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Influence of ®°*Co gamma radiation on fluorine
plasma treated enhancement-mode high-
electron-mobility transistor®
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AlGaN/GaN depletion-mode high-electron-mobility transistor (D-HEMT) and fluorine (F) plasma treated
enhancement-mode high-electron-mobility transistor (E-HEMT) are exposed to 0Co gamma radiation with a dose
of 1.6 Mrad (Si). No degradation is observed in the performance of D-HEMT. However, the maximum transconduc-
tance of E-HEMT is increased after radiation. The 2DEG density and the mobility are calculated from the results
of capacitance—voltage measurement. The electron mobility decreases after fluorine plasma treatment and recovers
after radiation. Conductance measurements in a frequency range from 10 kHz to 1 MHz are used to characterize the
trapping effects in the devices. A new type of trap is observed in the F plasma treated E-HEMT compared with
the D-HEMT, but the density of the trap decreases by radiation. Fitting of Gp/w data yields the trap densities
Dt = (1 —3) x 1012 cm™2- eV~! and Dt = (0.2 — 0.8) x 102 cm™2.eV~! before and after radiation, respectively.
The time constant is 0.5 ms—6 ms. With F plasma treatment, the trap is introduced by etch damage and degrades the
electronic mobility. After 0Co gamma radiation, the etch damage decreases and the electron mobility is improved. The
gamma radiation can recover the etch damage caused by F plasma treatment.
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1. Introduction

Enhancement-mode IIl-nitride high-electron-
mobility transistor (HEMT), with a positive thresh-
old voltage, is a key component for high-speed power
switch, high temperature GaN integrated circuit [
Flu-
orine (F) plasma treatment[?! is a robust approach
to controlling the threshold voltage of AlGaN/GaN
HETM.5 This technique has been demonstrated
to shift the threshold voltage of Al1GaN/GaN HEMTSs
toward a positive bias, thus enabling enhancement-
mode operation.[®~9 It was reported that the fluorine

and high radiation resisted integrated circuit.

plasma treatment enhancement-mode HEMT has a
high stability under electronic stress and high tem-
perature stress.['%11] The radiation reliability'2:13 of
fluorine plasma treatment enhancement-mode HEMT
has not been studied.

In this paper,
HEMTSs and fluorine plasma treatment enhancement-

conventional depletion-mode

mode HEMTs are exposed to °Co gamma radia-
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tion with a dose of 1.6 Mrad (Si). The results of
D-HEMTs show no degradation, however, the max-
imum drain current and the maximum transconduc-
tance of E-HEMTSs increase after radiation. Capac-
itance and conductance measurements are used to
study the mechanism. The °Co gamma radiation re-
duces the trap in E-mode HEMT generated by flu-
orine plasma treatment and recovers the maximum
transconductance of E-HEMT.

2. Device and fabrication

The AlGaN/GaN HEMT layer was grown by
metal organic chemical vapour deposition (MOCVD)
on a sapphire substrate. The heterostructure was
composed of a nucleation layer, a 1 um-thick GaN
buffer layer and an un-doped 20-nm-thick AlGaN bar-
rier layer. An AIN mole fraction of AlGaN was
30%. Step-and-repeat system was used to open

the gate regions of AlGaN/GaN D-HEMTs and Al-
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GaN/GaN E-HEMTsS separately on one wafer. These
processes have been described in detail in our pre-
vious paper.l'!l The device fabrication started with
mesa isolation which had been formed by induc-
tively coupled plasma (ICP) with an etch-depth of
200 nm. Ohmic contacts consisting of Ti/Al/Ni/Au
(22 nm/140 nm/55 nm/45 nm) were annealed in a ni-
trogen ambient at 850°, yielding a contact resistance
typically around 1.0 Q-mm. The Schottky contacts
were formed by Ni/Au. Before the gate deposition
of the AlGaN/GaN E-HEMTS, the wafer was treated
by CFy4 plasma (150 W, 150 s) in a reactive ion etch-
ing (RIE) system. Direct current characteristics were
investigated by Agilent 1500B semiconductor param-
eter analyzer, capacitance-voltage and capacitance—
frequency were measured by Keythley 4200.

3. Radiation and measurement

The threshold voltages are typically 0.57 V and
—3.5 V for the AlGaN/GaN E-HEMTs and Al-
GaN/GaN D-HEMTSs, respectively. The transcon-
ductance peak values of AlGaN/GaN E-HEMTs
and AlGaN/GaN D-HEMTs are 201 mS/mm and
The DC

characteristics obtained are consistent with those re-
6,7,14]

234 mS/mm, respectively (Figs. 1 and 2) .
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Fig. 1. (a) DC I-V output characteristics and (b) trans-
fer characteristics of AlGaN/GaN D-HEMT and E-HEMT
before and after ®0Co gamma radiation.

D-HEMTs and E-HEMTs are all exposed to %0Co
gamma radiation with a dose of 1.6 Mrad (Si), the re-
sults (Figs. 1 and 2) show no degradation in D-HEMT
after radiation. However, the maximum drain cur-
rent and the maximum transconductance of E-HEMT
increase and the maximum transconductance of E-

HEMT recovers to the D-HEMTSs value.

T 700F

g (a) —a— before RAD

g 6001 — o after RAD
< 500

g
=400

=1

(o]

o 300

3

= 200

£ 100

D K

0

- -3 -2 -1 0 1 2 3

| 600 : : ; . :

é 240

< -
2 4001 —s—before RAD ‘
> —o—after RAD 160 E
% 20017 E
o 80 é
s

-

@)

i f f T T 0

Drain voltage/V

Fig. 2. (a) DC I-V output characteristics and (b) transfer
characteristics of AlGaN/GaN E-HEMT before and after
60Co gamma radiation.

The capacitance—voltage characteristics are used
to calculate the 2DEG densities of AlGaN/GaN E-
mode HEMTs (Fig. 3). The electron mobility can be
deduced from the following expression:
1
~ qNgp’
where Ry, is the sheet resistance. Ry, values
of AlGaN/GaN E-HEMT before and after radia-
tion obtained from the output characteristics and
transfer line model (Fig. 2) are 958 /00 and
608 /0, respectively. The 2DEG density of E-HEMT
keeps 0.95x10'® e¢m~2 during radiation. The elec-
tron mobilities of E-HEMT are 686 cm?/(V-s) and
1081 c¢m?/(V-s) before and after radiation, respec-

Rsh

tively. The device characteristic parameters of D-
HEMT have no degradation after radiation. The
2DEG density is 1.1x10*® cm =2 and the mobilities are
1080 cm?/(V-s) before radiation and 1204 cm?/(Vs)
after radiation. Electron mobility of fluorine plasma
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treatment E-HEMT is degraded by fluorine etch dam-
age. Nevertheless, it is recovered by radiation. The
increase of electron mobility after radiation results in
the recovery of maximum transconductance. The mo-
bility of D-HEMT is also slightly improved after radi-
ation, which may be due to the recovery of over CF,
etch damage by %°Co gamma radiation.
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Fig. 3. (a) C-V characteristics of AlGaN/GaN Schot-

tky gate diode before and after radiation and (b) electron
distribution profile deduced from the C—V characteristics.

The conductance measurements in a frequency
range from 10 kHz to 1 MHz are used to characterize
the trapping effects in the D-HEMTs and E-HEMTSs
prepared. The equivalent parallel capacitance C}, and
conductance G, each as a function of frequency, under
the assumption of a continuum of trap level, can be
expressed as!!?l

qDr
Cp=Cpt 27T
P bt wrr tan(wrT)’
and o D
p qaT 2
— = ——1Inll
w 2wrT n[ + (wrr) ]’

where D is the trap density, 7 is the trap state time
constant, Cj, is the barrier capacitance and w is the
radial frequency. The quantities Dt and 71 can be
extracted by fitting the experimental data of Cp(w)
or Gp(w). The conductance data are used to calculate

the trap density and trap state time constant, as in
this case the barrier capacitance Cy, is not required to
be known. Typical curves for G, /w versus w for the
D-HEMT and E-HEMT, measured at selected biases
near threshold voltage, are shown in Figs.4 and 5.
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Fig. 4. Conductances each as a function of frequency for
(a) E-HEMT before RAD, (b) E-HEMT after RAD and
(c) D-HEMT before RAD at the gate voltages near deple-
tion (solid lines are fitting curves).

The data for D-HEMT show one peak, which in-
dicates that just ‘slow’ traps exist in the D-HEMTs.
The data for E-HEMTs before and after radiation
This indicates that two dif-
ferent trap states, ‘fast’ and ‘slow’ with different den-

both show two peaks.

sities and time constants, should be present. So the
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conductance G, can be expressed as
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Fig. 5. Comparison of G /w versus w curve between D-
HEMT before RAD, E-HEMT before and after RAD.

The measured data are consistent with the fit-
ted curves under the assumption of two different
trap states in E-HEMT and one trap state in D-
HEMT. From the fitting, the resulting parameters of
the E-HEMT before radiation are Dy = (2 — 6) x
10'2 em™2.eV~! and 77(5) = (0.5 — 6) ms for the slow
trap state and Drpgp) = (1 —3) x 10" cm™2-eV ™! and
7o) = (0.2 — 2) us for the fast trap state. From the
fitting, the resulting parameters of the E-HEMT after
radiation are D) = (2 —6) x 10" cm™2-eV~! and
Tr(s) = (0.5—6) ms for the slow trap state and Dy =
(0.2—-0.8) x 10'* em™2-eV~! and 7r(;) = (0.2 — 2) ps
for the fast trap state. On the other hand, fitting of
Gp/w data for the D-HEMT yields the density of slow
trap Dy = (1—5) x 10" em™2-eV~! with the same
time constants as those for the E-HEMT.

The density of slow traps in the E-HEMT is lower
than that in the D-HEMT, which shows that fluorine
plasma treatment decreases the slow trap density. The
slow trap time constant of several ms is consistent with
that of the surface trap obtained in Ref. [16]. It was

also reported that fluorine plasma treatment reduces
the reverse gate leakage current.'” The trap assistant
tunneling is a dominant source of reverse gate leakage
current. The decrease of the surface trap density by
fluorine plasma treatment should induce the suppres-
sion of the reverse gate leakage current. So we can see
that fluorine plasma treatment modifies the surface by
reducing the slow traps located in the surface of Al-
GaN and suppresses the reverse gate leakage current.

It is also found that fluorine plasma treatment
introduces a new fast trap in E-HEMT, however, this
new trap was decreased by Co60 radiation. The new
fast trap is a critical factor that decreases the elec-
tron mobility and degrades the maximum transcon-
ductance. With F plasma treatment, the trap is
introduced by etch damage and degrades the elec-
tron mobility. The maximum transconductance of the
device decreases. After %°Co gamma radiation, the
trap decreases and the electron mobility is improved.
The maximum transconductance of E-HEMT recov-
ers. Gamma radiation recovers the etch damage of F
plasma treatment.

4. Conclusion

Conventional D-HEMT and fluorin plasma treat-
ment E-HEMT are each fabricated on one wafer and
are both exposed to %°Co gamma radiation. No degra-
dation is found in D-HEMT, nevertheless, the maxi-
mum drain current and the maximum transconduc-
tance of E-HEMT increase after radiation. Capac-
itance and conductance measurements are used to
study the mechanism from the trap effect aspect. The
results show that %°Co gamma radiation decreases the
new trap in E-HEMT generated by fluorine plasma
treatment and recovers the maximum transconduc-
tance of E-HEMT. Both of the E/D HEMTSs exhibit
high stability under gamma radiation, demonstrating
promising potential for GaN-based high-radiation re-
sistant digital ICs.
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