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Abstract— In this paper, we report the effects of thermal 

annealing on Poly(methyl methacrylate) (PMMA) passivated, 

bottom gate thin film transistors, with amorphous hafnium 

oxide (HfO2) as gate dielectric and amorphous hafnium-

indium-zinc oxide (a-HIZO) as semiconductor, fabricated at 

temperatures below 200 oC. It is shown that TFTs, with VTH 

=0.55 V, µµµµFE>250 cm2/Vs, SS=200 mV/dec corresponding to 

Dit= 1x1012 cm-2eV-1 and Ion/Ioff>107, can be obtained, using a 

thermal annealing at 200 oC in N2, after the semiconductor 

layer is deposited. The dielectric constant of the HfO2 layer 

deposited by RF sputtering was 19.5, allowing devices to work 

within the operating voltage range of 2 V. An important 

increase of the field effect mobility is obtained, combining a 

high-k gate dielectric and a high carrier concentration a-

HIZO layer, with a lower density of localized states. 

 
Index Terms—Low temperature AOSTFT process, 

passivated a-HIZO TFTs, HfO2 gate dielectric, density of 

states, interface trap density. 

I. INTRODUCTION 

Amorphous oxide semiconductor thin film transistors 
(AOSTFTs) exhibit several important device characteristics 
that distinguish them from other amorphous TFTs, as 
hydrogeneted amorphous silicon (a-Si:H) or organic TFTs. 
The conduction mechanisms are different, allowing high 
values of field effect mobility (µFET). Their optical 
transparency in the visible-light range is above 80 % and 
their stability under bias and light stress is acceptable for 
many applications. Their processing temperature is below 
450 oC, with lower fabrication costs [1]-[3]. At present, 
these devices are widely used in active-matrix organic light 
emitting diode (AMOLED) displays [4]-[6], while other 
digital and analog applications are appearing [7], [8].  

Many amorphous metal oxide semiconductors (AMOS) 
have been studied as the active layer of AOSTFTs, [1], [9]-
[12], but the most commonly used one is the amorphous 
Indium-Gallium-Zinc-Oxide (a-IGZO) [3,9]. Among other 
AMOS, amorphous Hafnium-Indium-Zinc-Oxide (a-HIZO) 
provides more stable devices under bias and light stress 
compared to a-IGZO, due to a more stable binding of 
hafnium ions with oxygen, compared to gallium ones, [10]-
[12].  

Despite the significant performance already obtained for 
AOSTFTs, efforts to further improve their performance 
have been focused on increasing mobility [13]-[16], as well 
as on reducing the voltage operating range, among other 
aspects. 

The reduction of the operating voltage range is obtained 
by using high-k insulators [13]. Mobility values above 60 
cm2/Vs have been reported for a-IGZO TFTs with hafnium 
oxide (HfO2) as dielectric layer, operating in the voltage 
range up to 2 V [14]. Using a-IZO as the semiconductor 
layer, mobility values above 116 cm2/Vs have been 
reported, even when the gate dielectric was sillicon oxide 
(SiOx) [15]. In [16], authors reported mobility values above 
300 cm2/Vs, after a meticuluous selection of the materials 
and processing conditions.  

Another effort to improve device characteristics involves 
the study of thermal annealing (TA) conditions, since the 
density of localized states (DOS) in the oxide 
semiconductor layer and the characteristics of the 
dielectric/semiconductor interface are sensitive to the 
annealing temperature and the atmosphere. The effects of 
the TA also depend on the device structure and materials 
used [17]-[22].  

Thermal annealing processes of a-IGZO TFTs are 
usually carried out at temperatures ≤300 oC to guarantee the 
required reduction of the density of localized states at the 
dielectric/semiconductor interface, as well as in the gap of 
the semiconductor layer (DOS) [17]-[20]. In [19], the 
combined effect of plasma and thermal annealing was 
analized. However, not all flexible substrates can suport 
these temperatures without damage [18]. For this reason, 
the study of the effects of annealing at temperatures ≤200 
oC is important. 

In this paper, we analyze the effects of thermal annealing 
at 150 oC and 200 oC, performed at different moments of 
the fabrication process, on the gap density of states (DOS), 
on the interface trap density, as well as on device 
performance of the analyzed devices. Devices were bottom 

gate, passivated, thin film transistors, using amorphous 
HfO2 as gate dielectric, a-HIZO as semiconductor and 
molybdenum (Mo) as gate (G), drain (D) and source (S) 
contacts. The a-HIZO, HfO2 and Mo layers were deposited 
by magnetron sputtering at room temperature (RT). 
Poly(methyl methacrylate) (PMMA) was used as etch stop 
and passivation layer (ESL), and deposited by spin coating. 
The effects of using N2 or O2 ambient are also investigated. 
As far as we know, there are no previous studies on the 
effects of TA below 200 oC, for magnetron sputtered 
HfO2/a-HIZO TFTs. 

Limiting the processing temperature is important also for 
our fabrication process, since the PMMA layer used as 
ESL, starts to degrade at temperatures above 150 oC. 
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II. EXPERIMENTAL DETAILS  

The basic fabrication process of the analized AOSTFTs 
included the following steps: 1) A 150 nm thick (Mo) layer 
was deposited on glass substrate and patterned to define the 
gate contact; 2) Deposition of 150 nm of HfO2 as gate 
dielectric, by RF magnetron sputtering at RT, using a HfO2 
target (purity 99.999%) at argon (Ar) pressure of 20 mTorr; 
3) Deposition of a 36 nm thick a-HIZO layer by RF 
magnetron sputtering, using a HfO2:In2O3:ZnO target with 
99.999% purity and composition of 0.3:1:1 mol%; 4) 
Photolitography and wet etching of the a-HIZO layer 
followed by another photolitography and etching to open 
vias through the gate dielectric, using reactive ion etching 
(RIE) with a tetrafluoromethane plasma; 5) Deposition of 
400 nm of PMMA followed by a photolithographic process 
and etching in oxygen plasma to open Source/Drain (S/D) 
vias through the ESL; 6) Deposition of a 250 nm thick Mo 
layer followed by a photolithographic process and etching, 
to define S and D contacts and top connection to bottom G 
contact. The analysis of a similar structure without thermal 
annealing was reported in [23]. Prior to each deposition 
process, the vacuum chamber was evacuated to a base 
pressure lower than 2x10−5 Torr. The cross section of the 
device structure is shown in Fig.1.  

The analized thermal annealing processes were:  
1) Final thermal annealing (FTA) at 150 oC in N2 for 20 

min; 
2) Thermal annealing TA1 at 200 oC for 20 min, after 

depositing the HfO2 layer; 
3) Thermal annealing TA2 at 200 oC for 20 min, after 

depositing the a-HIZO semiconductor layer. 
To analyze the effects of the annealing gas, TA1 and 

TA2 were done either in nitrogen (N2) or in oxygen (O2) 
atmosphere.  

Fabricated devices included Thin Film Transistors 
(TFTs), as well as Metal-Insulator-Metal (MIM) and Metal-
Insulator Semiconductor (MIS) capacitors. MIM and MIS 
structures were used to obtain the relative dielectric 
constant of the gate insulator (ki) and the carrier 
concentration (ND) of the a-HIZO from capacitance-voltage 
(C-V) measurements: 
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Fig.1 Cross-section of the TFT structure. 

 

where SL is the slope of the curve 
���

���
���� , A is the area of the 

capacitor, ks is the relative dielectric constant of the 
semiconductor layer and εo is the dielectric constant of 
vaccum. 

The lateral size of MIM and MIS square capacitors 
ranged from 100 to 300 µm per side.  

The channel width (W) of the TFTs was 150 µm and the 
channel length (L) was varied from 20 to 60 µm. 

The drain current IDS in the above threshold linear 
regime, can be expressed as: 
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where Rs is the series resistance, Ci is gate dielectric 
capacitance per unit area, VTH is the threshold voltage and 
μFE  is the field effect mobility. Finally, VGS and VDS are the 
voltages from sorce to gate and drain, respectively. 

The values of VTH  and μFE  for MOSFETs can be 
extracted using different methodolgies e.g., from the 

MOSFET conductance )� � *%�
�%� using the expression:  
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In this work, the values of VTH  and μFE were extracted 

using the  procedure of the Universal Model and Extraction 
Method (UMEM). The expression for the dependence of 
μFE with VGS, specific for amorphous TFTs, is [24]:  

 +,- � +& 01	 2 034$�5 ,             (4) 
 

where µ1 is the value of mobility when  01	 2 034$ � 1 
and γa is the mobility parameter.  

The on resistance (Ron) was obtained from the output 
characteristic for VGS=2 V.  

In  the subthreshold region of operation, two parameters 
were extracted, SS and Dit. The subthreshold slope (SS) is 
determined in the deep subthehold region of the semilog 
plot of the linear transfer characteristic. 

The interface trap density (Dit), at the interface between 
the gate dielectric and the HIZO layer, was determined 
using the expresion: 
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where kB, q and T are the Boltzmann’s constant, electron 
charge and absolute temperature, respectively. 

Capacitance-voltage characteristics of MIM and MIS 
capacitors were measured with the LCR meter model 
4980A, from Agilent. The current-voltage (I-V) curves of 
the devices were obtained, using a Keithley measurement 
system. C-V and I-V measurements were done in dark and 
environmental conditions, inside a shielded box. The 
thickness of all layers were measured by L2W16S633.830 
ellipsometer from Gaerthner Scientific Corporation. 
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III. RESULTS AND DISCUSSION 

Fig. 2 shows the X-ray diffraction patterns of RF sput-
tered HfO2 and a-HIZO layers. This confirms that both ma-
terials are amorphous because these do not produce sharp 
diffraction peaks. 

Fig. 3 shows the output characteristics and Fig. 4 the 
linear transfer characteristics of devices with different TA 
processes. The efffects of these TA processes on device 
electrical parameters VTH, µFE, SS, Dit, on and off currents 
ratio (Ion/Ioff), ND and Ron are shown in Table 1, as well as 
the value of ki parameter. 

First, as seen in Fig. 3 a, b and c, the voltage operating 
range reduces up to 2 V, as was expected by using a high-k 
gate dielectric.  

The value of VTH was 0.5 V for devices with TA2 or 
FTA. The value of µFE increases for all thermally annealed 
devices regarding to non-annealed, with the maximum 
values observed after TA2 in N2. The smallest value of Ron 

was obtained after TA2 in N2, since the conductivity of the 
semiconductor layer increased, (see ND value in Table I) 
and the density of localized states was the smallest, see 
Table II.  

Table I also shows that the value of the relative dielectric 
constant of the HfO2 increased from 14.5 to 19.5, while the 
value of ND also experimented a slight increase. It is im-
portant to remark that the value of ki increased in all 
devices annealed at 200 oC, except when the TA was done 
in O2 before depositing the HIZO layer. 

Values of ki around 15 for non-annealed devices have 
been reported, and it varies accordinig to different 
deposition methods [25]. This also depends on 
measurement frequency [26]. The increase of ki after TA, 
has been previously observed, and it is related to the 
reduction of structural and chemical defects in the bulk of 
the HfO2 [27]. In [14], a similar value of ki=19 for a HfO2 
has also been reported. 

We observed an exception in the behavior of ki after 
TA1 in O2. which can be explained by the formation of a 
thin interfacial layer between the HfO2 and the HIZO 
layers. This can occur, because the oxygen atoms that 
remain adsorbed on the HfO2 layer, after TA1 in O2, can 
interact with the a-HIZO layer at the beginning of its 
deposition, forming an interfacial layer that does not 
contribute to improve the HfO2 quality, therefore, the ki 
value does not increase.  

In Table 1, it is also shown that SS, Dit, and VTH values 
practically were the same for devices after FTA and after 
TA2 in N2, indicating that a reduction of the localized inter-
face states is already achieved at 150 oC. For non-annealed 
devices, Dit is higher, which is consistent with a smaller 
value of VTH produced by an increase of negatively charged 
interface traps. For devices with TA2 in O2, again Dit in-
crease, and VTH is smaller. The Ion/Ioff currents ratio 
increased after TA2 at 200 oC, but it is high enough, even 
after FTA at 150 oC.  

After different TA processes, the mobility behavior can 
be explained by considering the behavior of several parame- 
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Fig. 2 X-ray diffractogram for deposited HfO2 and HIZO layers. 
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Fig. 3 IDS-VDS output characteristics of devices with L=30 and W=150 a) 

non annealed and with FTA in N2 at 150 oC; b) with TA2 in N2 at 200 oC, 

after depositing the HIZO layer; c) with TA2 in O2 at 200 oC, after deposit-

ing the HIZO layer. 
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Table I. Main electrical parameters for the different thermal annealing. 
Annealing 

process 
ki VTH 

[V] 

µFE 
[cm2/Vs] 

SS 

[mV/dec] 
Dit 

[cm-2eV-1] 
Ion/Ioff ND 

[cm-3] 
Ron 

[kΩ] 
Non annealed 14.5 0.33 66 440 3x1012 9x106 1.2x1017 32.2 

FTA, 150 °C, N2 14.5 0.5 180 200 1.7x1012 1.5x107 1.2x1017 9.1 
TA2, 200 °C, N2 19.5 0.54 279 200 1x1012 3x107 8.5x1017 4.3 
TA2, 200 °C, O2 19.5 0.34 134 200 2.7x1012 3x105 8.5x1017 18.8 

 

Table II. Calculated parameters for DOS in the semiconductor layer. 

TA process 
gato 

[cm-3eV-1] 
TT 

[K] 

Ea 

[meV] 
Non annealed 2.8x1019 729 63 

FTA, 150 OC, N2 0.9 x1019 394 34 
TA2, 200 OC, N2 0.3 x1019 396 34 
TA2, 200 OC, O2  3.2x1019 675 58 

 
ters shown in Tables I and II. For non-annealed devices, µFE 

showed a similar value as that reported in [14] for non-an-
nealed TFTs, using HfO2 as gate dielectric and IGZO as 
semiconductor. 

After FTA, µFE increased around 3 times in our fabri-
cated devices. However, comparing the µFE of TFTs with 
FTA at 150 °C and those with TA2 at 200 °C in N2, for the 
last ones the µFE still significantly increased. Additionally, 
the difference between Fig. 3a and 3b indicates that temper-
ature increase in the TA process yields an important effect 
on this characteristic parameter. 

It is well documented that µFE in AOSTFTs depends on 
the relative dielectric constant of the gate dielectric, on the 
density of interface traps, on the carrier concentration of the 
AMOS, on the series resistance at the D and S contacts, and 
on the of density of states distributed in the semiconductor 
gap (DOS) [13]-[16]. 

Table II shows the three main parameters of this DOS, 
which are: the value of the localized acceptor trap density at 
the conduction band energy (gato), the characteristic temper-
ature of the tail localized states (TT) and their characteristic 
energy (Ea), considering a semi-logarithmic dependence 
with energy of the DOS [29,30].  

As shown in Tables I and II, the values of ki and ND are 
the same for non-annealed and after FTA at 150°C devices. 
However, an important reduction of (gato) and TT 
parameters is observed, which can be the cause of µFE 
increase.  

After TA2 in N2, ki and ND increased. The increase of 
charge concentration in a-HIZO layers, deposited by RF 
sputtering and after a TA process, has been reported previ-
ously and it can be attributed to the formation of oxygen va-
cancies that contribute to the carrier conduction in these 
materials, which occurs at temperatures above 200 oC [10].  

At the same time, gato and TT further reduced and the 
characteristic temperature TT or Ea energy also significantly 
reduced. After TA2 at 200 oC, the values of gato and TT are 
below 1019 cm-3eV-1 and 400 K, respectively, which are 
lower than those typicaly reported for IGZO TFTs [30]. 
Moreover, the increase observed in the µFE of our devices, 
with respect to devices with FTA, is consistent with the 
combined effect of these factors. 

It is worth to mention, that the drain current of 
amorphous TFTs can decrease with temperature, when gato 

and TT become less than 6x1018 cm-3eV-1 and 400 K, 
respectively, [31]. We called this effect a crytalline-like 
behavior, and it is possible because the conduction 
mechanisms in AOSTFTs can be multiple trapping, 
percolation, or even conduction in extended states [32]. If 
conditions are appropriated for this later to became 
predominant, the amorphous TFT can show what we call a 
crystalline-like behavior, which produces an important 
increase in µFE. 

For devices annealed with TA2 in O2, the value of gato is 
in the same order as for a-HIZO layers non-anealed, while 
TT is slightly smaller, so the effect of the DOS, should be 
similar to that for non-annealed devices.  However, Ron is 
smaller than for non-annealed devices, although higher than 
when TA is done in N2, probably due to the presence of 
adsorbed oxygen at the surface of the a-HIZO layer before 
the metal deposition of D and S. The combination of these 
effects produces mobility values higher than the µFE of non-
annealed devices, but still smaller than those obtained with 
other TA, as shown in Table I. 

It is worth to remark that, Ron is related to the total re-
sistance of the device, which includes channel and series re-
sistance. In our devices, we used the transmission-line 
method (TLM), to determine their channel and series re-
sistance [28]. First, it was confirmed that the series 
resistance (RS) was lesser than the channel resistance (Rch) 
for all channel lengths. For a device with TA2 in N2, 
RS=689 Ω and the Rch was around 4 kΩ, for VGS=2 V, 
obtaining a total resistance of 4.7 kΩ, which is consistent 
with the Ron value of 4.3 kΩ for the same VGS=2 V, shown 
in Table I.  

In summary, the important increase obtained for the field 
effect mobility becomes possible by combining a high-k 
dielectric, a relatively high carrier concentration in the 
amorphous semiconductor, a low series resistance at the 
metal contacts and a low interface trap density, as well as a 
very low density of localized states with low characteristic 
energy in the a-HIZO layer. These whole conditions allow 
that carrier conduction at the conduction band becomes 
predominant (a cristalline-like behavior), which can be 
obtained even in fabrication processes, where temperature 
is below 200 oC. 

Finally, as can be seen in Fig. 4, the semilog plot of the 
linear transfer characteristic is shown for devices being 
measured with a VGS swept from −2 V to +2 V, and 
viceversa. The values of SS and Dit in Table I correspond to 
the experimental curves swept from −2 to 2 V. It is seen 
that, the annealing at 150 °C or 200 oC produces a similar 
effect on linear transfer characteristic. The observed 
hysteresis loop is around 1.1 V and the shift of the curve is 
toward more negative values of VGS, which indicates that in- 
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Fig. 4 Linear transfer characteristics and gate current for devices with 
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terface traps are charged negatively, when a positive bias is 
applied. Moreover, the curve shift is not strictly parallel, 
when seeping in both votage direction. In non-annealed 
devices, Dit and SS were the highest, but the observed IV 
curve shift practically was parallel, as we reported in [23]. 
The reduction of SS after positive bias stress in devices with 
FTA or TA2, can be due to the polarizability of the high-k 
dielectric, since, as the dielectric constant of materials is 
higher, their polarizability is also higher. In this last case, 
when a positive gate voltage is applied, the orientation of 
the dipoles can reduce the effect of the interface charge, 
which depends on the applied gate voltage. 

IV. CONCLUSIONS 

In this work, we investigated the influence on the density 
of states and on the device characteristics, of thermal 
annealing at 150 oC, in N2, and at 200 oC in N2 or O2, at 
different stages of the AOSTFTs fabrication proces, using 
HfO2 as dielectric and amorphous HIZO as semiconductor. 
It was shown, that PMMA passivated, bottom gate HfO2/a-
HIZO TFTs, can be obtained with VTH=0.55 V, µFE>250 
cm2/Vs, SS=200 mV/dec corresponding to Dit=1x1012 cm-

2eV-1 and Ion/Ioff >107, using a thermal annealing in N2 with 
a temperature as low as 200 °C, after the semiconductor 
layer deposition. The dielectric constant of the HfO2 layer 
deposited by RF sputtering was 19.5, allowing TFTs 
operate within the voltage range of 2 V. At the same time, a 
low  density of localized states in the a-HIZO layer, in the 
order of 3x1018 cm-3eV-1 was obtained, with a low  

characteristic energy of 34 meV, allowing carrier 
conduction in the conduction band to become the 
predominant conduction mechanism. An important increase 
of the field effect mobility was obtained by combining a 
high-k dielectric, a relatively high carrier concentration in 
the amorphous semiconductor, a low series resistance at the 
metal contacts and a low interface trap density, as well as, a 
low density of localized states with low characteristic 
energy in the a-HIZO layer. Results suggest the potential 
use of these devices in high performance/low voltage 
applications. 
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