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Abstract: Although outstanding microwave power performance of AIGaN/GaN HEMTs has been reported, drain current

collapse is still a problem. In this paper,an experiment was carried out to demonstrate one factor causing the collapse. Two

AlGaN/GaN samples were anncaled under N,-atmosphere with and without carbon incorporation,and the XPS measure-

ment technique was used to determine that the concentration of carbon impurity in the latter sample was far higher than in

the former. From the comparison of two [4-V characteristics, we conclude that carbon impurity incorporation is respon-

sible for the severe current collapse. The carbon impurity-induced deep traps under negative gate bias stress can capture the

channel carriers, which release slowly from these traps under positive bias stress,thus causing the current collapse.
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1 Introduction

With the explosion of wireless technology, radio
frequency ( RF) and microwave power amplifiers
have received more and more attention. Among the
variety vying for market share, gallium nitride high-e-
lectron-mobility transistors (HEMTs) are extremely
attractive for the gamut of power electronics applica-
tions from power conditioning to microwave transmit-
ting for communication and radar'’’. Although very
high output power densities have been demonstrated,
significant developmental work remains to be done
for GaN HEMTs. One of the key remaining issues is
the current collapse that limits microwave output
power->*  Several causes have been proposed for the
collapse, including the charging of a second virtual
gate' , thermal resistance increase due to high device
temperature®’, gate
strain'® ,change of transport properties at high tem-
perature'”’ ,injection of hot carriers into regions adja-
cent to the conducting channel® ,surface states'’ and
deep levels"'),

Intensive studies have been performed on the re-
lationship between deep levels and current collapse.
However.the results are still controversial. In this pa-
per.we have studied the inseparably close relationship
between the deep traps and carbon impurities. We

bias-induced non-uniform
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found that the carbon incorporation related deep
traps play a significant role in the current collapse ob-
served in AlGaN/GaN HEMTs.

2 Device structure and fabrication

Figure 1 shows the layer structure of the tran-
sistor, which is an Al, , Ga, s N-AIN-GaN multilayer
grown on a semi-insulation sapphire substrate. The
50mm epitaxial wafer grown by MOCVD was provid-
ed by the Institute of Semiconductors,Chinese Acade-
my of Sciences. An average electron mobility of
1300cm*/ (V «s) and a sheet carrier density of 1.6 X
10" cm™® were obtained by room-temperature Hall
measurement. The AlGaN/GaN HEMT fabrication
commenced with the definition of the active device

Undoped AlGaN 25nm
AIN Inm
High mobility GaN 0.1pm
GaN 3.5pum
Sapphire

Fig.1 Layer structure for transistor grown by MOCVD
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Fig.2 Comparison of I,- Vg characteristics of sample #1 (a)
and sample #2 (b)

area. This isolation was implemented by ion implanta-
tion mesa. Next, the ohmic contacts were formed by
depositing the ohmic metals Ti/Al/Ti/Au and then
rapid thermal annealing (RTA) at 750C for 50s.
These steps resulted in a low ohmic contact resistivity
of 107°Q + cm’. The Schottky gate was formed by Ni/
Au evaporation and the subsequent lift-off process.
The gate length and width were 0.8 and 80um, re-
spectively.

3 Experiment and result analysis

The fabrication process was described in the pre-
vious section. In this section,several experimental de-
tails will be shown. After the Ti/Al/Ti/Au ohmic
metals were deposited,the wafer was divided into two
parts. Then, one sample (sample # 1) was annealed
under nitrogen (N,) atmosphere. The second sample
(sample # 2) was annealed under N, atmosphere in
which we intentionally incorporated excess carbon
while the rest of the conditions remained the same as
for sample # 1. In principle, the technique of carbon
incorporation in sample # 2 is a high-temperature en-
vironment for diffusion doping. After the gate was
completed,the DC test was carried out on both sam-
ples.

Figure 2 shows a comparison of the I,-V, char-
acteristics of sample #1 and sample # 2,with V, ap-
plied from 1 to —6V and from —6 to 1V,respective-

ly. The I,- V4 characteristics of sample #2 were nor-
mal at a standard measurement condition if the gate
voltage was applied from 1 to —6 V. However,if they
were measured at the gate voltage applied from —6 to
1V, the drain current decreased drastically, and the
drain current decrease is especially large at high gate
voltage (1V). This is the current collapse caused by
negative DC gate bias. Compared with sample # 2,
there was no negative DC gate bias-induced current
collapse,as shown in Fig. 2 (a). The two distinct re-
sults strongly suggest that the negative DC gate bias-
induced current collapse has a direct relation to the
excess carbon incorporation. A reasonable explanation
is that carbon incorporation-related deep traps under
negative gate bias stress are responsible for the cur-
rent collapse.

This bias stress technique is suitable for extrac-
ting the phenomena in the current collapse. If V,, was
swept from — 6 to 1 V., the drain current had been
measured under a very large negative gate bias stress
of —6V before it was measured at the gate voltage of
1V. When a large reverse bias is applied on the gate e-
lectrode,electrons coming from the gate are soon cap-
tured by the carbon impurity-induced deep traps.
Thus, the two-dimensional electron gas (2DEG) in
the channel decreases,considering the charge neutral-
ity condition in equilibrium. This can also be interpre-
ted as the injection of channel carriers into adjacent
regions of the device that contain deep traps. Next,
when gradually increased voltage is applied to the
gate electrode, the drain current cannot increase in-
stantaneously due to the slow release of electrons
from these deep traps, thus causing the current col-
lapse.

The deep trap will be discussed below. In princi-
ple.deep trapping centers can reside at the surface,in
the AlGaN barrier layer,at 2DEG interface,or in the
GaN buffer layer. Until now, there are still a variety
of conflicting explanations for these trapping effects.
Using photo-transient
have attributed the current collapse to trapping at the
surface,under the gate, and in the gate-drain access
region'"?!; if photoionization spectroscopy measure-
ments are used,traps at the buffer and channel inter-
face can be also identified™'"'. Klein et al. not only
used the photoionization spectrum for trap and defect
identification, but also estimated the trap depth rela-
tive to the band edges®’. Two broad absorptions were
observed below the GaN band-gap, corresponding to
the photoionization of carriers from two distinct
traps.labeled trapl and trap2. The fitted photoioniza-
tion thresholds located the two traps at approximately
1.8 and 2. 85eV below the conduction band, respec-

measurements, investigators
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Fig.3 XPS of Ga3d and C spectra for sample # 1 and sample
#2

tively. Trapl may be related to structural defects such
as dislocations and grain boundaries and trap2 is a
carbon impurity-related deep defect'’ . Klein et al.
gave good evidence of the close connection between
the deep trap2 and carbon impurity incorporation® .
Carbon is a major background impurity in the Al-
GaN/GaN multilayer grown by MOCVD, and can be
controlled to make GaN films semi-insulating (SD) for
usc as buffer layers in the fabrication of AlGaN/GaN
HEMTs. They carried out studies on wafers with GaN
layers grown at different MOCVD growth pressures
in order to vary the carbon concentration. Plotting
trapl and trap2 concentrations as a function of the
carbon concentration shows that the concentration of
trap2 is proportional to the concentration of carbon
and trapl is not. This lends considerable weight to the
idea that trap2 is a carbon-related defect center.

The experiment in this work also gives excellent
evidence. The X-ray photo spectroscopy (XPS) tech-
nique was applied to analyze the chemical composi-
tion of the layers on the surface of both samples. The
XPS results are shown in Fig. 3, where the Ga3d and
C spectra of the sample # 1 and sample # 2 are dis-
played. From the Ga3d and C XPS spectra, we can
find the chemical components change and determine
their intensity ratio. The composition ratio of the C
atoms to Ga atoms in the sample # 1 was estimated to
be 0. 221,compared to 0. 596 for the sample # 2. That
the relative intensity ratio of the C peak to the Ga
peak differs markedly in the two samples indicates

that,as a result of annealing under the carbon incor-
poration atmosphere,excess carbon is Fig. 3(a) at the
surface during the annealing process in the sample # 2
and forms deep traps there. Currently, the location of
deep traps elsewhere in the sample # 2 cannot be
identified precisely. Further work is needed to clarify
whether the carbon impurities penetrate deeply into
the AlGaN barrier layer,the two-dimensional electron
gas interface,or the GaN buffer layer.

4 Conclusion

Current collapse is one of the most prominent is-
sues that limits the microwave power performance of
AlGaN/GaN high-electron-mobility transistors. In
this paper,one factor responsible for the collapse was
demonstrated. The X-ray photo spectroscopy tech-
nique was used to demonstrate that carbon impurity-
induced deep traps under negative gate bias stress can
cause the current collapse. A large negative DC gate
bias was applied and the channel carriers injected into
adjacent regions of the device that contain carbon-
induced deep traps. Then,a positive gate bias was ap-
plied,but the drain current cannot increase instanta-
neously due to the slow response of electrons in the
traps,thus causing the current collapse.
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