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1 Introduction GaN/AlGaN Heterostructure Field 
Effect Transistors (HFETs) have already demonstrated su-
perior properties for high power and high frequency elec-
tronics [1]. However, in spite of impressive results for the 
output power and cut-off frequency of these transistors, 
they suffer from several problems such as current collapse, 
poor long-term stability and the gate leakage current of the 
Schottky gate devices. In particular, the gate leakage dete-
riorates the transistor characteristics by increasing the sub-
threshold current and shunting the gate to channel capaci-
tance. Both these factors decrease the maximum output 
power. The gate leakage variations from device to device 
create an additional challenge for the circuit design. The 
gate leakage can be substantially reduced using insulated 
gate HFETs proposed several years ago, see [2] for a  
review and references. In addition, insulated gate devices 
can operate at positive gate voltage, yielding higher satura-
tion current and higher output RF power. However, the 
price for the gate current reduction is the decrease of the 
device transconductance and increase of the threshold volt-
age. The solution of the problem might be using high-k di-
electrics, the approach already successfully used for Si 
transistors [3–5]. One of the most promising high-k dielec-
trics is HfO2 with the dielectric constant 20–30 and large 

band gap of 5.6–5.8 eV, which insure good insulating 
properties of this material. Recently the properties of HfO2 
deposited on the AlGaN/GaN transistor structure by  
sputtering pure Hf in O2 were reported [6]. In the present 
paper, we study the properties of HfO2/AlGaN/GaN struc-
tures with HfO2 deposited using an e-beam at ultra low 
pressure.  

 
2 Experimental details and results The AlGaN/ 

GaN heterostructures used in this study were grown by 
metalorganic chemical vapor deposition (MOCVD) on 
sapphire. They consisted of a 50 nm thick AlN buffer layer, 
0.4 µm thick undoped GaN layer, followed by Al0.2Ga0.8N 
barrier layer, which was doped with silicon to approxi-
mately 2 × 1018 cm–3. The Hall mobility and concentration 
of the 2d gas on the interface were µ = 1600 cm2/Vs and  
n = 1.33 cm–2, respectively. The capacitance–voltage char-
acteristics were measured using a mercury probe with the 
contact configuration shown in the inset of Fig. 1. The area 
of the small contact was S = 4.15 × 10–3 cm2. Both capaci-
tance, C, and effective parallel conductivity, G, were 
measured. 

The HfO2 thin film was deposited by a reactive e-beam 
evaporation of Hf with O2 flow directed from manual leak   

We show that HfO2/AlGaN/GaN structures with HfO2 layer 

deposited using an e-beam in ultra high vacuum are suitable 

for field effect transistors. The dielectric constant of the HfO2

was found εHfO > 23–24,  which  is  close  to  the highest re- 

 ported values for this material. The leakage current did not 

exceed 10–4 A/cm2 at the threshold voltage. The comparison 

of the losses in the samples with and without HfO2 indicates

low concentration of the interface traps.  
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Figure 1 Capacitance as a function of the gate voltage for  

the control (no HfO2), as-deposited, and annealed samples.  

The inset shows the contact configuration. D1 = 7.27 × 10–2 cm, 

D2 = 0.153 cm. 

 

valve to  a  substrate.  The SPECS EBE-1 (a mini e-beam 
evaporator from SPECS GmbH) with flux stabilization was 
used for the Hf evaporation. A custom design process 
chamber was pumped down to 5 × 10–11 Torr by the  
100 L/s ion pump. The substrate with AlGaN/GaN transis-
tor strucure was preliminarily outgassed at 400 °C for  
24 hours in a separate high vacuum chamber and then 
transferred in vacuum into the process chamber. The proc-
ess pressure was defined by flowing pure O2 and main-
tained at 10–6 Torr. The HfO2 deposition rate was estimated 
as 10 nm/h and controlled by an e-beam source flux moni-
tor. The distance between the Hf source and the substrate 
was about 7 cm. The substrate was effectively free-stand-
ing without any temperature control (at room temperature). 
The deposition process was started and finished by open-
ing and closing the shutter of the Hf e-beam source. The 
thickness of the deposited HfO2 was dHfO ≈ 10 nm. 

Figure 1 shows the capacitance measured at the fre-
quency of f  = 104 Hz as a function of the voltage for the 
AlGaN/GaN structure without HfO2 (control sample), 
structure with as-deposited HfO2, and the structure an-
nealed at 650 °C for 30 s (the sign of the voltage corre-
sponds to the small contact in the inset of Fig. 1). The 
thickness of the AlGaN barrier layer found from the  
capacitance, C0, of the control sample at zero voltage  
was dAlGaN ≈ 20 nm. The concentration of the 2D gas  
found from the capacitance C0 and the threshold voltage  
Vt = –5.4 V (also on control sample) was n = C0Vt/q = 
1.25 × 1013 cm–2, in a reasonable agreement with the Hall 
measurements. 

The dielectric constant of HfO2 extracted from the  
capacitance values at the inversion point (at zero voltage) 
before annealing was εHfO ≈ 23–24. This value is close to 
the dielectric constant of our HfO2 (εHfO ≈ 26) measured 
using TaN based metal–oxide–metal (MOM) capacitors 
with scaled HfO2 [7]. Using εHfO ≈ 26 for the annealed 
sample yields the oxide thickness of ~7 nm that corre-
sponds to a thickness reduction of 30%. Using the highest   
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Figure 2 DC leakage current measured at different locations on 

the wafer with annealed HfO2. 

 

value of εHfO ≈ 30 for  HfO2 quoted in  the Ref. [8]  yields 
a thickness reduction of 20% as a result of annealing  
(dHfO = 8 nm). Hence, our results confirm the HfO2 densi-
fication as a result of annealing [9, 10]. 

The capacitance decrease at negative voltage corre-
sponds to the depletion of the 2D gas on the AlGaN/GaN 
interface. As expected, the HfO2 layer shifts the threshold 
voltage to more negative value. Annealing decreases this 
shift, because of the increase of the HfO2 dielectric con-
stant and decrease of its thickness. The capacitance in-
crease at high positive bias is due to the accumulation at 
the HfO2/AlGaN interface. The decrease of the capacitance 
at still higher voltage (V > 10 V) is attributed to the deple-
tion of the large area ring capacitance. 

Figure 2 shows the DC leakage current at the positive 
and negative voltage for several locations on the wafer. 
Small leakage current in both directions should allow for 
the transistor operation both at negative and positive gate 
voltages. The dashed line in the figure shows the current–
voltage characteristic used for the calculation of resistance 
corresponding to the leakage current. 

Symbols in Fig. 3 show the capacitance and the AC 
parallel conductivity, G, measured as a function of the bias 
for different frequencies. While Fig. 3a shows the data 
only for the sample with HfO2, in Fig. 3b open and filled 
symbols correspond to the sample with and without HfO2, 
respectively (for the control sample the data only above 
threshold are shown). As seen from Fig. 3b, the conductiv-
ity above threshold is practically the same for both samples. 
A dispersion in the capacitance is seen in Fig. 3a at fre-
quencies higher than ~0.1 MHz. Since conductivity G was 
practically the same for the two samples, we conclude that 
the capacitance frequency dispersion and “losses” (conduc-
tivity G) are solely determined by the 2D gas and leakage 
current, i.e. HfO2 does not introduce much additional 
losses. Equal values of the conductivity G for these two 
samples indicate also that the HfO2 interface does not in-
troduce many surface states affecting the electron concen-
tration in the 2D gas. 
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Figure 3 Capacitance (a) and conductivity (b) as a function of 

voltage for the sample with annealed HfO2 (open symbols) and 

control sample (filled symbols). The inset shows the equivalent 

circuit used for the simulations. 

 
The frequency and voltage dependences of the capaci-

tance and the losses can be modeled by an equivalent cir-
cuit shown in the inset of Fig. 3a. Here Cmax = CAlGaNCHfO/ 
(CAlGaN + CHfO), CAlGaN = ε 0εS/dAlGaN is the capacitance of 
the barrier layer, CHfO = ε 0εS/dHfO is the capacitance of the 
HfO2, R1 represents the resistance defining the leakage cur-
rent, R2 is the resistance of the 2D gas under the small con-
tact and R3 is the resistance of the ring between the con-
tacts (see inset in Fig. 1). The concentration of the 2D gas 
is given by [11]  
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where Cmin is the geometrical capacitance of the contacts 
and η is the ideality factor. Resistance R1 was approximated 
by an exponential function derived from the current–
voltage characteristic shown by the dashed line in Fig. 2:  
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where A is the fitting parameter.  

With the known parameters of the equivalent circuit, 
its conductance and corresponding capacitance and con-
ductivity can be calculated. In Fig. 3 solid lines show the 
result of calculations using the same set of parameters for 
all frequencies for the sample with HfO2. As seen, the cal-
culated dependencies represent well the main features of 
the experimental dependencies. 

 

3 Conclusions HfO2/AlGaN/GaN structures using 
HfO2 deposited by an e-beam in ultra high vacuum were 
studied by means of impedance measurements. The dielec-
tric constant of the HfO2 was found εHfO > 23–24, which is 
close to the highest reported values for this material. No 
dielectric losses comparable with losses related to the 2D 
gas and small leakage current were found. The conduc-
tance measurements indicate a low concentration of the in-
terface traps in comparison with the electron concentration 
at the AlGaN/GaN interface.  
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