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High-frequency enhancement-mode millimeterwave AlIGaN/GaN

HEMT with an fr/ fmax over 100 GHz/200 GHz*

Sheng Wu(E/#%), Minhan MiC%HE#)", Xiaohua Ma(Zh 1),
Ling Yang(##%), Bin Hou(f&##), and Yue Hao(FiliEK)

Key Laboratory of Wide Band-Gap Semiconductor Materials and Devices, School of Microelectronics, Xidian University, Xi’an 710071, China
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Ultra-thin barrier (UTB) 4-nm-AlGaN/GaN normally-off high electron mobility transistors (HEMTs) having a
high current gain cut-off frequency (fr) are demonstrated by the stress-engineered compressive SiN trench technology.
The compressive in-situ SiN guarantees the UTB-AlGaN/GaN heterostructure can operate a high electron density of
1.27x10'3 cm~2, a high uniform sheet resistance of 312.8 ©/CJ, but a negative threshold for the short-gate devices fab-
ricated on it. With the lateral stress-engineering by full removing in-situ SiN in the 600-nm SiN trench, the short-gated
(70 nm) devices obtain a threshold of 0.2 V, achieving the devices operating at enhancement-mode (E-mode). Meanwhile,
the novel device also can operate a large current of 610 mA/mm and a high transconductance of 394 mS/mm for the E-
mode devices. Most of all, a high f1/ fmax of 128 GHz/255 GHz is obtained, which is the highest value among the reported
E-mode AlGaN/GaN HEMTs. Besides, being together with the 211 GHz/346 GHz of fr/ fmax for the D-mode HEMTs
fabricated on the same materials, this design of E/D-mode with the realization of fia,x over 200 GHz in this work is the first
one that can be used in Q-band mixed-signal application with further optimization. And the minimized processing differ-
ence between the E- and D-mode designs the addition of the SiN trench, will promise an enormous competitive advantage
in the fabricating costs.

Keywords: ultra-thin barrier (UTB), A1GaN/GaN, in-situ SiN, stress-engineering, enhancement-mode, mixed-

signal applications
PACS: 71.55.Eq, 73.20.-1, 73.50.-h

1. Introduction

Due to the high breakdown electric field and elec-
tron mobility, AlIGaN/GaN high electron mobility transistors
(HEMTS) release greater advantages in high-power radio-
frequency (RF) applications over Si- and GaAs-based de-
vices from L (1 GHz-2 GHz) band to W (75 GHz-110 GHz)
band.!*) However, the most high-frequency devices reported
have been in depletion mode (D-mode), which would need a
more passive circuit to fit the electrical supply, inducing signif-
icant losses. ! Therefore, normally-off devices do not only en-
able circuit simplicity reducing the RF-loses benefit for high-
frequency operation but also be preferred in power switching
for safety and reduced power consumption. Finally, there is
a demand for E/D-mode logic for digital circuits and mixed-
signal applications. )

The technology of the E-mode GaN HEMTs has been
fully studied.!*%) In the past, the challenges of the GaN-based
E-mode HEMTSs are mainly focused in the trade-off between
large output current and positive threshold.!®! Although a large
current of 1.9 A/mm with a threshold of 0.8 V and a threshold
of 4.6 V with a low current of 4.4 mA/mm have been achieved

respectively in Refs. [7,8], there is few people can achieve the

DOI: 10.1088/1674-1056/ac04a5

balance of these two parameters like the works in Ref. [9].
Besides, few peers have studied the RF-performances of the
E-Mode HEMTs and tried to improve it, which has brought a
lot of obstacles to the high-frequency applications of E-mode
HEMTs. Thereby, it is necessary to achieve an E-mode HEMT
with a great high-frequency performance to suit the mixed-
signal applications.

In this work, enhancement-mode (E-mode) UTB Al-
GaN/GaN HEMT with a large drain current and an excellent
frequency characteristic is demonstrated, on the same mate-
rial, which has been proved to be reliable and stable.!'%! In the
UTB AIGaN/GaN heterostructure, a 20-nm high strained in-
situ SiN cap layer is adopted to improve the polarization of
the material, enhancing the electron density, and guaranteeing
the output level as a normal industrial one. Meanwhile, the
proper-sized trench around the gate makes the device maintain
a positive threshold, but the influence of the stressed SiN is
not completely released by the removal of the SiN. The phe-
nomenon of the trench-size influencing the threshold charac-
teristics of the E-mode devices can be observed, which is sim-
ilar to that of the gate length influencing tendency observed

in the D-mode ones without the trench. It is worthy to note
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that the device does not only do not reduce its output current
too much, about 40%, but it also made the devices obtain an
excellent frequency of 128 GHz/255 GHz for E-mode. More-
over, the new obtained frequency is the highest value in the
E-mode AlGaN/GaN HEMTs that have been reported. Most
of all, the simpler process fabrication and smaller process dif-
ferences between the E/D-modes make the integration of the
E/D-modes easier to approve, promising its great potential in
high-frequency digital circuits and mixed-signal applications.

2. Material growth and device fabrication

Figure 1 exhibits the schematic cross-section of the
proposed UTB-AIGaN/GaN HEMT. The AlGaN/GaN het-
erostructure adopted in this work was epitaxially grown on
3-inch (1 inch =2.54 cm) SiC based on metal-organic chemi-
cal vapor deposition (MOCVD), and the epitaxial heterostruc-
ture consists of a 20-nm in-situ SiN cap layer, a 4-nm UTB
Alp2Gag gN barrier, and a semi-insulating GaN buffer. It is
worthy to note that the electron density and mobility of the
as-grown material were measured to be 1.26 x 103 cm~2 and
1675 cm?/V s, while before the tensile stress high as 2.35 GPa
carried from the compressive SiN, those are 7.23 x 10'! cm2
and 2051 cm?/V-s respectively. These improvements of the
material might be related to the charge neutralizing!'!! and
stress-induced polarization enhancement.!'! The device fab-
rication process began with the removal of the in-situ SiN
on the Ohmic region carried by the F-based inductively cou-
pled plasma reactive ion etching (ICP-RIE). Then the metal
Ti/Al/Ni/Au stack was evaporated as Ohmic contact forma-
tion and rapid temperature annealing (RTP) was performed at
850 °C for 30 s in an N, atmosphere. After the F-based ICP-
RIE, mesa isolation was formed by Cl-based ICP-RIE to re-
move the SiN attached out of the active region. The Ohmic
contact resistance (Rc) of 0.5 Q-mm was measured by the
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transfer line measurement. To distinguish the E-mode and
D-mode devices, a recess trench was carried by the F-based
ICP-RIE on in-situ SiN around the gate of the E-mode HEMT.
After a 70-nm T-gate was fabricated on the devices, the novel
E-mode HEMT was passivated by a SiN layer with a thickness
of 50 nm, also deposited by plasma-enhanced chemical vapor
deposition (PECVD).
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Fig. 1. Schematic drawing of UTB AlGaN/GaN D-HEMT and E-HEMT
used in millimeter-wave applications: (a) schematic diagram of D-mode Al-
GaN/GaN HEMT and (b) schematic diagram of E-mode A1GaN/GaN HEMT.
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Fig. 2. (a) The Raman spectra probed with a 442-nm laser for the UTB AlGaN/GaN heterostructure and (b) the electron density extracted from

C-V measurement before and after the SiN passivations.
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To investigate the effect of compressive in-situ SiN passi-
vation, a Raman spectra probed with a 442-nm laser were car-
ried out on the fabricated samples respectively before and after
the passivation. Under the premise of accurate focusing, due
to the weak penetrability of the long-wavelength Raman laser,
we can collect the frequency information near the surface of
the material, which includes the Ey;qn) peaks of AlGaN and
GaN.[12.13] From the Raman result, both the two materials
can be observed a series of peaks near 568 cm~! represent-
ing the Eypign) peaks of GaN, whatever the strained SiN was
covered or not. Before the SiN passivation, the Raman peaks
can be divided into two peaks whose FHWMs are similar, re-
spectively located at 569.7 cm~! and 570.9 cm~'. However,
with passivation of the high-compressive SiN, the material was
observed two discrete peaks respectively at 564.4 cm~! and
569.7 cm~!. According to the delta and coefficient!'*! of the
frequency shift, a high as 2.35-GPa tensile stress was deter-
mined to carry on the AlGaN barrier for the novel devices,
which can be enough to enhance the polarization of the ma-
terial, inducing an improvement of carrier density shown in
Fig. 2(b).

3. Results and discussion

Figure 3 shows the DC output and transfer characteris-
tics of the fabricated E-mode AlGaN/GaN HEMT. A large
maximum /p of 610 mA/mm and a high transconductance as
393 mS/mm are obtained for the devices, when the drain volt-
age bias set at Vgg = 10 V, and those for the D-mode device
are respectively 975 mA/mm and 424 mS/mm. The thresh-
old voltage is measured stable at 0.2 V for the E-mode device
with the trench size of 600 nm, while that of the D-mode de-
vice is measured as a result of —0.6 V. Meanwhile, the on-
resistance of the two devices are respectively 2.1 Q-mm and
4.6 Q-mm, which are lower respectively than devices fabri-
cated as E/D modes for conventional material. This is mainly
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related to the high stressor in-situ SiN fully (for D-mode) or
partially (for E-mode) enhance the polarization of material in
the access region, greatly reducing the parasitic resistance in
the channel. Besides, the fabricated E-mode and D-mode de-
vices both exhibit good pinch-off characteristics, and this is
mainly benefited by the high aspect ratio of 18 (Lg/d, where
d is the distance between the gate and channel and L is gate
length).
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Fig. 3. The I-V measurement for E/D-modes UTB AlGaN/GaN HEMT:
(a) transfer characteristics and (b) output characteristics. The solid line is
the curves of E-mode HEMT, and the dashed line is the curves of D-mode
HEMT. The colors of the curves respectively correspond to the drain cur-
rent (/y, black), gate current (/g, blue), and the transconductance (gm, red).
The red dashed straight line in the inset is to indicate the threshold standard
(@3 = 1 mA/mm) in semi-logarithmic coordinates.
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Moreover, the threshold of two types of devices is related
to the gate length (Ly) and trench size (Ly). Figure 4 illus-
trates the phenomenon that Vy, is changing with the size of two
structures. With the increasing of Ly or trench size, the Vi, of
E/D-modes devices both are shifting-positive. Both two-type
devices are related to the stressor being gradually separated
away. The impact of the stress under the gate is depleted by the
distance between two sides SiNs. Although the range affected
by the stress from SiN side-wall edges can be determined as
2 um—4 pm from the Fig. 4(b), the strength of the stress is
also related to the size of the side SiN (Lsin jat). Therefore, the
Vin for the trenched-device shift faster due to the decreasing
Lsin 1ar With Ly, when compared to the full-gated devices with
the constant LgiN 1ot = 2 wm (D-mode design, Ly, = 0 pum). Fi-
nally, the device with a trench-size of 600 nm was selected
as the E-mode design because of the acceptable current losses
and the achieving of normally-off.
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Fig. 5. RF performance of UTB AlGaN/GaN E-HEMT used in millimeter-

wave applications: (a) small-signal RF performance and (b) summarisation
of measured ft and fmax in E-mode HEMT from recently reported state-of-
art results.

The RF small-signal characteristics of the proposed E-
mode HEMTs were obtained by a vector network analyzer

with the step of 0.1 GHz from 100 MHz to 67 GHz during the

on-wafer measurements. To subtract the influence of parasitic
pad inductances and capacitances from the obtained small-
signal parameters, on-wafer cold and hot FET techniques were
adopted. Figure 5(a) shows Mason’s unilateral gain (U) and
current gain (|H,|?) against frequency for the fabricated E-
mode AlGaN/GaN HEMTs, which are measured at Vs of
0.8 V and Vg of 6 V. By extrapolating the short circuit cur-
rent gain (H;) and the max stable gain (MSG) using —20-
dB/dec slopes, fr/fmax are 128 GHz/255 GHz. The values
of fr and fpax in the published E-mode HEMTs from other
research teams are shown in Fig. 5(b).!!5-28] The obtained
value of fr/fmax (128 GHz/255 GHz) is found to the highest-
recorded result in the reported E-mode GaN HEMTs. As we
all know that the fax of the devices should be at least twice
larger than the operating frequency in practical circuits. How-
ever, in the recent reported E-mode GaN devices, the values of
Jfmax are rarely over 200 GHz. Therefore, being together with
the 211 GHz/346 GHz of fr/ finax for the D-mode HEMT fab-
ricated on the same materials, this design of E/D-modes with
the realization of fi,x over 200 GHz in this work is the first
one that can be used in Q-band mixed-signal application with
further optimization.

4. Conclusion

The first E-mode AlGaN/GaN HEMT can be operating at
afrequency over 100 GHz/200 GHz is demonstrated by the lat-
eral stress-engineering on the in-situ SiN layer. The removal
of the in-situ SiN in the trench region reduces a part of the
stress-impact on electron density under the trench, making the
material in this region suitable for the gate metal to obtain an
E-mode device. Meanwhile, the in-situ SiN remaining outside
the trench can continue to enhance the polarization of mate-
rial, guaranteeing the R., does not affect the output current,
on-resistance, and frequency characteristics too much. Com-
pared with D-mode design, the output current, on-resistance,
and frequency performances of E-mode HEMT are respec-
tively degraded by 40%, 119%, and 26%. Due to the large
aspect ratio of 18, the extremely thinned barrier can provide a
strong control ability of the gate to the channel. Therefore,
the device can operate a large gmexe of 394 mS/mm and a
large g int ©f 517 mS/mm, obtaining a promising frequency
of 128 GHz/255 GHz for an E-mode Al1GaN HEMTs. Most of
all, the difference between the E/D-modes HEMT in this ma-
terial with high stressor in-sifu SiN is only the introducing of
the trench or not. In other words, this technology can get more
reliable mixed-signal applications in high-frequency, greatly
simplifying the circuit cost and integration of the applications.
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