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Electron irradiation effects on InP-based HEMTs with different gate widths
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In this paper, the influence of electron irradiation on DC and RF characteristics of InP-based
HEMTSs with different gate widths were studied by irradiation experiment. The results show
that the value of channel current (Ips) and transconductance (g,,) are decreased for device
with different gate width after electron irradiation, which is mainly due to the reduction of
mobility in the channel by the irradiation-induced defects. However, the carrier
concentration in the channel has a little change. Compared with the device with 100 um gate
width, Ips and g, of the device with 40 um gate width were decreased by 1.5% and 3%.
Meanwhile, the forward gate current decreased due to the increase of series resistance of
gate contact caused by electron irradiation. The interface defects induced by electron
irradiation induced the increase of the reverse gate current. Additionally, the current gain
cut-off frequency (fr) and maximum oscillation frequency (f.x) Were reduced by 19.8%
and 10.9% for device with 40 um gate width, and the frand f...x were only reduced by 7.1%
and 8.2% for device with 100 um gate width. The experimental results indicate that
designing a reasonable structure is an effective method to enhance the radiation resistance in
InP-based HEMTS, and this method can also be utilized in other semiconductor devices.
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1. Introduction

Recently, millimeter-wave systems have rapidly emerged as a potential candidate for
various attractive demands, such as 60 GHz short-range communication[1], 77 GHz automotive
radar systems[2] and 94 GHz high-resolution imaging applications[3]. Due to ultra-fast carrier
relaxation time, high breakdown field and high electron mobility, I11-V compound semiconductor
materials are widely used in a variety of high-frequency and high-power microelectronic
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devices[4-6]. Because of high carrier sheet density, high carrier peak drift velocity and low-field
mobility in InGaAs channel, InAlAs/InGaAs InP-based high electron mobility transistors
(HEMTSs) demonstrate extremely excellent characteristics, such as high frequency, low noise
figure, and superior gain performance and so on. Consequently, they have become competitive
candidates for various millimeter-wave circuits [7-10] and space applications.

It is well-known that space equipments mostly operate at the van Allen radiation belt,
which mainly include protons and electrons[11,12]. When semiconductor devices work in this
environment, the radiation resistance of semiconductor devices must be established, due to the fact
that performances of device will become deteriorated with irradiation time and dose[13,14]. Once
the space radiation fluence reaches a certain value, the device will stop working, and leads to a
failure the space equipment. Therefore, the irradiation degradation mechanism induced by proton
or electron is of significant importance to prompt the pervasive application of InP-based HEMTs
in space environment.

In the past decades, many researchers have done an immense amounts of research about
the particles irradiation influence on HEMT by theory modeling and irradiation
experiments[15-18]. Lv et al. and Liu et al. have made comprehensive analyses of proton
irradiation on the output and transfer characteristics of AIGaN/GaN HEMTSs, which indicated that
the output and transfer characteristics were almost unchanged at low proton fluence, and with the
increase of proton fluence, the characteristics got deteriorated more seriously[15,16]. Kimura et al.
was studied the variation of Schottky gate characteristics InGaAs/GaAs HEMTSs induced by
electron irradiation. The results showed that the deterioration of the Schottky gate characteristics
were attributed to the deep traps introduced at the gate metal and GaAs barrier layer[17]. However,
these researches are mainly focused on GaN and GaAs based HEMTs and only a few papers are
studied the irradiation effects on InP-based HEMT devices.

In this paper, the gate width dependence of changes in DC and RF characteristics of
InP-based HEMTSs exposed to the 1x10' cm™? electron dose and electron energy 1 MeV were
investigated. The variation of electrical changes were analyzed, such as DC characteristics, RF
characteristics and gate current characteristics. The results would provide a reliable theoretical
guidance for anti-radiation of InP-based HEMTs.

2. Experiments

The heterostructures were fabricated by gas source molecular beam epitaxy (GSMBE) on
a semi-insulating InP substrate. It consists of a 500 nm InAlAs buffer layer, a 15 nm InGaAs
channel layer, a 3 nm InAlAs spacer layer, a 8 nm InAlAs barrier layer, and a 4 nm InP etching
stopper layer. In order to achieve the good source and drain Ohmic contacts, the composite
InGaAs cap layers with 3x10™ cm™ silicon doping were applied. The Schottky gate contacts were
formed by Ti/Pt/Au metallization and the Ohmic contacts were deposited using nonalloyed
Ti/Pt/Au with 15/15/270 nm. The devices have a gate length of 120 nm and source-to-drain
spacing of 2.4 um. The gate width of two devices is 100 pm and 40 um, respectively. The structure
of device was shown in Figure 1 (a). The more detailed device fabrication process are shown in
Figure 1 (b).
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Fig. 1. The structure of InP-based HEMT.
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Fig. 2. The device fabrication process.

The InP-based HEMTSs were irradiation at the Lanzhou Institute of Physics of China. The
beam flux was about 1.33x10™ e/cm?s with a total dose up to 1x10*® cm™ and the electron energy
was 1 MeV, and all electrons were normal incidence on device. The DC and RF characteristics
were measured by the B1500A semiconductor parameter analyzer and the E8363B PNA series
vector network analyzer before and after electron irradiation at Zhengzhou University of China.
The measured environment was at room temperature.

3. Results and discussion

The output characteristics (Ips-Vps) curves of InP-based HEMTs with different gate widths
before and after electron irradiation were shown in Fig. 3 (a) and (b). The incident electron energy
and dose were 1 MeV and 1x10* cm?, respectively. The gate voltage (Vss) ranged from 0 V to
-0.6 V with a step of -0.1 V. It can be seen that the variation of drain current shown the similar
degeneration trend after electron irradiation for different gate widths, as shown in Fig 3 (a).
Specifically, saturation drain currents (Ip, sar) and specific channel on-resistance (R,,) are extracted
from the 1-V characteristics curves with different gate widths at Vgs= 0 V, as shown in Fig. 4. For
device with 40 um gate width, Ipe: and Ry, Were decreased by 15.3% and 13.2%, respectively. For
device with 100 um gate width, Ips: and R, were decreased by 13.8% and 10.2%, respectively.
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Fig. 3. I-V characteristics curves of InP-based HEMTs with different gate widths before
and after electron irradiation, (a) 40 pm,(b) 100 pm.
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Fig. 4. The variation of the Ip ¢ and R, at Vgs = 0 V with the different gate widths.

Figure 5 (a) and (b) described the transfer characteristics (Ips-Vgs) of InP-based HEMTs
with the gate width of 40 um and 100 pm before and after 1x10'® cm™ electron irradiation with
Vps =1.4 V at 1 MeV electron energy. The transconductance (g.,) and channel current (Ips) of two
kinds of devices were both decreased after electron irradiation. The variation of maximum
transconductance (gmmax) and the maximum channel current (Ip max) Were exactly computed from
Ips-Ves curves for 40 um and 100 pum devices, as shown in Fig. 6. For the device with 40 um gate
width, the gmmax and Ip max got dropped by 21.1% and 18.7% after electron irradiation, respectively.
However, for the device with 100 pm gate width, the gmmax and Ip max got dropped by 18.1% and
12.9% after electron irradiation, respectively. Therefore, the device with large gate width had a
stronger radiation resistance.
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Fig. 5. Transfer characteristics curves of InP-based HEMTs with different gate widths before and after
electron irradiation, (a) 40 um,(b) 100 um.
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Fig. 6. The variation of the Ip ¢ and Ry, at Vps = 1.4 V with the different gate widths.

The defects induced by electron irradiation in the hetero-junction region degenerated the
electron density and mobility through the carrier removal effect and scattering effect and led to the
degeneration of output and transfer characteristics of device. To understand the irradiation-induced
charged defects on the electron density and mobility, the electron density and mobility were
calculated by[19-21]:

L

&
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where Vqy is the threshold voltage, L and W are the gate length width, ng is sheet electron
concentration, Hehanner 1S €lectron mobility in the channel. Form the Ips-Vgs curves, the values of
V14 for the devices with 40 um and 100 um gate width were almost unchanged after electron
irradiation. Therefore, the electron concentrations calculated by above equation were shown nearly
invariable after electron irradiation for devices with different gate width. However, the values of
Henanner Calculated by above equation for the devices with 40 um and 100 um gate width were
reduced by 78.9% and 67.9% after electron irradiation, respectively. In addition, the Pcpanner OF
device with small gate width was reduced more seriously than the device with large gate width.
Hence, the degeneration of output and transfer characteristics of InP based HEMTs by electron
irradiation were mainly attributed to the decreased Ucnanner after electron irradiation and the device
with small gate width was degenerated more severely. The defects distributions under the gate
induced by electron irradiation were more concentrated at the small gate width and resulted in the
more stronger scattering effect than the large gate width. Moreover, the surface morphology of
small gate width become more rough after electron irradiation. Therefore, the characteristics of
device with 40 um gate width showed the more serious degeneration.

The forward gate current curves of InP-based HEMTs with different gate width were
shown in Fig. 7 (a) and (b). After electron irradiation, the forward current got decreased for both
device, and the device with 40 um gate width was reduced more significantly. This was mainly
due to the increase of series resistance after electron irradiation. The series resistance can be
extracted from slop of dVv/d(Lnl)-I curves at forward bias condition, and was calculated by[22]:

dv
d(in1)
electron irradiation. It can be seen that the slope of curves were both increased after electron
irradiation, which meaned the resistance went up. The series resistance was increased from 4.9 Q
to 7.1 Q for device with 40 um gate width, and the series resistance was increased from 4.6 Q to

=R/ +”k7T. Figure 8 shows the dV/d(Lnl)-1 curves of both devices before and after
q
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5.1 Q for device with 100 um gate width,

width was degenerated more severely.

Hence, the forward current of device with 40 um gate
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Fig. 7. Forward gate current curves of InP-based HEMTs with different gate widths before and after
electron irradiation, (a) 40 pm,(b) 100 pm.
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Fig. 8. dv/d(Lnl)-I curves of both device before and after electron irradiation, (a) 40 um,(b) 100 um.

The ideality factor and the Schottky barrier height are main parameters for gate-ch
aracteristics of InP-based HEMTs. According to the thermionic-emission model, the ideality
factor and the Schottky barrier height can be obtained from the slope and intercept of Ln
I-V plot, the equations can be written as: [23-25]
(SA*TZJ
In
IsO

where, S is the contact area, A" is the effective Richardson constant,14.4 Alcm**K, g is the
electronic charge, k is the Boltzman constant, T is absolute temperature, V is the applied voltage
across the structure, Igois the reverse saturation current, n and @g are the ideality factor and the
Schottky barrier height, respectively. The n was increase by 4.3% and 12.2% for device with 40
and 100 pm gate width, respectively. However, &g had a little change for both devices. The
interface states introduced by electron irradiation could be considered to be the reason for the
change of n[24,25].
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Fig. 9. Semi-log plot of the 155-Vgs curves before and after electron irradiation at line region,
(a) 40 pm,(b) 100 pm.

Figure 10 (a) and (b) showed the reverse gate current characteristics of InP-based HEMTs
with different gate width before and after electron irradiation. After electron irradiation, the reverse
gate current of the devices with different gate width were both increased, and the reverse gate
current was deteriorated more worse for devices with different 40 um gate width. Under the
reverse bias, the Fermi level of semiconductor material at the interface might be below the defect
level and lead to the defects release electrons. Therefore, the number of electrons passing through
the Schottky barrier will be increased, and the reverse gate current will be enhanced with larger
radiation fluence[26].
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Fig. 10. Reverse gate current curves of InP-based HEMTs with different gate widths before and after
electron irradiation, (a) 40 pm,(b) 100 pm.
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Figure 11 shows fr and f. of InP-based HEMTs before and after electron irradiation.
After electron irradiation, both frand f.., demonstrated a downward trend. The defects induced by
electron irradiation increased the gate-drain capacitance and the specific channel on-resistance and
led to the degeneration of fr and f.x[20]. For device with 40 um gate width, the f; was decreased
from 153.0 GHz to 122.7 GHz and f,..x was decreased from 208.5 GHz to 185.7 GHz. The frand
frax Were reduced by 19.8% and 10.9%, respectively. For device with 100 um gate width, the f;
was decreased from 139.4 GHz to 125.5 GHz and f,.x Was decreased from 226.2 GHz to 206.1
GHz. The frand f, were reduced by 7.1% and 8.2%, respectively. Therefore, the InP-based
HEMT device with large gate width demonstrates a good capability when it works in an irradiation
environment.

4. Conclusions

In conclusion, the effects of electron irradiation on DC and RF characteristics of InP-based
HEMTSs with different gate width are investigated. After electron irradiation, the Ips and g, were
both reduced for device with different gate width. The reduction of carrier mobility in the channel
was the reason for degeneration Ips and g, Meanwhile, the frand f..x were also decreased after
electron irradiation, which was mainly due to the increase of gate-drain capacitance and specific
channel on-resistance after electron irradiation. Additionally, the increase of series resistance
caused by electron irradiation was led to the reduction of forward gate current, and the value of
reverse gate leakage current increased after electron irradiation, which can be accounted for the
increased electrons released by the induced defects under reverse bias. Although the DC and RF
characteristics of both devices were degenerated induced by electron irradiation, the device with
large gate with was demonstrated to strongly resist to irradiation.
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