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Effect of Al Inclusion in HfO, on the Physical and
Electrical Properties of the Dielectrics

W. J. Zhu, T. Tamagawalember, IEEEM. Gibson, T. Furukawa, and T. P. Miellow, IEEE

Abstract—This letter presents the effect of Al inclusion in HfO,
on the crystallization temperature, leakage current, band gap, di- HfO,, ~80nm
electric constant, and border traps. It has been found that the crys-
tallization temperature is significantly increased by adding Al into
the HfO, film. With an addition of 31.7% Al, the crystallization
temperature is about 400°C-500°C higher than that without Al
This additional Al also results an increase of the band gap of the di-
electric from 5.8 eV for HfO, without Al to 6.5 eV for HfAIO with
45.5% Al and a reduced dielectric constant from 19.6 for HfG
without Al to 7.4 for Al ;O3 without Hf. Considering the tradeoff
among the crystallization temperature, band gap, and dielectric
constant, we have concluded that the optimum Al concentration
is about 30% for conventional self-aligned CMOS gate processing 0 T T .

technology.
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lization, dielectric constant, hafnium oxide, high-k dielectrics. Fig. 1. XRD of HfO, after various PDA temperatures.

. INTRODUCTION crystallization on the leakage current and the effect of Al-in-

CCORDING to the International Technology Roadmagorporation on the band gap and border traps of the,Hile
for Semiconductors (ITRS), the gate dielectric needs to Bée also discussed.
scaled down below 1.2 nm for 100-nm node CMOS technology
and beyond [1] and the viability of SiQwill face severe chal- II. EXPERIMENTAL
lenges [2]. Therefore, high-k dielectrics are being pursued as ) . . .
possible replacements for SiOAmong these dielectrics, H{O . HfO, and HIAIO films were deposited by jet vapor deposi-

appears promising due to its relatively high dielectric constan)n (JVD) [8] at room temperature on Si substrat_es. _The Hi
(~ 25) as compared to §il, and AbO; [3], its relatively high vapor and Al vapor were generated by dc sputtering in sepa-

free energy of reaction with Si (47.6 kcal/mole at 723) as rate nozzles. The metal vapors ang ere brought out of the

compared to Ti@and TaO; [4] and its relatively high band gap source nozzles by supersonic Ar jets. The physical thicknesses

(~ 5.8 eV) among its high-k contenders [5]. However, the cryg—f the HfO, and HfAIO films are about 3 nm for MOS capacitors

tallization temperature of HfQis quite low, which restricts the ang a:? aboutt80 nm for the X-rfxrﬂlﬁractlfg (XR?[_)’ band galp,
thermal budget after its deposition to avoid the higher leaka elipsometry measurement. The post deposition annealing

current and lateral nonuniformity associated with grain boun _I?:‘) V\r/]as pberfo_:_r:]]ed N blf?r 2 {mn ina :ap|d thgrgwfal anc%ggl
aries. Hf-silicate has been reported as a promising material SO%SCar;t er. The adr1nea;r|1ngt empl)erfl udre varc;eAI rom q
high crystallization temperature [6], [7]. However, the dielectri 0 - Ftwas used as the top electrode an was used as

constants of silicates are usually less than 15 and therefore t ?/baCkS'de contact for the MOS capacitors.
may face the same scaling challenge agl
This letter shows that the crystallization temperature of HfO [ll. RESULTS AND DISCUSSION

can be increased significantly by adding Al in the film whiley Effect of Crystallization on Leakage Current

keeping the dielectric constant higher than 15. The effect of _ )
Fig. 1 shows the XRD patterns of 80 nm of Hf@rith var-

ious PDA temperatures. It can be seen that the (110) crystalline
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Fig. 2. Gate leakage currents of Hf(HfAIO with ~ 6.8% of Al and HfAIO

with ~ 31.7% of Al, as functions of PDA temperature. The EOTs of these films ~
are shown in Fig. 3. 8 1400 IlIfAlOI %0 'm'§ T T——T— 24
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B. Effect of Al Inclusion in HfQFilm on the Crystallization = T 55 12 &
Temperature of the Dielectric % 1000 £ 50 o 20 @0 2

To raise the crystallization temperature, Al was added in & 1 Al Percentage (%)) 16 C:J

the deposition process to form HfAIO films. Fig. 4 shows the £ =
crystallization temperature of HfOor HfAIO as a function "é 500 1m g
of Al atom percentage (A6 = Na;/[Na; + Nu¢]). The Al = - g
percentage is measured by XPS. It can be seen that the crystal- £ 400 18
lization temperature increases monotonically from 3Z5for 5’ : . : . . ,
HfO, to 1000°C for HfAIO with 45.5% Al. This is probably 20 0 20 40 60 30 100
because the Al acts as a network modifier and stabilizes the Al Percentage (%)

amorphous phase of the metal oxides. 4 liza o € HEAIG 4 functi
s . . 9. 4. rysta ization temperature, ielectric constant o as functions
The addition of Al a's‘? causes a correspondlng InCreaglgAl percentage. The inset shows the band gap of HfAIO as a function of Al
of the temperature at which the peak gate current occurs,pagentage.

shown in Fig. 2, where the leakage current for MOS capacitors
with ~ 1.1 nm equivalent oxide thickness (EOT) of HfO 08
measured al/; — Vg, = —1 V, is plotted as a function of
PDA temperature from 300C to 800°C. The temperature
corresponding to the peak leakage current-is00°C for

HfO5, ~ 700°C for HfAIO with ~ 6.8% of Al, and estimated

to be well above 800C for HfAIO with ~ 31.7% of Al.
Similarly, the onset of rising leakage current is probably due to
crystallization of the film, causing increased leakage through
grain boundaries; the subsequent current decrease is due to the

—.— HfO2
—A— HfAIO with 6.8% Al
—O— HfAIO with 31.7% Al

As-deposited

Annealed

Hiysteresis (V)
>
w

growth of SiG, at higher temperatures, as shown in Fig. 3. The o

growth of the SiQ layer is probably due to the residual, O 0.0 S
in the RTA chamber that diffuses through the Hfér HfAIO 0 200 400 600 800
film and react with the Si substrate to form the interfacial PDA temperature (°C)

layer. It is worth noting that the EOT of the HfAIO film with ' _ _

~ 31.7% of Al is thinner than that of either the HfOor the Zlngd Eff Alg_v\\;tﬂygﬁﬁ/i'il‘for capacitors made of HfGIfAIO with 6.8% Al,
HfAIO film with ~ 6.8% of Al, as shown in Fig. 3. As a

result, the leakage currents for the HfAIO films with 31.7%

Al are also generally higher than the other two. Another thirfg: Effect of Al Inclusion in Hf@ Film on Band Gap of the

to be pointed out is that the leakage current decreases wiiglectric

increasing annealing temperature for temperatures below 500 he band gap is measured by n and k analyzer [9] on the thick
°C, especially for HfAIO with 31.7% Al. We believe this isfilms of ~ 80 nm. As shown in the inset of Fig. 4, Al incor-
due to the decreased trap density with increasing annealipgrated in the Hf@ film induced an increase of band gap from
temperature, as reflected in the reduced hysteresis for sampéseV for HfO, without Al to 6.5 eV for HFAIO with 45.5% Al,
annealed at higher temperatures, as shown in Fig. 5. which is consistent with the large band gap of®@} (8.1 eV)
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[10]. Since the tunneling current can be reduced exponentialigation temperature from 375 for HfO, without Al to 1000
as the band offset of the dielectric increases, this increased ba@dor HFAIO with 45.5% Al. This additional Al also results in

gap is another advantage of the Al-incorporated film.

an increase of the band gap from 5.8 eV for KHf@ithout Al

to 6.5 eV for HfAIO with 45.5% Al and a decrease of dielec-
D. Effect of Al Inclusion in Hf@ Film on Dielectric Constant tric constant from 19.6 for Hf@to 7.4 for ALO5. Considering
The dielectric constant is determined on films of 80 nrife tradeoff among the crystallization temperature, band gap,
in thickness, by measuring the physical thickness with end dielectric constant, we have concluded that the optimum Al
lipsometry and the electrical thickness from the capacitang@ncentration is about 30% for conventional self-aligned CMOS
in strong accumulation measured at 100 kHz. As shown @gte processing technology.

Fig. 4, the dielectric constant of the film decrease from 19.6
for HfO4 without Al to 7.4 for AL Os. If the dielectric constant
is required to be higher than 15, then it will limit the Al

W.
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percentage to be less than 30%.It should be noted that the \ya40n Research Center at IBM Corporation for the band gap
dielectric constants reported in Fig. 4 are the effective d'eleCtWFeasurement

constants that include the effects of the high-k films and the
interfacial layers, which are lower than that of a single high-k
layer, although the dielectric constant value for Hf@e report

here is very close to that reported by Gusev at IBM [11]. (1]

2
E. Effect of Al Inclusion on Hysteresis of the 2
Capacitance—\oltage (C-V) Characteristics -

The capacitance—voltage (C-V) hysteresis of capacitors made
of HfO, and HfAIO with various Al concentrations are shown )
in Fig. 5. It can be seen that, for as-deposited sample, the hys-
teresis for the HfAIO sample is much smaller than that for the
HfO, sample, indicating that the former has much fewer border!®I
traps. The reason for this is not yet clear. After annealing4n N
at 300°C and above, the hysterisis decreases dramatically angb]
becomes less than 50 mV when the temperature is higher than
500°C for both HfG, and HfAIO, probably due to the removal 7]
of some dangling bands near the interface. Although it is not yet
confirmed, we suspect that the large hysterisis for as-deposited
films may be due to the radiation damage during the e—bearqs]
evaporation of the Pt gate. o

IV. SUMMARY

The effect of Al inclusion in HfQ film on the crystalliza- [10]
tion temperature, leakage current, band gap, dielectric constant,
and C-V hysterisis have been studied. It has been found that tife!]
crystallization of HfQ could result in significant increase of
the leakage current. Al inclusion in HfOncreases the crystal-
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