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Characteristics of the Fluorinated High-k
Inter-Poly Dielectrics

Chih-Ren Hsieh, Yung-Yu Chen, Kwung-Wen Lu, Gray Lin, and Jen-Chung Lou

Abstract—In this letter, the reliabilities and insulating charac-
teristics of the fluorinated aluminum oxide (Al2O3) and hafnium
oxide (HfO2) inter-poly dielectric (IPD) are studied for the first
time. Compared with the IPDs without fluorine incorporation, the
results clearly indicate that fluorine incorporation process is effec-
tive to improve the insulating characteristics of both the Al2O3

and HfO2 IPDs, mainly ascribed to the trap density reduction and
the smooth interface. Although HfO2 possesses higher dielectric
constant to increase the gate coupling ratio, the results apparently
indicate that the fluorine incorporation process is more effective
to improve the dielectric characteristics of the Al2O3 IPD than
the HfO2 IPD.

Index Terms—Al2O3, fluorine, HfO2.

I. INTRODUCTION

THE FLASH memory market has shown exponential in-
creases, particularly in the area of mass storage applica-

tion. In the coming decade, we will be required to provide
flash technology that is compatible with the read/write speed
of embedded dynamic random access memory and high non-
volatility. For the floating-gate flash memory, the inter-poly
dielectric (IPD) requires a high breakdown voltage and a low
leakage current to obtain better data retention [1], [2]. Incorpo-
rating alternative high dielectric constant (high-k) materials to
replace current oxide/nitride/oxide (ONO) IPD of the floating-
gate flash memories can be a way to increase the floating gate
capacitance without extending the cell area and complicating
the fabrication process while suppressing the charge loss [3],
[4]. However, direct deposition of high-k dielectrics without
interface treatments either on the polysilicon (Si) or on the Si
substrate would inevitably result in a poor interface between the
gate dielectrics and the poly-Si or between the gate dielectric
and the Si substrate due to undesirable interface reoxidation
[4], [5].

Recently, dielectric properties and device characteristics with
fluorine incorporated high-k gate stacks have been studied
comprehensively [6], [7]. Fluorine implantation prior to the gate
dielectric deposition can widely distribute fluorine atoms within
the high-k films, then recover interfacial dangling bonds and
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bulk oxygen vacancies during subsequent processes, which is
useful to reduce gate leakage current and to improve dielec-
tric reliabilities [8], [9]. Nevertheless, the effects of fluorine
incorporation within the high-k dielectric, serving as the IPD
of the floating-gate flash memory, are seldom investigated. In
this study, for the first time, the reliability characteristics of the
fluorinated high-k IPDs are studied in order to further enhance
the dielectric insulating properties.

II. EXPERIMENT

In the experiment, the n+-poly-Si/IPD/n+-poly-Si capacitors
were fabricated on 6-in p-type (100)-oriented silicon wafers.
Then, a 200-nm poly-Si gate was deposited on the buffer oxide
by a low-pressure chemical vapor deposition (LPCVD) system
using SiH4 gas at 620 ◦C and subsequently implanted with
phosphorous at 5 × 1015 cm−2, 20 keV to form the n+ poly-Si
bottom gate. Prior to the aluminum oxide (Al2O3) or hafnium
oxide (HfO2) dielectric deposition, the bottom gate was sub-
jected to fluorine ion (F+) implantation at 5 × 1013 cm−2,
10 keV (defined as AlOF and HfOF in the figures, respectively).
After conventional RCA cleaning and sequentially etching in
diluted hydrofluoric acid to remove particles and native oxides,
Al2O3 and HfO2 IPDs were then deposited by metal-organic
chemical vapor deposition with O2 gas at 500 ◦C followed by
postdeposition annealing at 900 ◦C and 600 ◦C in N2 ambient
for 30 s, respectively. Subsequently, a 200-nm n+ poly-Si
top gate was fabricated in the same way as the n+ poly-Si
bottom gate, followed by dopant activation with rapid thermal
annealing at 950 ◦C in N2 ambient for 30 s. After the gate stacks
were patterned, the 500-nm TEOS oxide passivation and the
Al metallization were defined.

The high-k IPDs without interface treatment (defined as AlO
and HfO in the figures) were also fabricated to evaluate the
impact of the fluorine incorporation. Scaled ONO IPD was
used as a reference. The ONO IPD consists of a 1.5–2-nm
thermally grown bottom oxide on the n+ poly-Si bottom gate
at 850 ◦C in an O2/N2 environment, a 4–9-nm LPCVD nitride
layer deposited on top at 700 ◦C using SiH2Cl2 and NH3 gases,
and lastly, a 1–1.5-nm top oxide formed by wet oxidation of
the nitride layer at 950 ◦C in an O2/H2 ambient. In addition,
the insulating characteristic of the ONO IPD with equivalent
oxide thickness (EOT) varying from 4–8 nm was extracted as
the trend line shown in the figures. EOT was obtained from the
high-frequency (100 kHz) capacitance–voltage measurement
using a Hewlett-Packard (HP) 4284 LCR meter. The electri-
cal properties and reliability characteristics of the inter-poly
capacitors were measured using an HP4156C semiconductor
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TABLE I
EXTRACTED DIELECTRIC CONSTANT (k) OF THE HIGH-k IPDs

Fig. 1. Low-field (3 MV/cm) current density of the fluorinated high-k IPDs
measured in (a) positive and (b) negative polarities.

parameter analyzer. The extracted k-value of the Al2O3 and
HfO2 IPDs was listed in Table I.

III. RESULTS AND DISCUSSIONS

Fig. 1 plots the leakage current density at a relatively low
electric field (3 MV/cm) for the fluorinated high-k IPDs mea-
sured in (a) positive and (b) negative polarities in order to
simulate the bias condition during data retention and to examine
the charge loss. Compared with the ONO IPD, both high-k
IPDs without interface treatment (AlO and HfO) can obviously
reduce leakage current density in both polarities at the same
EOT due to physically thicker thickness. Fluorine incorporation
can further reduce the leakage current greater than one order
of magnitude. Since a critical issue in the design criteria of
the stacked-gate flash memory is eliminating the leakage path
between the floating gate and the control gate to sustain charge
retention, flash memory with high-k IPD is expected to signifi-
cantly suppress charge loss more effectively than ONO IPD.

Breakdown voltage comparison between high-k IPDs and
ONO IPD is shown in Fig. 2. Compared with ONO IPD in
both polarities at similar EOT, the improvement of breakdown
voltage for Al2O3 IPD without fluorine incorporation can be
larger than 3 V, whereas the breakdown voltage for fluorinated
Al2O3 IPD can be further increased to larger than 4 V. However,
fluorine implantation process is ineffective in increasing the
breakdown voltage of the HfO2 IPD.

Directly deposited HfO2 IPD without interface treatment ex-
hibits extremely poor charge-to-breakdown (QBD) value than
ONO IPD, as shown in Fig. 3. Although the result indicates that
HfO2 IPD with fluorine incorporation can increase the QBD, the
extracted QBD of the fluorinated HfO2 IPD seems too small to
be implemented. On the other hand, Al2O3 IPD can obviously
increase the QBD. Fluorine incorporation within the Al2O3 IPD
can further improve the QBD in both polarities. The 63% failure

Fig. 2. Breakdown voltage comparison of the fluorinated high-k IPDs mea-
sured in (a) positive and (b) negative polarities.

Fig. 3. Comparison of 63% charge-to-breakdown failure rate of the fluori-
nated high-k IPDs under constant voltage stress in (a) positive and (b) negative
polarities.

QBD of the fluorinated Al2O3 IPD is larger than 2.1 C/cm2

in both polarities, which is much higher than the QBD of the
fluorinated HfO2 IPD.

Since the slope of the Weibull distribution is an important
factor in reliability calculation to extrapolate lifespan to differ-
ent percentiles, the Weibull slope (β) of the QBD distribution is
further extracted to examine the dielectric reliability as shown
in Fig. 4. Obviously, Al2O3 IPD exhibits much higher Weibull
slope than HfO2 and ONO IPD in both polarities. Fluorine
incorporation can be used to further tighten up the Weibull
slope of the Al2O3 IPD. Since higher and symmetric device
characteristics can contribute to further IPD scaling, the results
clearly demonstrate that the fluorinated Al2O3 IPD is more
effective to promote the device performance of the stacked-gate
flash memory.

The apparent dielectric characteristics improvement of the
fluorinated Al2O3 IPD can be partially ascribed to the dimin-
ishing of the dangling bonds and the oxygen vacancies with
fluorine atoms [6], [9]. Fluorine incorporation is effective to
replace low-k oxygen vacancies (vacuum) by the fluorine atoms
[9] and results in higher dielectric constant as shown in Table I.
For the Al2O3 IPD with fluorine incorporation, binding energy
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Fig. 4. Weibull slope of the charge-to-breakdown (QBD) distribution for the
fluorinated high-k IPDs under (a) positive and (b) negative stresses.

Fig. 5. XPS spectrum of the (a) Si2p and (b) Al2p signals for the fluorinated
Al2O3 IPD.

increment which is larger than 0.5 eV is obtained for both the
Si and the Al signals as shown in Fig. 5. The results clearly
indicate that fluorine incorporation is effective to terminate the
bulk oxygen vacancies and the interface dangling bonds, which
will create stronger Al–F and Si–F bonds within the fluorinated
Al2O3 IPD, respectively. Higher Si and Hf binding energy is
also detected for the HfO2 IPD with fluorine incorporation,
which forms stronger Hf–F and Si–F bonds within the fluori-
nated HfO2 IPD (not shown).

Moreover, the fluorinated high-k IPDs obviously reveal
polarity-dependent properties. The dielectrics stressed in posi-
tive polarity (electron injection from the poly-Si bottom gate)
clearly exhibit superior dielectric characteristics than those
stressed in negative polarity (electron injection from the poly-
Si top gate) as shown in Figs. 1–4. The polarity-dependent
dielectric properties of the fluorinated high-k IPDs can be
hypothetically explained by the surface roughness of the bottom
gate and the top gate. Fluorine implantation prior to the high-k
dielectrics deposition is believed to form hydrophobic Si–F
bonds during subsequent high-temperature dielectric deposition
and annealing, which is beneficial to the reduction of the
interfacial reoxidation and interface roughness [9]–[11]. This
also results in higher dielectric constant as shown in Table I.

A smoother interface is helpful in reducing the localized field,
which can also suppress trap density generation [4]. In con-
sequence, less trap density generation and smooth interface at
the bottom gate will inevitably contribute to superior dielectric
characteristics when the fluorinated high-k IPDs are stressed in
positive polarity.

IV. CONCLUSION

The leakage current density, breakdown voltage, QBD, and
Weibull slope have been compared between the fluorinated
high-k IPDs and ONO IPD in this letter. Fluorine incorpo-
ration process can be used to further improve the insulat-
ing characteristics of both high-k IPDs. Moreover, fluorinated
Al2O3 IPD clearly indicates the best dielectric characteristics
at similar EOT. Fluorination of the Al2O3 IPD can promote
the IPD characteristics more effectively than the fluorination
of the HfO2 IPD. The results undoubtedly demonstrate that the
fluorine incorporation process possesses higher potential to be
implemented for future stacked-gate flash memory application
due to the superior insulating properties.
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