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Abstract: By introducing the differential-pressure-
type deposition chamber, the high quality Er2O3 di-
electrics were deposited on 2D channel at the room 
temperature at different PO2 condition. We demon-
strate the top gate capacitance of 1.14 F/cm2 by an-
alyzing the I-V data for dual-gate graphene FET. 

  
1. Introduction 

The high-k gate stack formation on 2 dimensional 
(2D) layered channels is often formed by atomic layer 
deposition (ALD) with the assistance of buffer layers 
[1-3]. However, there are two major problems. First, the 
quality of ALD high-k film is substantially degraded 
due to the low quality of the buffer layers. Second, the 
substrate temperature in ALD is generally increased to 
200 °C in the oxidant vapor environment. This deposi-
tion condition cannot be applied to vulnerable 2D mate-
rials typically with low melting points. Alternatively, 
we have fabricated the high quality Y2O3 on graphene 
by the thermal deposition of rare earth Y metal under 
the controlled oxygen partial pressure (PO2) and subse-
quent high pressure O2 annealing at 300 C [4]. Alt-
hough this Y2O3 film showed superior dielectric break-
down behavior > 1 V/nm, it suffered from the high sur-
face roughness because the high deposition rate of ~5 
nm/s was necessary to avoid the oxidation of the Y feed 
metal. 

In this study, we have introduced differential-pres-
sure-type deposition chamber, in which the feed source 
and the deposition chambers are separated by an aper-
ture of  = 5 mm and can be evacuated independently, 
as shown in Fig 1. In this study, by controlling the dep-
osition condition such as deposition rate, PO2 and tem-
perature, the insulator properties are evaluated by the I-
V measurement. 
 
2. Optimization of deposition condition on Si 

In this study, Er2O3 with k = ~13 was selected as high-
k insulator instead of Y2O3 because the feed source tem-
perature can be kept low by its higher vapor pressure. 
When PO2 in the deposition chamber was adjusted to 10-

2 Pa, PO2 in the feed source chamber could be main-
tained below 10-5 Pa. Because of high vacuum condition 
in the feed source chamber, the deposition rate of ~0.04 
Å/s was achieved at 1080 °C. To optimize the deposi-
tion condition, Er2O3 with 10 nm in thickness was de-
posited on p-Si substrate at different PO2 and at the room 
temperature (RT). The thickness of Er2O3 film was de-
termined by the grazing incidence X-ray reflectivity 

measurement. Then, MOS capacitor structure with Au 
top and Al bottom electrodes were fabricated for the 
electrical measurement. 

Figure 2 shows the breakdown field obtained by I-V 
measurement and the dielectric constant estimated by 
C-V measurement for the range of 10-5 ≤ PO2 ≤ 10-1 Pa. 
The former gradually increases with increasing PO2, 
while the latter clearly shows the maximum at PO2 = 10-

2 Pa, which is higher than that for Y2O3. Furthermore, 
the maximum PO2 also shifts to low pressure region. 
These results suggest that the film quality is improved 
by the lower deposition rate. 

 
3. Characterization of Er2O3 on graphene 

Next, in order to demonstrate the top gate Er2O3 gate 
stack formation on graphene, monolayer graphene back 
gate field effect transistors on SiO2 (90 nm)/n+-Si sub-
strate are fabricated by the mechanical exfoliation of 
Kish graphite. Then, Er2O3 with the typical thickness of 
3-7 nm was deposited on graphene at the optimized con-
dition at PO2 = 10-2 Pa. Finally, Al top electrode was 

 
  

Fig. 1 Differential-pressure-type deposition chamber. 

Fig. 2 Breakdown field and dielectric constant vs PO2. 
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formed. 
First of all, the surface roughness of Er2O3 with 6 nm 

thickness on bulk graphite was confirmed to be RMS < 
0.1 nm. This is much flatter than that of SiO2 surface 
(RMS = ~0.2 nm) because of the low deposition rate. 

Figure 3 shows the ID-VTG transfer characteristics of 
graphene FET with 3.6-nm Er2O3 top gate insulator. 
Clear ambipolar behavior is observed. The inset shows 
the trace of Dirac point observed at different VBG, where 
the slope corresponds to the capacitance coupling ratio 
of back and top gate, i.e., –CBG/CTG. Since CBG is 0.038 
μF/cm2 for the 90-nm SiO2 with kSiO2 = 3.9, CTG can be 
estimated to be 1.14 μF/cm2 with 3.6 nm thickness. 
Then, the dielectric constant of Er2O3 on graphene is 
calculated as ~5, which is much smaller than that on Si. 
The reduction in dielectric constant on 2D materials has 
also been observed in ALD, as shown in Fig. 4. On the 
other hand, the dielectric breakdown field was esti-
mated as 8.3 MV/cm, which is higher than that on Si, as 
shown Fig. 5. Thanks to the surface flatness of Er2O3, 
quite thin thickness of Er2O3 as well as high dielectric 
breakdown field was achieved. 

Finally, let us discuss the film quality in terms of 
Dmax = VmaxCTG/ϵ0 , which is the maximum vertical 
electrical field applied to 2D channels. For various bi  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
layer 2D materials, it is known that the band gap (EG) 
can be reduced by applying D and closed completely at 
D = ~3 V/nm [5]. Here, since the present Er2O3 shows 
Dmax/2 = 1.9 V/nm, the dual gate structure with back 
gate provides total Dmax = ~3.2 V/nm. As shown in Fig. 
6, the advantage of the present study is that high Dmax is 
attained by the RT deposition, suggesting that the pre-
sent Er2O3 can be used to all the vulnerable 2D channels 
with low melting points. 
 
4. Conclusions 

PO2 controlled thermal evaporation at RT provided 
Dmax = ~3.2 V/nm, suggesting that the present Er2O3 can 
be used to all the vulnerable 2D channels with low melt-
ing points. 
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Fig. 3 I-V curves as a function of VTG. The inset represents the 
Dirac point shift as a function of VBG. 
 

Fig. 4 Comparison of relative dielectric constants. 

Fig. 5 ID-VG curve and IG-VG at VBG = 0 V for 3.6-nm Er2O3 
top gate graphene FET. 

Fig. 6 Dmax as a function of the deposition temperature for high-
k on graphene. The literature data in which the defects are intro-
duced in graphene are omitted here. 
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