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The performance damage mechanism of InP-based high electron mobility transistors (HEMTs) after proton irradiation
has been investigated comprehensively through induced defects. The effects of the defect type, defect energy level with
respect to conduction band ET, and defect concentration on the transfer and output characteristics of the device are discussed
based on hydrodynamic model and Shockley—Read—Hall recombination model. The results indicate that only acceptor-
like defects have a significant influence on device operation. Meanwhile, as defect energy level Et shifts away from
conduction band, the drain current decreases gradually and finally reaches a saturation value with Et above 0.5 eV. This
can be attributed to the fact that at sufficient deep level, acceptor-type defects could not be ionized any more. Additionally,
the drain current and transconductance degrade more severely with larger acceptor concentration. These changes of the
electrical characteristics with proton radiation could be accounted for by the electron density reduction in the channel

region from induced acceptor-like defects.

Keywords: InP-based high electron mobility transistor, proton radiation, defects properties, output and trans-
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1. Introduction

with the
of advanced micro/nano-fabrication technologies or novel

In the past few decades, development
structures,!' 3! III-V compound semiconductor devices have
attracted considerable attention.[*”) Among them, the great
progress of InP-based high electron mobility transistors
(HEMTSs) has been made; for example, the current gain cut-off
frequency fr and maximum oscillation frequency fmax have
been reported to be above 700 GHz and 1 THz.[®° There-
fore, InP-based HEMTs are potentially excellent candidates
for various high speed circuits, millimeter wave systems, and

10-121 such as national defense,

even terahertz applications, !
aerospace, and satellite radar.

In the environment of space, various high-energy particles
and rays will damage the electronic devices and result in per-
formance degradation of devices and even abnormality of elec-
tronic systems.!!3'4] The main sources of energetic particles
in space environments are protons and electrons. However,
the proton mass is about 1836 times larger than that of elec-
tron, which means that more serious radiation damage could
be induced by protons. Therefore, it is very important to study
the effect of proton irradiation on InP-based HEMTs used in
space environment.

DOI: 10.1088/1674-1056/28/7/078501

Admittedly, some exploratory studies have yet been re-
ported to be aimed at proton irradiation effect on HEMT

devices, 127171

most of which have focused on the performance
degradation of devices caused by different proton fluences and
proton energies. Much less has been done to study the effects
on the defects properties induced by proton irradiation, such as
the type of defects and the defect energy level. Under appro-
priate conductions, the defects induced by proton irradiation
will interact with other impurity atoms and vacancies, form-
ing more complex defects. Consequently, the deep defect level
will be introduced into the forbidden band of materials,[!8:19]
which will reduce the carrier concentration and degenerate
the device of performance through changing the Fermi energy
level by electrical compensation. Therefore, it is very indis-
pensable to make a clear understanding of the irradiation dam-
age mechanism of InP-based HEMTs by defects properties.

In this paper, the effect of defects properties on InP-
based HEMTs is investigated by hydrodynamic model and
Shockley—Read—Hall recombination model, including the de-
fect type, defect energy level, and defect concentration. The
results will provide an effective analytical approach and re-
liable theoretical guidance for anti-radiation of InP-based
HEMT.
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2. Device structure and numerical methods

Figure 1 shows a schematic cross-section of InP-based
HEMTs. The epitaxial structure from bottom to top con-
sists of an Ings5pAlp4gAs buffer, an Ing53Gag47As channel,
Ing 50 Alg 43 As spacer layer, a Si-doped plane which provides
two-dimensional electron gas (2DEG), a 12 nm thick un-
strained IngspAlg.4gAs Schottky barrier layer, and a heavily
Si-doped doping InGaAs cap layer. All InAlAs layers are lat-
tice matched with the InP substrate. Source and drain ohmic
contacts are spaced 2.4 pm apart with 0.1 pm T-gate being
located at the center of gate-recess region. The detailed fabri-
cation process has been described in our previous work.2%-21]

PAD gate. PAD
s B D
InGaAs Cap| |InGaAs Cap

InAlAs barrier 12 nm
~ Sidoping
InAlAs spacer 3 nm

InGaAs channel 15 nm

InAlAs buffer 500 nm

Fig. 1. Schematic cross-section of the InP-based HEMT.

To investigate the effect of proton radiation on the elec-
trical characteristics of InP-based HEMT, the numerical sim-
ulation method has been used.['”! For devices with hetero-
structure, electrons can acquire very high energy and get
into non-equilibrium transport condition, and therefore elec-
tron velocity can be much greater than their steady state
value. Coincidentally, hydrodynamic transport model depicts
charge transport properties through Poisson equation, conti-
nuity equation, and energy conservation equation, which can
thus precisely describe many non-equilibrium conditions such
as quasi-ballistic transport in thin regions and velocity over-
shoot effect in depleted regions. Moreover, the induced va-
cancies by displacement effect after proton irradiation are
considered self-consistently through solving Poisson and cur-
rent continuity equations and energy conservation equations as

follows: [8:22]

V'8V¢:*Q[P*”JFND*NA}*Ptrapa (D

Jo = qun (WVEc+kT,Vn+knVT,— 1.5nkT,Vinm,), (2)
J _

VSy=Jn-VEc —nZin =10 3)
ot Te

where € is the electrical permittivity, @ is the electrostatic po-
tential, n and p are the electron and hole densities, Np and
N are the ionized donor and acceptor concentration, Pp iS
the charge density contributed by defects, Ec is the conduc-
tion band energy, T, is the electron temperature, m, is the
electron effective masses, S, is the energy flux, and 7, is the

energy relaxation time. To explain the single defect level in
the band gap, the Shockley—Read—Hall model is adopted as
follows:[23-24]

Rsru
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where nj. is the effective intrinsic density, and ET is the defect
level with respect to conduction band.

Several crucial physical effects are also taken into ac-
count in the simulation, including doping and high field depen-
dent mobility degradation models, impact ionization model,
quantum effect model, and Auger and radiative recombi-
25.26] The parameters of Ingsp;Alg4gAs and

Ing 53Gag 47As materials are obtained by liner interpolation

nation models.!

from the parameters of AlAs, GaAs, and InAs. The temper-
ature is 300 K by default in the simulations. The Newton
method is adopted to calculate the equations of the physical
models. Additional information about the models and param-

eters is described in our previous work.?7-28!

3. Results and discussion

It is well-known that carriers are mainly distributed and
gathered around InAlAs/InGaAs hetero-junction in InP-based
HEMTSs, which thus determines almost all of the device char-
acteristics, including channel current, transconductance, and
so on. Therefore, the number of induced vacancies in InAlAs
barrier and InGaAs channel layer is calculated with proton en-
ergy varying from 50 keV to 200 keV, as shown in Fig. 2. The
number of induced vacancies around hetero-junction increases
firstly and decreases subsequently, which reaches the largest
value at 75 keV. With the increase of proton energy, the proton
injection depth will increase gradually, and eventually protons
pass through the material layers with only a small amount of
vacancies generated in hetero-junction region.

The induced vacancies may influence devices by acting
as acceptor-like or donor-like defects, which is closely related
with their concentration and energy level. Among Al, As, Ga,
and In vacancies induced by proton radiation, the As vacancy
will become acceptor-like defects, while Ga and In vacancies
will conduct as donor-like defects.>”! To estimate their im-
pacts on InP-based HEMTsS, the output channel current Ipg
with gate-source voltage Vgs of 0 V and transfer characteris-
tics with drain—source voltage Vpg of 1.5 V are investigated be-
fore and after proton irradiation at fluence of 1 x 102 ¢cm™2, as
shown in Fig. 3. The output channel current and transfer char-
acteristics are degraded gradually only with acceptor-like de-
fect; however, donor-like defects have no effect on device per-
formance because the negatively charged As acceptor defects
induced by proton irradiation capture the free electrons and
thus result in performance degradation of InP-based HEMTs.
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Fig. 2. The number of vacancy defects in hetero-junction material layers induced by proton radiation with different energies.

characteristics and output channel current versus defect en-
ergy level with respect to conduction band Et with concen-
tration fixed at 1 x 10'> cm~2. With the increase of the en-
ergy level distance from conduction band, the drain current
decreases and saturates at an energy level distance of 0.5 eV,
which is mainly due to the fact that defects recombination rate
rises with the increase of the defects energy level. The defects
recombination rate can be written as!?¥

ool
Ncexp(—1) 7

where ny = njerexp (Etrap/kT). Therefore, the defects re-

combination rate will be increased as the defects energy level

increases. Namely, the fewest electrons are captured at the
0 eV defect level, whereas the most electrons are captured at

Rsryy = p X [Tp {1
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Fig. 3. Output channel current and transfer characteristics with donor
and acceptor defects. (a) Output channel current; (b) transfer character-
istics.

The energy level in band-gap of material is another im-
portant factor of defects, which may affect the degradation de-
gree of device performance. Figures 4 and 5 show the transfer
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E
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~
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Fig. 4. The effect of ET on transfer characteristics.
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0.7 eV, as shown in Fig. 6. Moreover, the drain current has a
small change over the 0.5 eV defect energy level, which can be
explained by the fact that deeper level acceptor defects could
not longer be sufficiently ionized.?*30]

400
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Fig. 5. The effect of Et on output characteristics. (a) Output current at
Vs = 0'V; (b) drain saturation current at Vpg = 1.5 V.
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Fig. 6. The electron concentration and recombination rate at the channel
of device with different defects energy levels.

As the proton fluence increases, As acceptor defects in
greater numbers are necessarily induced in device structure
by displacement effect. To explore the impact of induced
defect-concentration on InP-based HEMTs, the output chan-
nel current and transfer characteristics of InP-based HEMTs
are simulated with incident proton voltage of 75 keV and flu-
ence varying from 0 to 4 x 10'> cm~2, as shown in Fig. 7. Both
the channel current under Vgs of 0 V and transconductance un-
der Vps of 1.5 V demonstrate a decline trend with the increase
of proton fluence. The electron concentration in the channel
along the vertical direction of the device is plotted with dif-
ferent proton fluences in Fig. 8, which decreases with the in-
crease of the proton fluence. This conforms the fact that the

negatively charged As acceptor-like defects induced by proton
irradiation capture the free electrons and lead to the decrease
of the electron density in the channel region.
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Fig. 7. Characteristics of InP-based HEMTs at different proton flu-
ences. (a) Output channel current; (b) transfer characteristics.
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Fig. 8. The electron concentration in InP-based HEMTs with proton
fluence from 1 x 102 cm~2 to 4 x 102 cm™2.

4. Conclusion

In summary, the effect of induced defect on device char-
acteristics of InP-based HEMT is investigated by numerical
simulation. The results show that only the acceptor-like de-
fects will influence the device performance. Meanwhile, the
drain current gradually decreases with the increase of de-
fect energy level, which ultimately reaches a saturation value
with E1 above 0.5 eV. The drain current and transconductance
demonstrate obvious decline trend as the proton fluence in-
creases, which is mainly due to the decrease of 2DEG in the
channel region induced by As acceptor-like defects.
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