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Abstract 
We systematically study the impact of ferroelectric-

phase formation annealing process on the MFIS interface 
of HfO2-based Si FeFETs. While high-temperature an-
nealing is favorable for activating the ferroelectricity, it 
forms an unintentional interfacial layer and significantly 
degrades the MFIS interface properties, resulting in de-
graded OFF current, memory window, S.S. value of 
FeFETs. As a solution to this temperature tradeoff, low 
annealing temperature of 400°C or lower is suggested for 
activating ferroelectricity in ALD-Hf0.5Zr0.5O2/Si FeFETs 
while assuring the satisfactory interface quality. 
 
1. Introduction 

Ferroelectric doped HfO2 as well as HfxZr1-xO2 com-
pounds are highly CMOS-compatible and promising as a gate 
insulator in ferroelectric-gate field-effect transistors 
(FeFETs) [1]. It is generally known that thermal annealing is 
necessary to stabilize the non-centrosymmetric orthorhombic 
phase, activating the ferroelectricity in such materials. Even 
though there are a large number of researches investigating 
the optimal annealing process for maximizing the ferroelec-
tricity [2,3], there is a lack of understanding of the appropriate 
annealing process when the ferroelectric layer is stacked on 
the semiconductor substrate as a FeFET gate insulator. As a 
result, the optimization of the annealing process becomes 
complicated as it will also affect the MFIS interface (MOS 
interface) properties of FeFETs [4]. In this work, we system-
atically investigate the impact of the ferroelectric-phase for-
mation annealing process on the TiN/ALD-Hf0.5Zr0.5O2/IL/Si 
MFIS interface (IL: interfacial layer) as well as the FeFET 
characteristics by studying a wide range of annealing temper-
atures, and discuss the process guideline for improving the 
performance of FeFETs.  
2. Sample Preparations 

We prepared ferroelectric devices with four configura-
tions: MFM, MFIS+ (highly-doped substrate), MFIS capaci-
tors (1015-cm-3 substrate), and FeFETs. The process flow is 
summarized in Fig. 1. Most processes, except device-specific 
processes in Fig. 1, were carried out simultaneously in a same 
chamber. After depositing Hr0.5Zr0.5O2 by ALD and TiN by 
sputtering, samples were annealed at 300, 400, 500, 600, and 
700°C for 30 s in N2 atmosphere. The samples without an-
nealing process were also prepared for reference. The TEM 
images of MFIS capacitors annealed at 400°C and 600°C in 
Fig. 2 indicate that the Hr0.5Zr0.5O2 layer is 10-nm thick and 
confirms that there is no change of the Hr0.5Zr0.5O2 thickness 
for different annealing conditions. The gate-last process was 
employed for fabricating FeFETs in order to avoid the influ-
ence of S/D activation annealing when we investigate the im-
pact of ferroelectric-phase formation annealing. 
   
2. Experimental Results 

Fig. 3 shows the P-V characteristics of MFM, MFIS+, and 
MFIS capacitors. As can be expected, the amount of switch-
ing polarization PSW (= Pr+ – Pr-, Fig. 4) in the MFM capaci-
tors is improved with increasing annealing temperature until 
700°C. No ferroelectricity is observed when the annealing 
temperature is below 300°C, implying that the ferroelectric 

phase in our ALD-Hf0.5Zr0.5O2 starts to crystallize from 
around 400°C. On the other hand, the MFIS+ capacitors ex-
hibit the opposite behavior, showing decreased PSW at high 
annealing temperature. This behavior is attributed to the un-
intentional formation of IL at the Hf0.5Zr0.5O2/Si interface af-
ter high temperature annealing as observed in the TEM im-
ages in Fig. 2. Since IL has much lower dielectric constant 
(~3.9) than Hf0.5Zr0.5O2 (~30), the formation of only thin IL 
can cause a large voltage drop and reduces the voltage across 
Hf0.5Zr0.5O2, hindering the polarization reversal. It is interest-
ing to note that ferroelectricity cannot be observed from P-V 
measurements on the MFIS capacitors having low-doped sub-
strates (Fig. 3(c)) due to the artifact from deep depletion in Si 
substrates during P-V measurements with fast voltage scan [5]. 

Fig. 5 shows the C-V characteristics of the MFIS capaci-
tors. The scanning voltage was chosen to be relatively small, 
±2 V, to minimize the effect of polarization-induced charge 
trapping [6] in the C-V analysis. The EOT shown in Fig. 6, 
estimated from the accumulated capacitance, decreases after 
annealed at 400°C due to the formation of high-k ferroelectric 
phase, and increases monotonically at elevated temperature 
over 400°C due to the IL formation. Fig. 7 shows the interface 
state density Dit estimated from the High-low method using 
the capacitances at 1 MHz and 1 kHz. It clearly shows that, 
although the low-temperature annealing helps decrease Dit 
existing at the interface with as-deposited films, annealing 
temperature over 500°C notably increases Dit. This can be ob-
served in the degraded steepness of the capacitance modula-
tion in the C-V characteristics of the MFIS capacitors an-
nealed at high temperature. The similar tendency of Dit and 
IL thickness implies that the increase of Dit could be related 
to the formation of unintentional IL.  

Fig. 8 shows the Id-Vg characteristics of FeFETs. As-de-
posited and 300°C-annealed FETs exhibit electron-trap hys-
teresis, consistent with the results of non-ferroelectricity from 
P-V measurements. FETs annealed at temperature from 
400°C exhibit the operation as FeFETs confirmed by ferroe-
lectric hysteresis. The memory window (MW) is summarized 
in Fig. 9. Annealing at low temperature of 400°C provides 
MW higher than 2.0 V with 10-nm-thick Hf0.5Zr0.5O2. Except 
for the 500°C FeFET whose MW slightly increases owing to 
thicker EOT, high-temperature annealing generally degrades 
the memory window because of lower PSW (Fig. 3(b)) as well 
as larger electron-trap hysteresis, caused by the poor interface, 
superimposed in MW [7]. Fig. 10 summarizes the S.S. values 
for forward and backward scans, showing that the poor MFIS 
interface in samples annealed at high temperature signifi-
cantly degrades the subthreshold characteristics. The OFF 
current is also found to be high in samples without annealing 
and with high annealing temperature, which is in agreement 
with the tendency of Dit. This is attributable to the recombi-
nation current at the MFIS interface that is in contact with the 
p-n junction depletion region.  

The above findings suggest that low temperature anneal-
ing is necessary to maintain the satisfactory MFIS interface 
quality. In other words, the optimal temperature would be 
close to the lower limit of crystallization temperature of the 
ferroelectric phase, which is 400°C in this study. Further low-
ering the crystallization temperature [8] would be an effective 
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approach to further improve the performance of FeFETs. 
 
3. Conclusions 
   We systematically investigate the impact of the annealing 
process on the MFIS interface properties of FeFETs. We have 
found the notable tradeoff between the ferroelectricity and the 
MFIS interface properties at elevated annealing temperature. 
This suggests that FeFETs should be prepared at annealing 
temperature as low as possible but still sufficient to form the 
ferroelectric phase to achieve high-performance FeFETs. 
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Fig. 1 Process flow of MFM, MFIS+, MFIS capacitors, and FeFET 

Fig. 3 P-V characteristics of (a) MFM, (b) MFIS+, and (c) MFIS capacitors an-
nealed at different temperatures. The leakage compensation has been performed. 

Fig. 5 C-V characteristics of MFIS capacitors 

Fig. 8 Id-Vg characteristics of FeFETs with L/W = 10/100 m  
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Fig. 7 Interface state density Dit estimated from the 
High-low method 

Fig. 9 Memory window of FeFETs 

Fig. 10 Subthreshold swing for forward and backward scans

-2 -1 0 1 2
0

0.5

1

1.5

2

-2 -1 0 1 2 -2 -1 0 1 2

1 MHz
100 kHz
10 kHz
1 kHz

0

0.5

1

1.5

2

C
ap

ac
it

an
ce

 (
F

/c
m

2 )

Voltage (V)

w/o anneal 300℃ 400℃

600℃ 700℃500℃

-2 -1 0 1 2 3 4
10-6
10-5
10-4
10-3
10-2
10-1
100
101
10-6
10-5
10-4
10-3
10-2
10-1
100
101

-1 0 1 2 3 4 -1 0 1 2 3 4

D
ra

in
 c

u
rr

en
t 

I d
(

A
)

Gate voltage Vg (V)

w/o
anneal 300℃ 400℃

600℃ 700℃500℃

p-Si substrate
(~1015 cm-3)

p-Si substrate
(~1020 cm-3)

S/D ion implantation
Activation annealing

TiN 16 nm

Back contact

S/D dry etching

TiN 16 nm by sputtering
PMA 300～700℃ 30 s, or no annealing

HF-last cleaning

Chemical IL 0.6 nm by SC2

Gate contact + Gate patterning

S/D patterning

M
F

M

M
F

IS
+

M
F

IS

F
e

F
E

T

HZO 10 nm by ALD at 300℃

S/D contact

0 0.1 0.2 0.3 0.4

w/o
300oC
400oC
500oC
600oC
700oC

1010

1011

1012

1013

Position from Ev (eV)

D
it
 (

eV
-1

c
m

-2
)

0

100

200

300
Forward
Backward

w/o 300 400 500 600 700S
.S

. (
m

V
/d

e
c

)

Annealing temperature (oC)

Fig. 6 EOT estimated from accumulated capacitance. 
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Fig. 2 TEM images of MFIS structures after annealing at 
(a) 400°C and (b) 600°C 
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