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In this work, a simple current equation of a HEMT based on MgZnO and ZnO heterojunction is proposed in the 
framework of electron velocity saturation. The mathematical formulation of drain current is presented as a function of mole 
fraction and device temperature. It is observed that the effect of the mole fraction of MgZnO has a significant role to 
modulate the drain current of the device. For example, the drain current is shifted by almost 9% for a change in mole 
fraction from 0.2 (236.5mA) to 0.5 (257.2mA) when no gate voltage is applied. In addition to this, the impact of 
environmental thermal variation is included in our study and a noticeable shift of drain current and other device parameter 
has been observed for a temperature range 300K to 500K. This work has also been extended to study the switching 
characteristics of the device in terms of mole fraction of MgZnO and ambient temperature. It is observed that the threshold 
voltage is shifted by 0.36 V for a change in mole fraction by 0.2.  

Keywords:  ZnO MODFET; ZnO HEMT; Velocity saturation model; DC characteristics; RF characteristics; MgZnO/ZnO 
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1 Introduction 
High Electron Mobility Transistors (HEMTs) 

based on MgZnO-ZnO heterojunction becomes very 
popular to the new generation researchers. This is due 
to the exciting material properties of ZnO such as 
wide energy band gap (3.37 eV), high saturation 
electron velocity (3.2×107 cm/s), high critical electric 
field etc.1-5. Further its direct band gap enables itself 
to be a good semiconductor material for 
optoelectronic applications. It is non-toxic, eco-
friendly and transparent material when it is in pure 
form. Moreover, it is radiation-hard material and 
hence it can be used in electronic devices to operate in 
satellites in low earth orbits. Besides the minimum 
lattice mismatch of MgO and ZnO and large tunable 
band gaps enable itself to provide a good 
heterojunction structure6-10. 

A number of works have been done earlier to study 
the performance of ZnO HEMT11-15. Verma et al. 
derived an expression of 2DEG density with respect 
to gate voltage at the hetero-interface by solving the 
1D Schrodinger’s equation in the triangular potential 
well11. In a very recent work they have also studied 

the electrical performance of the device using a 
physics based analytical model and calculated various 
device parameters12. In another work, they have 
simplified the expression for Fermi energy level to 
develop a 2D analytical model for 2DEG density and 
hence to develop the I-V characteristics of HEMT13. 
Singh et al. developed an analytical model of two 
dimensional electron gas density and threshold 
voltage for a fully strained graded MgZnO/ZnO 
heterostructure with cap layer14. Kumar et al. 
developed an analytical model to explain the power 
switching characteristics of ZnO based HEMTs15. In a 
very recent work we have developed a theoretical 
model of MgZnO/ZnO HEMT considering accurate 
velocity field relation of ZnO16. The theoretical works 
on ZnO HEMTs reported so far are limited and there 
is a good scope to work on it. For short channel 
devices when the gate length of the device is 
considerably small, the drain field becomes higher 
even if a low drain bias is applied. In such cases the 
device is subjected to high drain field and the velocity 
of the electrons is near to its saturation value. In this 
scenario, the velocity saturation model is appropriate 
to find out the device current. But, in the previous 
works reported so far, the issue of electron velocity 
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saturation was not addressed properly. In our work, 
we have developed a simple but attractive model to 
find the drain current in the device under the purview 
of electron velocity saturation. This model is best 
suited for high power and high field applications. 
Another important issue of interest is the impact of 
mole fraction on the device performance and the 
impact of environmental temperature. However, all 
these issues are integrated in this work and the 
performance of the device is studied accordingly. In 
addition, we have calculated thermal sensitivities of 
different device parameters to study the thermal 
impact of the device more precisely and accurately. 

 
2 Drain Current Formulation 

The schematic diagram of MgZnO/ZnO HEMT is 
shown in Fig. 1(a & b) shows the corresponding 
energy band diagram of the device. Here, 𝑞∅௕ 
represents the barrier height of the metal 
semiconductor junction at the gate. 
ΔEC is the band gap energy difference between 

MgZnO and ZnO. d1 is the thickness of n-MgZnO 
layer, d0 corresponds to the undoped MgZnO layer 
and ∆𝑑 is the thickness of the inversion layer.  

The threshold voltage of the device can be 
calculated from the energy band diagram as presented 
in Fig. 1(b) and is given by17 

 

𝑉 ൌ ∅௕  െ  
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௤

 – 𝑉௉
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ቑ   …(1) 

 

Vp is known as the pinch-off voltage of the device. 
Nd is the doping concentration in the n-MgZnO region 
and 𝜀 is the relative permittivity of MgZnO. We 
assume that the applied drain field is sufficiently high 
above the critical field required for electron velocity 
saturation in ZnO. In this situation, the drain current 
will follow the velocity saturation model and is given 
as follows17 

 

𝐼ௗ ൌ 𝑍𝑣௦𝐶௜ൣ𝑉௚ െ 𝑉 െ 𝑉ௗሺ𝑦ሻ൧
𝐶௜ ൌ 𝜀/ሺ𝑑ଵ ൅ 𝑑଴ ൅ ∆𝑑ሻ 

ቋ  …(2) 
 

Where, Z is the gate width, vs represents the 
saturation velocity of electrons and 𝐶௜ is defined as 
the sheet capacitance of the MgZnO and ZnO 
interface. 

We assume that drain potential is uniformly 
distributed along the channel from source to drain. 
The drain bias at any distance ‘y’ from source to drain 
is given by 

𝑉ௗሺ𝑦ሻ ൌ
௬௏೏
௅

  …(3) 

Where, L represents the channel length. 
Considering the above assumption, the drain 

current can be calculated by integrating Eq. (2) from 
source to drain and is given as follows18 

 

𝐼ௗ ൌ 𝑍𝑣௦𝐶௜ሾ𝑉௚  െ 𝑉  െ 𝑉ௗ/2ሿ  …(4) 
 
3 Dependence on mole fraction 

The various material and device parameters such as 
relative permittivity, barrier height and the energy 
band gap of MgZnO are dependent on mole fraction 
and their functional dependence is given by14 

 

𝜖ሺ𝑥ሻ ൌ 8.75 ൅ 1.08𝑥 
∅௕ሺ𝑥ሻ ൌ 5.81𝑥ଶ  െ  3.12𝑥 ൅  1.12 

𝐸௚
ெ௚ೣ௓௡భషೣைሺ𝑥ሻ ൌ 3.37 ൅ 2.145𝑥 

ቑ  … (5)  

 

Where, ‘x’ is the mole fraction.  
 
4 Dependence on temperature 

The energy band gap of ZnO changes with 
temperature and its functional dependence is given by20  

 

𝐸௚௓௡ைሺ𝑇ሻ ൌ 𝐸௚௓௡ை െ
Ɵ்మ

்ା୘భ
  …(6) 

 
 

Fig. 1 — (a) A schematic diagram of MgZnO/ZnO HEMT
(b) Energy band diagram of a MgZnO/ZnO heterojunction. 
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Table1 — Material and Device parameters used in calculations 

Parameters Value 
Nd 3×1024 /m3 
Z 75 µm 
L 0.1µm 
d1 17 nm 
d0 3 nm 
Δd 5 nm 

Eg
ZnO 3.37 eV 

vs0 3.2×105 m/s 
T0

 300 K 
T1 310 K 
a 1.581 
b -2.431×10-3 K-1 
c 1.35×10-6 K-2 

Lgd 0.1µm 
Lgs 0.1µm 
Lg 0.1µm 

Ɵ 4.35×10-4 eV/K 

α 1.43×10-4 eV/K 
 

The values of 𝐸௚௓௡ை,Ɵ and T1 are given in Table 1 
and T corresponds to ambient temperature. 

The energy band gap of MgZnO changes with 
temperature and its functional dependence as 
follows10  

 

𝐸௚
ெ௚ೣ௓௡భషೣைሺ𝑇ሻ ൌ 𝐸௚

ெ௚ೣ௓௡భషೣைሺ𝑥ሻ െ
ఈ்మ

்ା బ்
  … (7) 

 

The values of T0 and α are given in Table 1. 
The thermal dependence of saturation velocity of 

the electron in ZnO is given by the Eq.19 

 

𝑣௦ሺ𝑇ሻ ൌ 𝑣௦଴ሾ𝑎 ൅  𝑏𝑇 ൅ 𝑐𝑇ଶሿ  …(8) 
 

The values of the temperature coefficients vs0, a, b 
and c are given in Table 1. 

 
5 Mutual Conductance 

The mutual conductance (gm) of the device is 
calculated by differentiating drain current (Id) in Eq. 4 
with respect to gate voltage (Vg) at constant drain 
voltage and given by 

 

𝑔௠ ൌ 𝑍𝑣௦𝐶௜  …(9) 
 
6 Drain Conductance 

The drain conductance (gd) of the device is 
calculated by differentiating drain current (Id) in Eq. 4 
with respect to drain voltage (Vd) at constant gate 
voltage 

 

𝑔ௗ ൌ  െ  
௓௩ೞ஼೔
ଶ

  …(10) 

7 Cut-off Frequency 
The Cut-Off Frequency of the device can be 

defined as  
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8 Maximum operating frequency  
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Where Cgd is the gate to drain capacitance, Lgd is 
the gate to drain length, Rg is the gate parasitic 
resistance,  𝜇ெ௚௓௡ை is the electron mobility of the 
MgZnO layer. 
 

9 Thermal sensitivity 
In order to understand the impact of ambient 

temperature on the device more preciously we 
calculate thermal sensitivities of various device 
parameters. The thermal sensitivity of a parameter (P) 
is the thermal derivative of that parameter P and is 
represented as SP. Here we have calculated the 
thermal sensitivities of drain current, threshold 
voltage, cut-off frequency and maximum operating 
frequency of the device and are given as follows  
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10 Data Validation 
The expression of drain current presented in Eq. 4 

shows its dependence on various material and device 
parameters. Eqs. (5) to (8) presents the dependence of 
different material parameters on mole fraction and 
ambient temperature. The variation of the drain 
current with drain voltage is shown in Fig. 2. To 
validate our work it is required to compare our results 
with the experimental data. The experimental data on 
ZnO HEMT reported in literature are very rare. 
However, we find out an experimental work in 
reference21 and compare it with the theoretical results 
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obtained for our calculation and it is presented in Fig. 
2. It is observed that our results match pretty well 
with the data reported in21. The device structure and 
other parameters are considered to be equivalent to 
the device presented in reference21. 

 
11 Results and Discussion 

In this section we have computed drain current and 
other device parameters using Matlab and these 
parameters are studied mostly with mole fraction and 
ambient temperature.  

The variation of the drain current with drain voltage 
is shown in Fig. 3 for different values of mole fraction. 
The gate length is assumed as 0.1 µm and for an 
applied drain voltage of 2V, the electric field is 2×105 
V/cm which is well above the critical field required for 
electron velocity saturation in ZnO. The graph shows 
that the drain current decreases with drain voltage but 
increases with mole fraction. This is due to the fact that 
after electron velocity is saturated, there is no scope to 

enhance the velocity of electrons with a further 
increase of drain bias. On the contrary, the 2D 
inversion layer charge density decreases with drain 
bias. As a result, drain current reduces with drain bias. 

The figure in the inset of Fig. 3 shows the variation 
of drain current with mole fraction. The drain current 
first increases and then decreases with mole fraction. 
This is due to the fact that the wurtzite (WZ) structure 
of MgZnO is sustained up to the mole fraction x=0.37 
and then its starts to change its form towards the 
rocksalt (RS) structure22. The MgZnO is in mixed-
phase from the value of mole fraction of x=0.37 to 
x=0.62 and after it exceeds the value 0.62 it is totally 
converted to rocksalt (RS) and hence the drain current 
reduces. It is also observed that the drain current 
decreases with gate voltage. 

Figure 4 shows the variation of drain current with 
temperature for different mole fractions. The drain 
current reduces with temperature because as the 
temperature raises the saturation velocity of the electrons 
decreases and hence the drain current decreases. 

Figure 5 shows the variation of threshold voltage 
with temperature for different values of mole fraction. 
It is observed that, as the temperature is enhanced the 

 
Fig. 2 — Variation of drain current with gate voltage for VD=6V
and mole fraction (x) =0.37.The material and device parameters
used in the calculation are given in Table 1.  

 

 
 

Fig. 3 — Variation of drain current with drain voltage for different
mole fractions at VG=0V. The variation of drain current with mole
fraction for different gate voltages is shown in the inset. The
material and device parameters used in the calculation are given in
Table 1. 

 
 

Fig. 4 — Variation of drain current with respect to temperature for
different mole fraction. The material and device parameters used 
in calculations are given in Table 1. 
 

 
 

Fig. 5 — Variation of threshold voltage with temperature for
different mole fractions. The material and device parameters used
in the calculation are given in Table 1. 
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threshold voltage enhances. This is because drain 
current reduces with temperature and comparatively 
lower reverse bias is required to achieve the threshold 
condition of the device. 

Figure 6 shows the variation of thermal sensitivity 
of threshold voltage with temperature. It is observed 
from the Figure that the sensitivity of threshold 
voltage increases with respect to temperature. SVT is 
independent on other device parameters, such as mole 
fraction, barrier layer thickness, channel length etc. It 
is also observed from the figure that SVT shows a very 
little variation of 0.03 mV/K over the temperature 
range 300K to 500K which reveals that the thermal 
sensitivity of threshold voltage is almost constant with 
temperature. 

Figure 7 shows the variation of thermal sensitivity 
of drain current with respect to temperature for 
different values mole fraction. It is observed from Fig. 
7 that SId almost varies linearly with respect to 
temperature. It results that the thermal variation of 
drain current is not constant rather shows a non-linear 
dependence. A small shift in sensitivity is observed 
for different mole fraction and it is lowest (close to 

zero) for low mole fraction. This result indicates that 
SId is minimum for x=0.1 which explores that the 
thermal impact on the device performance is 
minimum for low value of ‘x’. 

Variation of cut off frequency with temperature is 
shown in Fig. 8. This figure shows that the cut off 
frequency decreases with temperature as the 
saturation velocity decreases with temperature. It is 
observed from the graph that the cut off frequency of 
the device reduces significantly with temperature and 
also with gate length. This is because when 
temperature increases the saturation electron velocity 
decreases. As a result of that the channel conductance 
of the device reduces. So cut off frequency of the 
device reduces due to low value of channel 
conductance at relatively higher temperature. In 
addition when gate length increases the resistance 
between source to drain increases that means the 
conductance of the channel reduces. On the other 
hand the electrons need more time to travel the 
distance from source to drain. As the time increases 
the frequency of the device must reduce. 

The variation of thermal sensitivity of cut off 
frequency with temperature is shown in Fig. 9. It is 

 
 

Fig. 6 — Variation of thermal sensitivity of threshold voltage with
temperature. The material and device parameters used in the
calculation are given in Table 1. 
 

 
 

Fig. 7 — Variation of thermal sensitivity of drain current with
temperature for different mole fraction. The material and device
parameters used in calculation are given in Table 1. 

 
 

Fig. 8 — Variation of Cut off frequency with temperature for
different gate length. The material and device parameters used in 
the calculation are given in Table 1. 
 

 
 

Fig. 9 —Variation of thermal sensitivity of cut off frequency with
temperature for different gate length. The material and device
parameters used in calculation are given in Table 1. 
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observed that the thermal sensitivity of cut off 
frequency moves towards zero when ambient 
temperature increases. It is also observed that the 
sensitivity is closer to zero when the channel length is 
high, so for the HEMTs applicable at high 
temperature region we should choose larger gate 
lengths so that the shift in cut-off frequency can be 
minimized. 

The variation of maximum operating frequency 
with temperature is shown in Fig. 10. It is observed 
that the maximum operating frequency decreases with 
temperature and improves for smaller gate length. 
This is due to the fact that as gate length reduces the 
gate to source resistance decreases and hence 
maximum operating frequency increases. 

Variation of thermal sensitivity of maximum 
operating frequency with temperature is shown in  
Fig. 11. It is observed that the sensitivity tends to zero 
if we increase the channel length. So for high 
temperature application we should prefer the devices 
having larger gate lengths to minimize the reduction 
of maximum operating frequency.  

12 Conclusion 
In this work, a current equation is developed to 

study the performance of MgZnO-ZnO HEMT 
operated under high electric field under the condition 
of electron velocity saturation. The current equation is 
simple and novel in order to study an MgZnO/ZnO 
HEMT. The device current significantly changes with 
mole fraction and ambient temperature. The device 
current reduces by 28 % for a change in temperature 
range from 300K to 500K. The drain current increases 
with mole fraction up to 0.5 and then it reduces as the 
structure of MgZnO (wurtzite or rockalt) depends on 
mole fraction. The values of SId are close to zero for 
low value of ‘x’ although SVT is independent of ‘x’. It 
is also observed that the value of SFc and SFmax is close 
to zero for higher value of ‘L’. This work has been 
extended to study the temperature sensitivities of 
various device parameters such as threshold voltage, 
drain current, cut off frequency and maximum 
operating frequency. Thus it can be concluded that the 
thermal impact on the device is less for low value of 
‘x’ and larger values of ‘L’. 
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