28 H 12
2007 12 H

= %= W

CHINESE JOURNAL OF SEMICONDUCTORS

Vol.28 No.12
Dec. ,2007

In(). 53 Ga(). 47 AS/IHO.SZ Al() 48 As HEMTSs with fmax of 183GHz"

Liu Liang", Zhang Haiying, Yin Junjian, Li Xiao, Yang Hao, Xu Jingbo, Song Yuzhu,
Zhang Jian, Niu Jiebin, and Liu Xunchun

(Institute of Microelectronics, Chinese Academy of Sciences, Beijing 100029, China)

Abstract: By epitaxial layer structure design and key fabrication process optimization,a lattice-matched InP-based

Iny 53 Gag 47 As-Ing 52 Aly 4s As HEMT with an ultra high maximum oscillation frequency (f,..) of 183GHz was fab-
ricated. The f. is the highest value for HEMTs in China. Also, the devices are reported, including the device

structure, the fabrication process,and the DC and RF performances.
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I Introduction

InP-based InGaAs/InAlAs high eclectron
mobility transistors (HEMTs) are considered to
be one of the most promising devices for the next
generation of millimeter wave and optical com-
munications because of their superior high fre-
quency and low noise performances'' ™. These
performances are attributed to high electron mob-
ility, high saturation velocity,and high sheet carri-
er density obtained in this material system'*°'.

In our previous work, we fabricated lattice-
matched InP-based HEMTs with a 120GHz current
gain cutoff frequency (f,)"'. However, maximum
oscillation frequency/power-gain cutoff frequency
(fmax) of those devices was relatively low (only
40GHz) . Thus, the application of these devices to
power millimeter-wave systems is limited. Re-
cently,we optimized a series of key processes and
fabricated lattice-matched Ing 53 Gay 4z As/Ing 5:-
Al sAs HEMTs with an ultra high [, of
183GHz. This f,.. is the highest ever reported for
HEMTs in China. In this paper,the devices are re-
ported,including the device structure,the fabrica-
tion process,and the DC and RF performances.

2 Fabrication process

The HEMT epitaxial structure used in this
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work consists of an Ings Al ,sAs buffer layer
(300nm) ,a lattice-matched Iny 53 Gay..r As channel
layer (15nm) ,an Ing 5, Aly 45 As spacer (3nm) ,a Si-
d-doped sheet (5 X 10 cm™2), an Ings, Al s As
barrier layer (8nm), an InP etch-stopper layer
(4nm) ,and a Si-doped In, s; Gay 4s As cap layer (1
X10"em™?,30nm) , which were grown on a semi-
insulating(100) InP substrate by molecular beam
epitaxy (MBE). Electron mobility of the two-di-
mensional electron gas (2DEG) is 9300cm?®/
(V «s) and the sheet carrier density is 3. 32 X 10"
cm ? at room temperature, which was obtained by
Hall measurements. The epitaxial layers were de-
signed by our group and grown by MBE technolo-
gy in Singapore.

Source and drain ohmic contacts were formed
using alloyed Ni/Ge/Au/Ge/Ni/Au and the spac-

Table 1 Lattice-matched HEMT epitaxial layer
structure
InAlAs/InGaAs HEMT
Layer Thickness/nm | Dopant | Concentration
Ing 53 Gag.47 As 30 Si 1X10%cm™3
InP 4
Ing. 52 Alo.ag As 8
Si-3-doped layer Si 5X10%cm ™2
Ing 52 Alp 45 As 3
Ing 53 Gag.47 As 15
Ing.s52 Alp.4s As buffer 300

SI InP substrate (100)
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Fig.1 Partial photograph of an InP HEMT

ing between source and drain electrode pads was
2pm. Note that for a long time a low temperature
alloy method"" was used to prevent degradation of
the epitaxial structure and achieve low contact re-
sistance simultaneously. The contact resistance
measured by the transmission line model (TLM)
method was typically 0. 1Q « mm. Mesa structures
were formed by photolithography and wet chemi-
cal etching using H,;PO,/H.0,/H,O solution.
Then Ti/Au connecting wire metal was evaporat-
ed by an electronic beam evaporation system.

The gate formation process was similar to
that used in our previous work'® ., except for the
thickness of electron beam (EB) resist. A trilayer
EB resist (PMMA/PMGI/PMMA) was first spun
onto the substrate. A single alignment, EB expo-
sure and a series of development steps were then
carried out to form a recess above the InGaAs cap
layer. The gate recess in the Si-doped n” -InGaAs
cap layer was formed by wet chemical etching
using an aqueous mixture of citric acid (CsHsO;)
and hydrogen peroxide (H,O,) ,whose etching se-
lectivity of InGaAs over InP is about 160’ . The
gate was finally formed after the evaporation of
the Ti/Pt/Au layers with a total thickness of
300nm. Figure 1 is the photograph of the device
we obtained, with a gate length of 0.2ym and a
gate width of 1 X50,m.

3 Device performance

Figure 2 shows the typical current-voltage (I-
V) characteristics of the HEMTs at room temper-
ature. The gate-source voltage V, is increased
from — 2.0 to OV in 0.4V steps and the device
shows good pinchoff behavior. The maximum cur-
rent density at V, =0V is 280mA/mm. The cur-
rent density was less than expected, possibly be-
cause of degradation in the material and devices

Fig. 2  Current-voltage ([-V) characteristics of the
InP HEMT

due to the lengthy fabrication period. Figure 3
shows the transfer characteristics and transcon-
ductance characteristics of the HEMTs. The
threshold voltage is — 0.6V. When the drain-
source voltage (V) is 2. 0V, the maximum trans-
conductance (g,) is 550mS/mm with a gate-
source voltage (V,) of —0.35V. Off-state gate-
drain breakdown voltage defined at a gate-drain
current of 1.0mA/mm is — 2.0V. The on-state
drain-to-source breakdown voltage,i.e. V, =0V,
is 2.5V.

S-parameters,shown in Fig. 4, were measured
in a frequency range from 0. 045 to 45GHz using
an Agilent 8510XF vector network analyzer. Fig-
ure 5 shows the frequency dependence of the cur-
rent gain (|h,y)*) and the maximum available pow-
er gain/stable power gain (MAG/MSG) of the
HEMTs with a drain-source voltage (V) of 2V
and a gate-source voltage (V,) of —0.3V. Note
that the parasitic capacitance due to the probing
pads was carefully measured and de-embedded. Fi-
nally,we obtained an fr of 93GHz and an f,,., of
183GHz by extrapolating |hy|? and MAG/MSG
with a —20dB/decade slope.
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Fig.3 Transfer and transconductance characteristics
of the InP HEMT



1862 5

(L

% 28 &

£(45.00MHz to 45.00GHz)
(@

RSN

£(45.00MHz to 45.00GHz)
(®)

Fig.4 S-parameter of the InP HEMT at V4 =2V, V, = —-0.3 V in a frequency range from 45MHz to
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4 Summary

We have successfully developed lattice-
matched Ing 53 Gag s As/Ing 50 Al s As HEMTs with
an fn., of 183GHz, which is the highest value re-
ported for HEMTs in China. Because of the
lengthy device fabrication, the material and de-
vices may have degraded to a certain extent, af-
fecting the DC and high-frequency characteristics
of the devices. However, it is justified to expect
that InP-based HEMTs with much better charac-
teristics will be fabricated in our laboratory soon.
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Frequency dependency of current gain
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