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This paper proposes a reasonable radiation-resistant composite channel structure for InP HEMTs. The simulation
results show that the composite channel structure has excellent electrical properties due to increased modulation doping
efficiency and carrier confinement. Moreover, the direct current (DC) and radio frequency (RF) characteristics and their
reliability between the single channel structure and the composite channel structure after 75-keV proton irradiation are
compared in detail. The results show that the composite channel structure has excellent radiation tolerance. Mechanism
analysis demonstrates that the composite channel structure weakens the carrier removal effect. This phenomenon can
account for the increase of native carrier and the decrease of defect capture rate.
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1. Introduction

In recent years, high-precision sensing and high-quality
communication have imposed huge requirements on the op-
erating frequency of integrated circuits, which has increased
from W-band to G-band or even terahertz.?l A variety of
techniques are adopted to extend the Moore’ law and im-
prove the devices’ frequency characteristics, such as novel
structures!>*! and fabrication technology.”®’ The InP-based
high electron mobility transistors (HEMTs) have demon-
strated high carrier sheet density, peak drift velocity, and
low-field mobility, and the recorded frequency characteristics
have exceeded 1 THz.!% Therefore, they are recognized as a
promising candidate for power amplifiers (PAs) and low noise
amplifiers (LNAs) of upcoming THz satellite communication
and deep space detection systems.!’~10]

When electronic equipment operates in harsh space envi-
ronment, its performance deterioration and even abnormality
result from various high energetic particles and cosmic rays.
Therefore, it is essential to understand the radiation reliabil-
ity of these devices. Since III-V HEMTs are not sensitive to
ionization effects, researchers primarily focus on the displace-
ment effects caused by irradiation. So far, the displacement
effects of GaN and GaAs HEMTs have been extensively stud-
ied. Typical features are the positive shift of threshold volt-
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age, degradation of transconductance, current, operating fre-

11-18] Begides, the related literature demon-

quency, and gain. !
strates that a large value of conduction band offset correlates
with greater tolerance of radiation damage.[!*-2"]

However, there are few studies on the proton irradiation
of InP HEMTs.[222] The present work presents a reason-
able radiation-resistant composite channel structure for InP
HEMTs. A combination of SRIM and ISE-TCAD is used
to simulate the radiation reliability of the composite channel
structure InP HEMTs. The trap model and the ionized impu-
rity scattering model account for the carrier removal and mo-
bility degradation caused by irradiation. And finally, an under-
standable explanation for the better radiation reliability of the
composite channel is presented.

2. Modeling
2.1. Device structure

Figures 1(a) and 1(b) show the schematic cross-sections
of the traditional single channel structure and the composite
channel structure InP HEMTS, respectively. These two de-
vice structures possess almost the same epitaxial layers apart
from the channel layer. The entire epilayers of single channel
structure from bottom to top consist of an InP semi-insulating
substrate, a 500-nm-thick Ing 5, Alp 43 As (InAlAs) buffer layer,

*Project supported by the National Natural Science Foundation of China (Grant No. 11775191), the Natural Science Foundation of Henan Province, China (Grant
No. 202300410379), the Promotion Funding for Excellent Young Backbone Teacher of Henan Province, China (Grant No. 2019GGJS017), Key Technologies
Research and Development Program of Henan Province, China (Grant No.202102210321), and the Promotion Project for Physics Discipline in Zhengzhou

University, China (Grant No. 2018WLTJO01).
Corresponding author. E-mail: zhongyinghui @zzu.edu.cn
© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

070702-1


http://dx.doi.org/10.1088/1674-1056/abe2fd
zhongyinghui@zzu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 30, No. 7 (2021) 070702

15-nm-thick Ings52Alg4sAs (InGaAs) channel layer, 5-nm-
thick InAlAs spacer layer, a §-doping plane with a concen-
tration of 5 x 10'2 ¢cm™2, 10-nm-thick InAlAs barrier layer,
uppermost 30-nm-thick heavily-doped InGaAs cap layer with
a doping concentration of 3 x 10!* cm™3. The composite chan-
nel contains 3-nm-thick InGaAs layer, 2-nm-thick InAs layer,
and 10-nm-thick Ings3(Alg3Gag7)o47As (InAlGaAs) layer.
All InAlAs and InGaAs layers are lattice matched with InP
substrate as well as InAlGaAs. The gate length is set to be
100 nm, and both gate—source distance and gate—drain dis-

tance are 1.0 pm.
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Fig. 1. Schematic cross-sections of InP HEMTSs: (a) single channel structure
and (b) composite channel structure.

2.2. Physical model

The accurate physical models are used to simulate the de-
vice characteristics, including hydrodynamic transport model,
Shockley—Read—Hall recombination, Auger recombination,
radiative recombination, density gradient model, and mobility
high-field saturation model. Detailed model and calibration re-
fer to the counterparts previous work. >34 Moreover, the trap
model is employed to introduce the radiation damage into de-
vice simulation. And the self-consistent coupling of Poisson
equation, current continuity equations, current density equa-
tions are given as follows: >

VZ(p:—g[p—n—i—Ng—NX—puap], @))
dn 1 dp 1

—=-V- — =-V-J 2
at q ns (9[ q P ( )
Jp = —quanV®,, Jp, = —quU,pVPp, 3)

where ¢ is the electrostatic potential, g is the elementary
charge, € is the material permittivity, n is the electron density,
p is the hole density, NS , Ny, and pyp are the ionized donor,
acceptor density, and trap density, J, and J, are the current
densities, i, and i, are the carrier mobilities, respectively, &,

and @, are the quasi-Fermi levels.

2.3. Vacancy profile

Displacement-related point defects are considered the pri-
mary damage mechanism that influences device performance
in proton-irradiated InP HEMTs.[!%13.20] Energetic protons
transfer part of their kinetic energy to the lattice atoms through
non-ionizing energy loss (NIEL). This energy displaces atoms
from their lattice sites and creates charged defect centers. Ac-
cording to the number of vacancies created in the given depth
after energetic proton incidence, we can calculate the densi-
ties of vacancy at different proton fluences. Here we consider
only the influence of As vacancies on InP HEMT, because As
vacancies act as acceptor defects and the influence of donor
defects on the device can be ignored.?®?71 Figure 2 shows the
As vacancy densities created near the heterojunction versus
75-keV proton fluence, calculated by SRIM. Under the same
fluence, there is no significant difference between the vacancy
density of the barrier layer and the channel layer. In addition,
the 75-keV proton NIEL is about 2.3 MeV-cm?/g in both of
InP HEMT structures.
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Fig. 2. Vacancy density near heterojunction versus proton fluence of (a) sin-
gle channel structure and (b) composite channel structure.
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2.4. Results and discussion

DC transfer characteristics of both HEMTs at a drain
voltage (Vps) of 1.5 V are shown in Fig. 3(a). The com-
posite channel structure exhibits over 1200 mS/mm of peak
transconductance (gm max) and 873 mA/mm of saturation cur-
rent (Ipssa). Compared with single channel structure, com-
posite channel structure significantly increases peak transcon-
ductance and saturation current. Besides, under the same
Schottky barrier, the composite channel structure’s threshold
voltage (V) is more negative. The reason will be explained in
detail below. Figures 3(b) and 3(c) show the small-signal RF
characteristic of both HEMTs at Vps = 1.5 V and gate—source
voltage (Vgs) biases around the points with peak transcon-
ductance. In a low-frequency band, the current gain (Hj)
and the maximum available/stable power gain (MAG/MSG)
curves are flat. With the increase of frequency, the current
gain decreases by —20 dB /decade, while the power gain de-
creases by two slopes, the stability factor K = 1 where the
slope changes from —10 dB/decade (MSG) to —20 dB/decade

(MAG). Note that the current gain cutoff frequency (ft) and

maximum oscillation frequency (fmax) of the composite chan-
nel structure reach 440 GHz and 930 GHz, respectively. The
detailed device characteristics are summarized in Table 1.

The improved characteristics of the composite channel
structure can be explained by simulating the conduction band
and the two-dimensional electron gas density of the hetero-
junction, and the results are shown in Fig. 4. It can be intu-
itively seen that the single channel structure forms a triangular-
like potential well near the heterojunction, and the electrons
are confined mainly in this potential well while the compos-
ite channel structure electrons are confined primarily in the
InAs subchannel with higher mobility. Besides, the com-
posite channel structure results in an apparent increase in
modulation efficiency expressed by higher sheet density of
two-dimensional electron gas density because of the insertion
of InAs. This directly leads the threshold voltage to shift
negatively.!?®! In other words, the higher carrier density and
mobility of the composite channel structure result in excellent
DC and RF characteristics.

Table 1. Electrical characteristics of both HEMTs.

Vin (V) Ips sat (MA/mm) gm,max (MS/mm) fr (GHz) JSmax (GHz)
Single channel -0.36 527 744 240 570
Composite channel —0.68 873 1204 440 930
50 30
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Fig. 3. Electrical characteristics of both HEMTSs: (a) transfer characteristics, (b) current gain, and (c) power gain.
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The transfer characteristics of both HEMTs without and
with the irradiation of protons are investigated. However, fig-
ure 5 shows the case of only non-irradiation, proton fluence
of 5.0 x 10! em™2 and 2.0 x 10'? cm~2 for clarity. With the
increase of the proton fluence, both structures exhibit different
degrees of degradation, mainly in reducing transconductance
and current, the threshold voltage shifts toward more positive
value. This is consistent with the explanation that the radiation

yields the acceptor defects near the heterojunction. 8]
600
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Fig. 5. Transfer characteristics of both HEMTs: (a) single channel structure
and (b) composite channel structure at different proton fluences.

The relationships between the normalized critical param-
eters and different proton fluences are shown in Fig. 6. The
normalized value is adopted here for comparison, in order to
eliminate the difference between the characteristics of both
structures and more intuitively reflect the degradation degree
of critical parameters by the irradiation fluence. The normal-
ized DC parameters, such as threshold voltage, peak transcon-
ductance, and saturation current show that the composite chan-
nel structure leads to better radiation reliability. The reason
will be explained below in terms of the degradation of carrier
density and mobility. Within the simulated proton fluence, the
higher the fluence, the more pronounced the advantage of the
composite channel structure is. To make the simulation results
more convincing, we compare the single channel structure’s
current degradation rate with those of other III-V HEMT ir-
radiation experiments where the methods in the literature are
adopted, "1 and the results are shown in Fig. 6(d). The current
degradation rate obtained by simulation is of the same order of
magnitude as the experimental value, and there is no signifi-

cant difference.

Figures 6(e) and 6(f) show the radiation fluence depen-
dence of the cut-off frequency and the maximum oscillation
frequency. Note that the RF parameters do not change signif-
icantly like the DC parameters in the simulated fluence range,
especially the maximum oscillation frequency. In fact, the
frequency parameters are inversely proportional to the carrier

transport time in the channel, which are expressed as>"!

1

= Dt L) @
_ ﬁ Rqs
Jmax =7 Re+ R’ &)

where L, is the gate length, vq is the electron drift velocity,
Tex 18 the extrinsic delay time, Ry is the channel resistance, R,
is the gate contact resistance, and R; is the Schottky junction
resistance. Regardless of parasitic effects, the frequency pa-
rameters should be closely related to the drift velocity under
a certain gate length. When the drift velocity reaches a satu-
ration value, the Coulomb scattering of the defects introduced
by the irradiation no longer dominates unless radiation fluence
is very high. The Coulomb scattering caused by charged de-
fects is an important cause of DC degradation. In other words,
the effect of radiation on RF parameters lags DC parameters.
Related studies show that the degradation of RF response is
due to impedance mismatches caused by changes in resistance
and capacitance. 8]

Carrier removal and mobility reduction are regarded
as the causes of DC degradation of irradiated HEMTs. 30
To illustrate the higher reliability of the composite channel
structure in terms of DC parameters, we extract the two-
dimensional electron gas sheet density (ng) and mobility (i) of
the two structures under different irradiation fluences, and the
results are shown in Fig. 7. The normalized form is still used
here for the convenience of comparison. The two-dimensional
electron gas density has a linear relationship with the radi-
ation fluence. According to the Coulomb scattering model
of charged defects, the mobility is more sensitive to radia-
tion. Mobility degrades rapidly at low fluence, but at high
fluence the degradation value tends to be saturated. It is con-
sistent with the irradiation experiment of the GaN-based two-
dimensional electron gas system.[*!l Although the mobility
degradations of the two structures are almost the same due
to a similar defect density (Fig. 2), the carrier removal rate
of the composite channel structure is significantly lower than
that of the single channel structure. This indicates that com-
paring with the single channel structure, the improvement of
the radiation reliability of the composite channel is reflected
mainly in the weakening of the carrier removal effect.
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Fig. 7. (a) Normalized ng and (b) normalized u varying with proton fluence for single channel and composite channel.

diation can be illustrated by extracting the capture rate of de-

fects. Figure 8 shows the capture rates of different defect lev-

els with respect to conduction band near the heterojunction
region. Although the capture rates of the barrier layers are
almost the same in both structures, there is a significant differ-
ence in channel layer because of the wide band-gap InAlGaAs
subchannel. For a non-degenerate system, the probability of
the defect levels occupied should follow the Boltzmann distri-

070702-5

bution function:

Etr —Ef

i) = (-

).

(6)

Comparing with the band diagram of Fig. 4, the offset be-
tween the conduction band of the InAlGaAs subchannel and
the Fermi level is about 0.3 eV. For the As vacancy defect en-
ergy level 0.15 eV adopted in this simulation,*?! the defects
in the InAlGaAs subchannel are partially ionized. Compar-
ing with the complete ionization of channel defects in the sin-
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gle channel structure, the composite channel structure signif-
icantly reduces the carrier removal effect. This implies that
through a reasonable composite channel structure, the device
characteristics can be optimized while the radiation reliability
can be improved.

v
s
@
-
2
3
s
Q,
@
O
0
0.4
2
0.2 2
2
| Q
, T
20 0 &
) Device dépth (1I?In) 0
single channe] / barrj
arrier
©
)
@
:
| o)
: ~
| =]
l +
| Q
| @
O
-+0
0.4
2
0.2 ?
2
Q
30 ’ ﬁ
Dev?ge dé/ n ’ "o
COmposite chanpe]/ pthl (nm)
Darrier

Fig. 8. Distribution of traps capture rate near heterojunction for (a) single
channel structure and (b) composite channel structure.

3. Conclusions

In this work, a composite channel structure InP HEMT
is proposed to improve the proton irradiation tolerance, and
displays more excellent DC and RF characteristics than tradi-
tional single channel structure because of increased modula-
tion doping efficiency and carrier confinement. Besides, the
composite channel structure exhibits superior radiation relia-
bility. By extracting the sheet density and mobility of two-
dimensional electron gas, it is believed that the composite
channel weakens the carrier removal effect. This can account
for the increase of native carrier and the decrease of defect cap-
ture rate. Therefore, it is proved that a reasonable composite
channel structure design can effectively improve the irradia-
tion reliability of InP HEMT device.
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