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An anti-radiation structure of InP-based high electron mobility transistor (HEMT) has been proposed and optimized
with double Si-doped planes. The additional Si-doped plane under channel layer has made a huge promotion in channel
current, transconductance, current gain cut-off frequency, and maximum oscillation frequency of InP-based HEMTs. More-
over, direct current (DC) and radio frequency (RF) characteristic properties and their reduction rates have been compared in
detail between single Si-doped and double Si-doped structures after 75-keV proton irradiation with dose of 5× 1011 cm−2,
1× 1012 cm−2, and 5× 1012 cm−2. DC and RF characteristics for both structures are observed to decrease gradually as
irradiation dose rises, which particularly show a drastic drop at dose of 5× 1012 cm−2. Besides, characteristic degradation
degree of the double Si-doped structure is significantly lower than that of the single Si-doped structure, especially at large
proton irradiation dose. The enhancement of proton radiation tolerance by the insertion of another Si-doped plane could
be accounted for the tremendously increased native carriers, which are bound to weaken substantially the carrier removal
effect by irradiation-induced defects.
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1. Introduction
In nearly several decades, many effective measures

have been taken to extend Moore’s law, such as advanced
micro/nano-fabrication technologies, novel materials and
structures.[1–3] Because of high carrier sheet density, high car-
rier peak drift velocity, and low-field mobility in InGaAs chan-
nel, InAlAs/InGaAs InP-based high electron mobility transis-
tors (HEMTs) have stood out and become competitive alter-
natives with high frequency, low noise figure, superior gain
performance, and so on.[4–6] Furthermore, benefiting from
electron beam lithography (EBL) and molecular beam epi-
taxy (MBE) techniques, the current gain cut-off frequency
( fT) and maximum oscillation frequency ( fmax) of InP-based
HEMTs have been reported to be over than 700 GHz[7] and
1 THz,[8] respectively. Consequently, InP-based HEMTs be-
come as potential candidates for various high speed circuits
of transceiver systems in space applications, such as national
defense, aerospace, and satellite radar.[9]

In harsh space environment, various high-energy particles
and rays will inevitably lead to performance deterioration of
devices and even abnormality of electronic systems.[10,11] Es-
pecially, proton is one of the main particles in space irradiation
environment. Considering mature high technology, low man-
ufacturing cost, and broad usage, researches about proton irra-

diation effect and hardness techniques are mainly concentrated
on Si-based complementary metal–oxide–semiconductor tran-
sistor (CMOS) and silicon on insulator (SOI) devices.[12,13]

Nevertheless, there are some existing exploratory research on
the proton irradiation effects of the various III–V materials
devices.[14–17] As a result, the degradation degree of the de-
vice characteristics after proton irradiation is directly related
to the amount of vacancy defects which are caused by dis-
placement effect, and this damage mechanism has gained wide
consensus.[18]

The reliability research of III–V devices about proton ir-
radiation rarely involves anti-radiation device structure and
technology techniques. Admittedly, some anti-radiation mea-
sures have been proposed yet for III–V devices based on
the above proton irradiation damage mechanism and hetero-
junction structure, that are the reduction of the body-traps
in materials or substitution for current materials with high
displacement threshold energy.[19] However, these irradiation
hardness techniques will involve enormous constraint from ei-
ther epitaxy technology or lattice mismatch.

In this paper, InP-based HEMT structure with double Si-
doping planes has been put forward and optimized to increase
the native carrier concentration and thus improve the proton
irradiation tolerance. The DC and RF characteristics of In-
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AlAs/InGaAs InP-based HEMTs with single and double Si-
doped plane have been investigated comprehensively by two-
dimensional digital simulation. Additionally, their properties
of radiation hardness have been studied in detail before and
after 75-keV proton irradiation with dose of 5× 1011 cm−2,
1×1012 cm−2, and 5×1012 cm−2.

2. Device structure and physical model
Figure 1 shows the schematic cross-section of InP-based

HEMTs. The epitaxial structure with single Si-doping plane
is almost consistent with previous device fabrication,[20,21] as
shown in Fig. 1(a). The epitaxial layers from bottom to top
consist of a 500-nm semi-insulating InP substrate, a 500-nm
InAlAs buffer, a 15-nm InGaAs channel, a 3-nm unstrained
InAlAs spacer layer, a Si-doped plane which provides two-
dimensional electron gas (2DEG), and the doping concentra-
tion is 5×1012 cm−2, a 12-nm-thick unstrained lnAlAs Schot-
tky barrier layer, and a 30-nm highly Si-doped cap layer with
the doping concentration of 3 × 1019 cm−3. And the gate
length is 100 nm, the gate–drain distance is 1 µm. All InAlAs
layers are lattice matched with the InP substrate. On the basis,
device structure with double Si-doping planes is designed and
optimized to maximum the proton radiation tolerance in DC
and RF characteristics, as illustrated in Fig. 1(b). Particularly,
an additional Si-doped plane is inserted under channel layer
with 3-nm-thick unstrained InAlAs spacer layer.

Reasonable physical models are used to describe the de-
vice performances, including hydrodynamic transport model,
Shockley–Read–Hall recombination, Auger recombination,
radiative recombination, density gradient model, and high
field-dependent mobility. And, the hydrodynamic transport
model precisely describes many non-equilibrium conditions
such as quasi-ballistic transport in thin regions and velocity
overshoot effect in depleted regions. Shockley–Read–Hall re-
combination, Auger recombination, and radiative recombina-
tion models are adopted to describe carrier exchange process
with the impurity defects in the band-gap. The density gra-
dient model of eQuantumPotential is introduced to depict the
quantum effect of 2DEG in InGaAs channel region. The dop-
ing and high field-dependent mobility model is used to de-
scribe the degradation of electron mobility. Moreover, the
irradiation-induced vacancies by displacement effect after pro-
ton irradiation are considered self-consistently through solving
Poisson and current continuity equations as follows:[22,23]
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where N+
D and N−

A are the ionized donor and acceptor concen-
tration, which include background doping and also the ionized
traps caused by proton irradiation. ρtrap is the charge density
induced by vacancies. Jn and Jp are electron and hole current
densities. µn and µp are the electron and hole mobilities. Φn

and Φp are the electron and hole quasi-Fermi levels.
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Fig. 1. Schematic cross-section of InP-based HEMTs: (a) single Si-
doping plane; (b) double Si-doping plane.

3. Simulation results and discussion
With the increasing of proton energy, the ultimate stop-

ping position of incident protons in target object will undoubt-
edly transform from gate metal to hetero-junction layer, and
eventually protons will pass through the entire material lay-
ers. Consequently, the number of induced defects in hetero-
junction region increases firstly and reaches the largest value
at about 75 keV.[24] To make a comprehensive impact of pro-
ton irradiation on device, the incident proton energy was set
as 75 keV with dose of 5× 1011 cm−2, 1× 1012 cm−2, and
5×1012 cm−2.

The output drain current (IDS) versus drain–source volt-
age (VDS) characteristics of two structures are assessed before
and after 75-keV proton irradiation, as shown in Fig. 2. VDS

sweeps positively from 0 V to 1.5 V in steps of 0.075 V, while
gate–source voltage (VGS) is assigned as a constant of 0 V.
From the output characteristics curves, additional Si-doped

038502-2



Chin. Phys. B Vol. 29, No. 3 (2020) 038502

plane makes approximately a 30% increase to channel cur-
rent. Channel current for both two structures were observed to
decrease gradually as irradiation dose rises, which especially
show a drastic drop at dose of 5×1012 cm−2. Furthermore, the
reduction rates of saturation output drain current (∆ID,sat) were
exactly computed and shown in Fig. 3. With the irradiation
dose increasing from 5× 1011 cm−2 to 5× 1012 cm−2, ID,sat

of single Si-doped structure has deteriorated by 4.5%–45.2%,
which has dramatically fallen down to 2.97%–32.1% for dou-
ble Si-doped structure. Obviously, the additional Si-doped
plane has effectively improved the degradation degree of chan-
nel current, and the dominance becomes more and more sig-
nificant at large proton irradiation dose.
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Fig. 2. Output characteristic of InP-based HEMTs before and after proton
irradiations with dose of 5×1011 cm−2, 1×1012 cm−2, and 5×1012 cm−2.
(a) Single Si-doped structure; (b) double Si-doped structure.
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Fig. 3. Reduction rates of saturation output drain current for devices
with single Si-doped plane and double Si-doped plane.

Figure 4 demonstrates the extrinsic transconductance
(gm) and channel current of InP-based HEMTs at VDS of

1.5 V. The maximum transconductance (gm,max) improves
from 667.081 mS/mm to 674.829 mS/mm by introducing an-
other Si-doped plane, increasing by 1.2%. The relatively
smaller increment than output drain current may be accounted
to the lager distance from gate terminal to the Si-doped plane
under channel layer. With irradiation dose rising up from 5×
1011 cm−2 to 5× 1012 cm−2, the reduction rate of maximum
transconductance (∆gm,max) increases from 2.1% to 23.8% for
double Si-doped structure, likewise, the value of single Si-
doped structure changes positively from 2.9% to 32.3%. These
also indicate that the degradation degree of InP-based HEMTs
with double Si-doped plane is better than that of single Si-
doped structure before and after proton irradiation, especially
at large proton irradiation dose.
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Fig. 4. Transfer characteristics of InP-based HEMTs before and after proton
irradiations with dose of 5×1011 cm−2, 1×1012 cm−2, and 5×1012 cm−2.
(a) Single Si-doped structure; (b) double Si-doped structure.

0 1 2 3 4 5 6
0

5

10

15

20

25

30

35
single Si doped plane
double Si doped plane

Proton dose/1012 cm-2

D
g

m
,m

a
x
/
%

Fig. 5. Reduction rates of maximum transconductance for devices with sin-
gle Si-doped plane and double Si-doped planes.
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Si-doped structure; (b) double Si-doped structure.
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Fig. 7. fmax of InP-based HEMTs before and after proton irradiations
with dose of 5× 1011 cm−2, 1× 1012 cm−2, and 5× 1012 cm−2. (a)
Single Si-doped structure; (b) double Si-doped structure.

The fT and fmax are vital parameters for high speed de-
vice application. Exactly, fmax affects the device power gain
of analog circuit, while fT determines the switching speed
of digital circuit. Figures 6 and 7 have exhibited that fT and
fmax versus VGS for InP-based HEMTs before and after 75-

keV proton irradiations. As illustrated in Fig. 8, the frequency
characteristics of double Si-doped structure have just shown
a slight improvement, which is mainly due to the increase of
capacitance in double Si-doped structure. The frequency prop-
erties for both two structures are detected to decrease gradually
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Fig. 8. Cgg of InP-based HEMTs before and after proton irradiations
with dose of 5× 1011 cm−2, 1× 1012 cm−2, and 5× 1012 cm−2. (a)
Single Si-doped structure; (b) double Si-doped structure.
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as irradiation dose rises, and a sharply decline has begun to
emerge at dose of 5× 1012 cm−2. The reduction rates of fT

and fmax (∆ fT and ∆ fmax) have been comparatively obtained
and shown in Fig. 9. Apparently, the degradation degree of RF
characteristics of double Si-doped structure is clearly lower
than that of single Si-doped structure at the same irradiation
dose.

The electron concentration in the channel region and their
reduction rates are investigated for two kinds of structures be-
fore and after 75-keV proton irradiation, as shown in Fig. 10.
The electron concentration decreases with the increasing of
irradiation dose for both two device structures. Moreover,
the double Si-doped structure demonstrates superior proton
radiation-tolerance in carrier concentration. As the proton ir-
radiation dose surges higher, vacancy defects in larger num-
ber are necessarily induced in InAlAs/InGaAs hetero-junction
region. These defects may act as carrier recombination cen-
ters or trapping centers, and cause a decrease in carrier sheet
density by carrier removal effect. Consequently, DC and RF
characteristics of devices may deteriorate more seriously with
irradiation dose. An additional Si-doping plane inserted un-
der channel layer with a thin spacer layer has tremendously
increased the native carrier concentration in channel region,
which is bound to weaken substantially the carrier removal
effect by induced defects, and finally improved the proton ra-
diation tolerance in DC and RF characteristics.

(a)

(b)

3.0

3.2

3.4

3.6

3.8

4.0

4.2

4.4

E
le

c
tr

o
n
 d

e
n
si

ty
/
1
0

1
8
 c

m
-

3

0 1 2 3 4 5
0

5

10

15

20

E
le

c
tr

o
n
 d

e
n
si

ty
/
%

single Si doped plane
double Si doped plane

Proton dose/1012 cm-2

0 1 2 3 4 5

Proton dose/1012 cm-2

single Si doped plane
double Si doped plane

Fig. 10. 2DEG for InP-based HEMTs with single Si-doped plane and
double Si-doped planes. (a) Elecron concentration; (b) reduction rates.

4. Conclusion and perspectives
In summary, the double Si-doped structure of InP-based

HEMT was designed and optimized to improve the proton ir-

radiation tolerance, which eventually has demonstrated supe-
rior DC and RF characteristics than traditional single Si-doped
structure. Moreover, the inserted another Si-doped plane un-
der channel layer increases the native carrier concentration in
channel region, which weakens substantially the carrier re-
moval effect by irradiation-induced defects. Consequently,
proton radiation tolerance of double Si-doped structure has
been greatly improved with lower reduction rates of DC and
RF properties, especially at large irradiation dose. These stud-
ies could provide theoretical basis and technical support for
irradiation harden design of InP-based HEMTs and integrated
circuits, so as to further improve the stability and durability of
relative electronic systems.
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