-
cal and repeated-spike-heating samples are shown in Fig. 4.
It is indicated that the repeated-spike-heating samples with
the same EOT have leakage current densities of 1-2 orders
FIG. 2. TEM interface images ofa) N,O pretreatment sample ar)  Of magnitude lower than those of typical samples. The reason
controi sample. for the reduction of leakage current may be due to the
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10° Si—O bond are temperature dependent. Therefore, during
101L the temperature ramping up and down in the repeated-spike-
®  Typical heating recipe, it is possible that the residual oxygen in films
> 107 % Repoated-Spike-Heating has more of a chance to fill the silicon dangling bonds and
.é 103 thus, a better interface has been formed.
& 104b In summary, we have proposed a method of surface ni-
g tridation of silicon by first growing a sacrificial SION layer
< 10% and then removing this layer before growing STO gate di-
Rt electrics. The experimental results show that the EOTs of
107k N,O pretreatment samples were 10%—24% lower than that
of the control samples, and the leakage current density was
10';0 35 20 45 50 585 s0 also reduced by 2 orders of magnitude at the positive bias.

The results imply that the incorporation of a certain amount
of nitrogen into the substrate surface may improve the inter-
FIG. 4. Plots of leakage current density vs EOT for typical and repeatedfacial properties due to the depression of the formation of the
spike-heating samples. interfacial layer during the high-temperature growth of STO

gate dielectrics. In addition, we have incorporated the

repeated-spike-heating method to grow STO gate dielectrics.
The experimental results show that this technique reduced

samples. Theoretical QM simulatiraccounting for the the interfacial trap states and the leakage current density by 1
quantum well corrections for the metal—insulator— order of magnitude compared to constant temperature depos-

semiconductor structure was also provided for comparisorit€d films.

We can observe that thé-V curve of the repeated-spike-  The authors acknowledge the financial support from
heating sample is very close to the theoretical curve, whilehe National Science Council of Republic of China under
the C-V curve of a typical sample shows obvious deviation.Contract No. NSC 90-2215-E009-100.
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