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Abstract: Fabrication of enhancement-mode high electron mobility transistors on AlGaN/GaN heterostructures grown on

sapphire substrates is reported. These devices with 1. 2um gate-length,4mm space between source and drain,and 15nm re-

cessed-gate depth exhibit a maximum drain current of 332mA/mm at 3V,a maximum transconductance of 221mS/mm.a
threshold voltage of 0. 57V, f, of 5. 2GHz,and f... of 9. 3GHz. A dielectric layer formed unintentionally during recessed-
gate etching is confirmed by contrasting the Schottky I-V characteristics of pre-etching and post-etching. The frequency

characteristics and subthreshold characteristics of the devices are studied in detail.
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1 Introduction

AlGaN/GaN heterostructure high electron mob-
ility transistors (HEMTs) have shown advantages in
high temperature and high power microwave applica-
tions''*/. To date, GaN enhancement-mode (E-mode)
devices have attracted a great deal of research interest
for their use in high-voltage switching and driving of
high speed circuits. AlGaN/GaN HEMT is generally
depletion-mode (D-mode) because there is two-di-
mensional electron gas (2DEG) in the heterostructure
interface when it is grown. But an E-mode HEMT is
required in the domain of digital circuits,and a high-
voltage switching for current is only needed when the
gate is positively biased. Lanford et al. developed an
E-mode HEMT with a recessed-gate structure by etch-
ing a part of AlGaN layer of the AlIGaN/GaN hetero-
structure, which realized E-mode HEMT using the de-
pletion effect of a Schottky junction on 2DEG" .
Wang et al.reported an E-mode HEMT realized by F
ion implant doping"” . Liu et al.demonstrated a non-
recessed E-mode device on AllnGaN/GaN"™’. In this
paper,we report a high threshold voltage E-mode Al-
GaN/GaN HEMT and analyze the correlative factors
of current subthreshold characteristics and frequency
characteristics of the devices.

2 Device structure and fabrication

The AlGaN/GaN HEMT structure was grown by
metal organic chemical vapor deposition (MOCVD)
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on (0001) sapphire substrate that was 330pm thick.
The heterostructure consisted of a 3pm-thick GaN
channel layer,a 5nm-thick AlGaN spacer layer,an n-
doped (2X10%cm ?) 12nm-thick AlGaN layer,and a
5nm-thick AlGaN cap layer from bottom to top. The
AIN mole fraction of the AlGaN was 27% measured
by photoluminescence (PL).Hall measurement results
show that the 2DEG electron mobility and concentra-
tion are 1267cm?/(V +s) and 1. 12X 10" cm ? at room
temperature,respectively. Figure 1 shows the structure
of our E-mode HEMT, which is compatible with D-
mode HEMT processing.

The device fabrication started with mesa isola-
tion,which was formed by ICP with the etch-depth of
150nm and etch-speed of 100nm/min. Ohmic contacts
consisting of Ti/Al/Ni/Au ( 30nm/180nm/40nm/
60nm) were anncaled in nitrogen ambient at 850C .
The recess area was etched using the ICP process at
0.1nm/s with depth of 15nm and etch-bias of
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Fig. 1 Cross section of the E-mode AlGaN/GaN HEMT
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Fig.2 Output characteristics of the E-mode HEMT

50V, followed by the deposition of Ni/Au (30nm/
200nm) in the gate-recess area by electron-beam e-
vaporation. The gate length, gate width, and distance
between source and drain are 1.2,100, and 4pm, re-
spectively. Using on-wafer TLM patterns, the contact
resistance and specific contact resistance were meas-
ured to be 0.63Q « mm and 1.2X107°Q » cm®. Direct
current characteristics and high frequency character-
istics were measured by an HP4156B semiconductor
parameter analyzer and an HP8720D network analy-
zer.

3 Results and discussion

To achieve an E-mode HEMT, the resistance
from gate to source and the resistance from gate to
drain should be low and the channel resistance under
the gate electrode should be high at zero bias, thus
different processes should be used for different areas
of the channel. By thinning the AlGaN layer under-
neath the gate electrode using etching, the 2ZDEG un-
derneath gate electrode decreases and the 2DEG in
the other part of channel remains constant. Further
reduction of the ZDEG underneath gate electrode can
be implemented by forming a Schottky contact with
large barrier height. Then,an E-mode HEMT with on-
state only at positive operation voltage can be real-
ized.

The output characteristics of the E-mode HEMT
are shown in Fig. 2. The maximum drain current den-
sity of approximately 332mA/mm is reached at V, of
3V. Because the 2DEG is depleted by the Schottky
gate at zero bias after recessed-gate etching, the maxi-
mum current of the E-mode HEMT decreases com-
pared with the general D-mode HEMT at the same
V.. The DC transfer characteristics measured at Vi
of 6V are shown in Fig. 3, and the device exhibits
8m.max Of 221mS/mm at V, of 1.8V and a threshold
voltage of 0. 57V.
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Fig.3 Transfer characteristics of the E-mode HEMT
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Equation (1) shows the factors that influence the
threshold voltage, where o, is the polarization
charge, q is the electron charge.,e, is the vacuum per-
mittivity,e; is the relative dielectric constant, gPy is
the Schottky barrier height, AEc is the conduction
band offset, N, is the donor density of AlGaN, d is
the total thickness of AlGaN,and d; is the thickness
of the space layer. Deeper recessed-gate depth and
larger Schottky barrier height lead to a more positive
threshold voltage.

Conventional D-mode AlGaN/GaN HEMTs ex-
hibit high gate leakage current when V, is larger than
2V. Furthermore, the maximum drain current en-
hances very weakly when V, is larger than 2V. How-
ever,our E-mode HEMT presents MOS gate charac-
teristics with a low gate leakage current at V, of 3V.
Moreover,the drain current of the E-mode HEMT in-
creases by 126mA/mm when the gate voltage increa-
ses from 2 to 3V, indicating a high potential to im-
prove the current further.

After the gate etching, the AlGaN layer was
bombarded by ions from the ICP etching and some
etching damage such as N vacancies and dislocations
generated on the surface of AlGaN,so the Schottky
leakage current of the devices increased"® . After ana-
lyzing the Schottky I-V characteristics of the E-mode
HEMT.as shown in Figs. 4 and 5, we find that the re-
verse-bias current decreases while the forward turn-on
voltage of the Schottky I-V characteristics increases
after gate etching. Experimental results show that a
dielectric layer is formed unintentionally during gate
etching so that the devices exhibit MOS gate charac-
teristics. But the quality of the dielectric layer was not
good enough that the decrease of reverse-bias leakage
current was less than that of the MOS HEMT. Palac-
ios et al . developed an E-mode HEMT that can work
at a V, of 4V" . They thought the device could work
at high gate bias because the energy band was affect-
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Fig.4 Schottky leakage current of the HEMT and the E-mode
HEMT

ed by the fixed charge introduced during gate etch-
ing. From our experiment, we find that the MOS gate
characteristic of the E-mode HEMT is determined by
the unintentionally formed dielectric layer, and the
layer’s existence depends mainly on the pressure of
the ICP chamber. The layer might be formed by a sec-
ond deposition in the ICP etching when the pressure
of the ICP chamber is high. The Si element was found
in the diclectric layer by analyzing SEM scatter clec-
trons. The sample is placed on a Si wafer when it is
etched,and there is N, in the etching gas,so the Si; N,
dielectric is unintentionally formed in recessed-gate
etching when the pressure of the ICP chamber is
high.

The RF characteristics of the E-mode HEMT
were measured at V, of 1. 8V and V4 of 6V,and f, of
5.2GHz and [, of 9.3GHz have been achieved, as
shown in Fig. 6. During the gate etching, interface
states the wunintentionally
formed dielectric layer and the surface of the semi-
conductor, which will restrain the improvement of the

may emerge between

RF characteristics.
Figure 7 shows the transfer characteristics of
both the E-HEMT and the D-HEMT in the semilog

— HEMT
--- E-HEMT

Fig.5 Schottky forward characteristic of the HEMT and the
E-mode HEMT
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Fig.6 Gain versus frequency of the E-mode HEMT

coordinate. The sub-threshold characteristics of the
devices are reflected by the slope of curve of I, versus
V, near the threshold voltage. The rising of I, of the
E-mode HEMT above the threshold voltage is slower
than that of the D-mode HEMT,and the slopes of the
sub-threshold characteristics decrease. Experimental
results indicate that surface states are produced in the
AlGaN when the area of the recessed-gate is bombed
in the ICP etching® ,then the surface states trap free
electrons and affect control ability of the gate on the
channel near the threshold voltage. Therefore, the
sub-threshold characteristics of the E-mode HEMTs
degenerate.

4 Conclusion

We have fabricated recessed-gate AlGaN/GaN E-
mode HEMTs, which exhibit a maximum drain cur-
rent of 332mA/mm.a maximum transconductance of
221mS/mm.,and a threshold voltage of 0.57V. When
the gate length is 1. 2um, the f, and f.. are 5.2 and
9. 3GHz, respectively. The experimental results sug-
gest that a Si;N, dielectric layer unintentionally de-
posited during recessed-gate etching reduces the gate
leakage current and helps the E-mode HEMT to work
at higher forward bias. Thus, the device demonstrates
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Fig. 7 Transfer characteristics of the E-mode and D-mode
HEMTs
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MOS gate characteristics and the experimental results
suggest that we can fabricate an E-mode HEMT with
MOS structure. The current sub-threshold characteris-

tics

and frequency characteristics are influenced

mainly by the surface states introduced in recessed-
gate etching.
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