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Abstract
In this paper, we have studied the limit capabilities of nitride and arsenide HEMTs and shown
that the frequency limit of these devices has already been reached. The nature of these
frequency constraints arises from device design rather than from semiconductor properties. In
particular we have established that the product tBCdg is the critical parameter which could not
be minimized any further technologically. In summary it could be stated that nowadays InP
pHEMTs offer the highest frequencies and GaN HEMTs on SiC substrate are the most powerful
devices. In addition we have shown that the breakdown voltages and power density of nitride
HEMTs at a given operating frequency are controlled by heterostructure barrier layer thickness,
increasing with a decrease of the latter. Therefore it is necessary to develop high efficiency
nitride nanoheterostructures with tB less than 10 nm. In this respect the AlN/GaN hetero-
structures are beyond comparison due to the good performance of 2D gas and relative simplicity
of growth process.
& 2016 The National University of Science and Technology MISiS. Production and hosting by
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Introduction

The exploration of the THz range in the recent decade has
been one of the most important development trends for RF
semiconductor devices. The frequency parameters of high
electron mobility transistors (HEMT) based on arsenide
heterostructures (In, Ga, Al, P)As on InP substrates [1–3]
and nitride heterostructures (In, Ga, Al)N on Al2O3, SiC and
Si substrates (hereinafter arsenide and nitride HEMT,
respectively) in this period have grown at highest rates
(Figure 1) [4]. This has become possible due to the devel-
opment of transistor technologies:
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– reduction of the resistivity of ohmic contacts by develop-
ing the technology of repeated growth of highly doped
n+-InGaAs or n+-GaN contact layers;

– development of a self-aligned technology of gates and
contacts minimizing transistor channel resistivity both for
arsenide and for nitride HEMT;

– reduction of gate length to 20 nm [4,5].

However, as can be seen from Figure 1, the growth of the
limit current frequency fT for InP HEMT stopped at the
fT=668 GHz threshold back in 2011 [3], whereas nitride
HEMT after reaching the fT=454 GHz threshold in 2013 [4]
also seem to have exhausted their further development
capacity.

The aim of this work is to analyze the causes of the
current situation and possibilities for further increasing the
frequencies of arsenide and nitride HEMTas well as compar-
ing their achievable parameters.

Limit RF parameters of high electron mobility
transistors

Studying the limit RF parameters of HEMT is the most
convenient using their equivalent circuits (Figure 2, [5])
showing the internal and external parasitic elements affect-
ing their operation. It is commonly believed that the limit
current frequency fT of a field-effect transistor depends on
the total recharging time τtot of its internal and external

capacities, i.e. fT=1/2πτtot where τtot=τint+τext+τpar and
can be expressed as follows [4]:

τtot ¼
CgsiþCgdi

Gmi
þ CgsextþCgdext

Gmi
þ

þ RsþRdð Þ Cgdþ CgsþCgd
� � Gd

Gmi

� �
; ð1Þ

where Gmi is the internal transconductance, Gd is the output
conductivity of the HEMT, Cgd=Cgdext+Cgdi is the total gate–
drain capacity, Cgs=Cgsext+Cgdi is the total gate–source
capacity, and Rs and Rd are the resistivities of the source
and the drain, respectively.

Obviously, to increase the speed of HEMT one should
reduce its parasitic capacities and increase the internal
transconductance Gmi – and these are the goals of recent
arsenide and nitride HEMT technology development.

Applying trivial transformation to Eq. (1) and taking into
account the following well-known relationships

Gmi

Cgsi
¼ Ve_dr

LG
;

Cgsi ¼ ε0εBWG
LG
tB

;

one can obtain the following expression describing the
product fTLG (the HEMT figure of merit) as a function of
the Kasp=LG/tg aspect ratio:

fTLG ¼ Ve_dr

2π

(
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)−1

:

ð2Þ
Here Ve_dr is the effective drift speed of electrons under the
transistor gate, tg is the distance from the gate to the 2D
electron gas which is approximately the thickness of the
heterostructure barrier layer, εg is the dielectric perme-
ability of the barrier, and WG and LG are the gate width and
length, respectively.

Experimental fTLG vs LG/tg functions are widely used for
comparing the quality of transistors during technology
development. However, this work seems to be the first time
to present Eq. (2) in an explicit form. We will now consider
its applicability for the analysis of real life devices on the
basis of available literary data. We use earlier work [6]
where analysis of massive experimental data for nitride

Figure 1 Dynamics of the limit frequency of arsenide and nitride HEMT [4]: (1) InxGa1�xAs and (2) GaN.
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Figure 2 Equivalent electrical diagram of HEMTwith parasitic
elements [5].
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