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High performance InP-based In, ., Al, , As/In, ; Ga, ,, As
HEMTSs with extrinsic transconductance of 1052 mS/mm
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Abstract:0. 15 um gate-length InP-based In, s, Al, 44 As/In, 5, Gag 4; As high electron mobility transistors (HEMTs) were
successfully fabricated with gate-width of 2 x 50 pum and source-drain space of 2 pm. The maximum extrinsic transcon-
) of 1 052 mS/mm was obtained under gate-source voltage ( Vzs) of 0.1 V and drain-source voltage
(Vps) of 1.7 V at room temperature. Transmission Line Method (TLM) measurements revealed the contact resistance
of 0.032 Q-mm and the specific contact resistivity of 1.03 x 107 Q-cm?® on linear TLM patterns. Thus, markedly en-
hanced g, “ was achieved by the superb Ohmic contact and the short source-drain space for minimizing series source re-
sistance. These devices also demonstrated excellent RF characteristics. The f; and f,, extrapolated using the S-parame-
ters measured from 100 MHz to 40 GHz were 151 GHz and 303 GHz, respectively. The HEMTs were promising for mil-
limeter-wave band integrated circuits.
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tectors. The InP-based high electron mobility tran-
sistors ( HEMTs) have demonstrated high frequency,
low microwave and millimeter wave noise and high gain
performance, due to the high electron carrier density,
high peak drift velocity and high mobility in the chan-
nel. Therefore, the devices are considered to be one of
the most promising devices for those applications. Ex-
cellent results of InP-based HEMTSs have been reported
by different groups, e. g. the current gain cutoff fre-
quency (f;) of 628 GHz, the maximum oscillation fre-
quency (f,..) of 331 GHz, the extrinsic maximum
transconductance (g, ) of 1. 62 S/mm for 30 nm
InAs pseudomorphic InP HEMTs'"! | f, = 385 GHz,
S >1 THz for sub 50 nm InP HEMTs'*! and f; =644
GHz, f,, =681 GHz, g,”™ =2.3 S/mm for 30 nm
InAs PHEMTs"'.

When the operating frequency of integrated cir-
cuits (ICs) approaches millimeter and sub-millimeter
wave band, the size of HEMTs in the ICs must be re-
duced so as to be treated as lumped parameter ele-
ments. However, such reduction decreases the current
level and output power of the ICs. The solution to these

xt

problems is to ensure a large g, as well as a high
drain current density. The g, of HEMTs can be en-
hanced by reducing the distance between gate and two-
dimensional electron gas (dy.) or by minimizing the
series source resistance (Rg). The thickness of the ep-
itaxial layers can be controlled very precisely by molec-
ular beam epitaxy (MBE) growth. The critical techno-
logical step which determines dg is the gate recess
etching process. It is better to remove the InGaAs cap
layer and InP etching-stopper layer completely only
with the InAlAs Schottky barrier remained. However,
the introduction of InP etching stopper layer as a sur-
face passivation layer can improve the kink effect in

[4]

DC characteristic'™ and enhance the consistency in

gate-recess etching process. Therefore, the g ™ was
enhanced by excellent Ohmic contact and short source-
drain space for minimizing R, with InP etching stopper
layer preserved in this work.

In this paper, the design, fabrication, and char-
acteristics of 0. 15 pm T-gate InP-based In, 5, Al 5As/

In, 5;Ga, ,, As HEMTs were described. g, value as

high as 1 052 mS/mm at room temperature has been a-
chieved, benefiting from short source-drain space of 2
pm and excellent Ohmic contact of 0. 032 () +mm for
minimizing series source resistance. These devices also
demonstrated excellent RF characteristics: f; of 151
GHz and f,, of 303 GHz. The HEMTs were promising

for millimeter-wave band integrated circuits.
1 Multilayer structures

Figure 1 shows a schematic cross-section of the
InP HEMTs. The epitaxial layer structure was designed
and optimized with parameters shown in Table 1 and
grown on 3 inch semi-insulating (100) InP substrate
by MBE. The layers, from bottom to top, consisted of
an InAlAs buffer, an InGaAs channel, a unstrained
InAlAs spacer layer, a Si-doped plane (5 x10" em?),
a 12 nm thick unstrained InAlAs Schottky barrier lay-
er, an InP etching stopper layer, a composite InGaAs
cap layer consisting of a Si-doped In, (Ga, ,As cap lay-
er (3x10"” ¢cm®) and a Si-doped In, 5, Ga, ,, As tran-
sition layer (5 x 10" ¢cm®). The high dopant and high
indium content cap layer was grown to facilitate the for-
mation of Ohmic contact, and thus increasing the g
and improving the frequency performance. All InAlAs
layers were lattice matched with the InP substrate. The
two-dimensional electron gas (2DEG) sheet density
was 3.266 x 10" em™ and the mobility was 8 000 em®/

(V-+s) at room temperature.

Schematic cross-section of the InP-based HEMT
&1 InP Z: HEMT #6 &

Fig. 1

2 Fabrication process

Figure 2 shows a plane view of the fabricated
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Table 1 Device epitaxial layer structure

®1 BRIMELH

Layer Material Doping Thickness
Cap layer Ing ¢Gag 4As  Si:N**3x10(em=3) 10 nm
Cap layer Ing 53Gag 47As  Si:N*5x10'8(em ~3) 10 nm
Etch Stop Layer InP 4 nm
Barrier layer In, 5,Aly 4sAs  Undoped 8 nm
Si planar-doped layer 5 x10'%(cm ~2)
Spacer layer In, 5,Al) 4sAs  Undoped 3 nm
Channel In, 5;Ga, 4;As  Undoped 15 nm
Buffer layer In, 5,Aly 4sAs  Undoped 500 nm

S. L. InP Sub

HEMTs with gate width of 2 x50 um and source-drain
space (Lpg) of 2.0 pm.

S4800 3.0 kV 8.5 mmx»400 SE(M)

100 um

Fig.2 The SEM photograph of the device
K2 4 SEM A

The HEMTs’ fabrication was based on both opti-
cal and electron beam lithography. Firstly, the device
isolation was achieved through the mesa formation by
means of a phosphorus acid-based wet chemical etching
to expose the In, s, Al, 5 As buffer layer. Secondly,
source and drain Ohmic contact were spaced 2 pum a-
part by a lift-off process. Then, Ti/Pt/Au was evapo-
rated by an electron beam evaporator to achieve Ohmic
metallization without annealing. Transmission Line
Method (TLM) measurements revealed the contact re-
sistance of 0.032 () - mm and the specific contact re-
sistivity of 1.03 x 107 Q+cm™ on linear TLM patterns.
Thirdly, in order to measure on-wafer DC and RF char-
acteristics, the coplanar waveguide bond pads were
formed using photoresist AZ5214 and Ti/Au (250/3
000A) connection wires were evaporated.

The final and most important process in the HEMT

fabrication was the gate process, which included gate

lithography, recess, and metallization. Firstly, three
layers of electron beam (EB) resist of PMMA/Al/UV
Il were coated upon the surface. Then EB exposure
and the development of each EB resist layer were car-
ried out in turn. Secondly, the gate recess was formed
by a phosphorus acid/hydrogen peroxide wet etching
till InP etching-stopper layer, which also served as sur-
face passivation to avoid the kink effect in DC charac-
teristic. Meanwhile, the length of side-etched region
(L

and frequency performance, and therefore it was opti-

+.) Wwas critical for kink effect, breakdown voltage
mized to be about 115 nm for the balance. Finally, Ti/
Pt/Au gate metal was evaporated and lifted off. The
SEM photography of the fabricated 0. 15 pm T-gate by
EBL and the gate recess details was shown in Fig. 3.
During the whole process, no surface passivation was
performed. That will cause a parasitic gate-capacitance
effect, and then weaken the high-frequency perform-

ance.

1 m{ﬁ

(I

500 nm

S4800 3.0kV 21.2 mmx70.0k SE(M)

Fig.3 The SEM photograph of T-gate profile and the
gate recess region

B3 T U A X 5 SEM 1 5

3 Results and discussion

The on-wafer DC and RF characteristics of the
HEMTSs were characterized by a HP4155A semiconduc-
tor parameter analyzer and an Agilent E§363B PNA se-
ries vector network analyzer at room temperature.

3.1 DC characteristics

Figure 4 shows the current-voltage (I-V) charac-
teristics at room temperature for the HEMTs. The gate-
source voltage (V) increased from (bottom) 0.3 V
to (top) 0.1 V with a step of 0.1 V. It can be seen
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from Fig. 4 that the device exhibited no kink effect. 8
Also, good pinch-off characteristics and saturation .
drain current were observed.
PRl
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Fig. 4 DC characteristics of the HEMT
B4 HEMT 840 BT

Figure 5 demonstrates the gate-bias dependence of
extrinsic transconductance and drain current of the
HEMT with drain-source voltage (V) of 1.7 V. The
pinch-off voltage was about -0.4 V. The high dopant
and high indium composition pseudomorphic cap layer
resulted in a very small non-alloy Ohmic contact with
the resistance of 0. 032 () + mm, and thus benefiting to
the extrinsic transconductance. The g™ of 1052 mS/
mm was obtained at Vg =0.1 V. The full channel cur-
rent of 582 mA/mm was measured at Vg of 0.45 V.
The gate leakage current was very small (seen from
Fig. 6), which was crucial for the lower frequency
LNA applications since gate current was a component

contributing to shot noise'®.
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Fig. 5 The dependence of the extrinsic transconductance
and drain current on the gate bias of the HEMT

K5 HEMT 2505 5 A i Rl O 2 Fr) 2R A G &

Vas/V

Fig. 6 The gate leakage current of the HEMT
Bl 6 HEMT g3{FHiH e

3.2 RF characteristics

The measurements were carried out over the fre-
quency from 0. 1 to 40 GHz with step of 0. 1 GHz. S-
parameter measurements for open and short pads were
also performed on the same wafer in order to calibrate
the parasitic capacitance and inductance components
related to the pad metals. The value of the f; was de-

termined by extrapolating the current gain ( H, ) and
the f,

max

by extrapolating the maximum available/stable
power gain ( MAG/MSG) using a least-squares fitting
with a -20 dB/decade slope after subtracting the para-
sitic parameters due to the probing pads.

Figure 7 shows the frequency characteristics of the
0.15 pm gate-length HEMT with Vg of 1.5 V and Vg
of 0.1 V after de-embedding the parasitic effects. The
extrapolated f; from H,, was 151 GHz and the f,_based
on MSG/MAG was over 303 GHz. However, it was ex-
trapolated at the instrumentation limit of 40 GHz,
where the device was still potentially unstable (K <
1). Extrapolating the gain at 20 dB per decade from
this point indicates a larger actual f, . The high RF
performance could be attributed to the high extrinsic
transconductance of the HEMT. The devices were
promising in millimeter-wave band circuits.

3.3 Discussion

Power amplification at high frequencies is very
challenging for the device technology development. Both
a high output power density ( per unit gate periphery)
and a large total gate periphery are desirable. However,
the size of HEMTs operating in millimeter-wave ICs

must be reduced so as to be treated as a lumped param-
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Fig. 7 H,, and MAG/MSG versus frequency
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eter elements thus decreasing the current level and out-
put power of the ICs. The solution to these problems is
to ensure a large g ' as well as a high drain current
density. The intrinsic and extrinsic transconductance in

linear and saturation region can be expressed as;

wm _ MaWeoE,
gm™ = Vi , (D)
GC
wm M WeoE,
gms ' = Ldio( VDS - VT) ’ (2)
GC
int
ext gm
= : , (3
g"d 1 +gmmtRs +gd(Rs + RD) ( )
int
ex gm
g, = 1 +g "R , (4)

where u, is the electron mobility, W is the gate-width,
&, 1s the dielectric constant of the air, g, is the rela-
tively dielectric constant of the material between the
gate and the channel, L is the gate-length.

As seen in the above formulae, the high extrinsic
transconductance of the HEMT is mainly related to the
high intrinsic transconductance and the low series para-
sitic resistance,, which includes the contact and the ac-
cess part. Firstly, to achieve high intrinsic transcon-
ductance and frequency performance, d.. was con-
trolled precisely by MBE. Secondly, the high dopant
and high indium composition pseudomorphic cap layer
resulted in very small non-alloy Ohmic contact resist-
ance of 0. 032 () -mm, and thus benefiting to the ex-
trinsic transconductance. At last, short source-drain
space minimized the access part of the series parasitic
resistance. The above factors are the main reasons of

such high extrinsic transconductance and high frequen-

cy performance.

In recent years, InP-based HEMTs have emerged
as a promising technology for terahertz applications.
Some recorded high frequency characteristics of In-
GaAs/InAlAs HEMTs, as assessed by f; and £, , have
been published!'?!. The frequency performance in this
paper is lower than these due to the combination of ma-
terial characteristics and device process. Firstly, the
comparatively smaller gate size in these references im-
proves the frequency performance. Secondly, the mob-
ility of the 2DEG reported in Refs. [1-3] is increased
by using In-rich channel instead of the lattice matched
In, 5; Ga, 4; As channel in this paper to enhance the
breakdown voltage. The lattice-matched channel has
the lower mobility of 8 000 ¢cm’/(V+s). Thirdly, in
Ref. [3], the barrier layer thickness of InP based
HEMT has been successfully controlled to be 4 nm,
which increases the transconductance of the device sig-
nificantly. However, the barrier layer thickness in our
paper is 15 nm, which limits the frequency characteris-
tics in some extent. It’ s still needed to make further
improvement on these issues to enhance the high-fre-

quency performances.
4 Conclusions

0. 15 pm gate-length InP-based HEMTs have
been fabricated. Due to the epitaxial layer structures
designing ; the short d. and high dopant and high indi-
um composition pseudomorphic cap layer, also the
short source-drain space, markedly enhanced g, of
1052 mS/mm was achieved. The device also exhibits
excellent RF characteristics: f; and f,,, of the HEMTs
were 151 GHz and 303 GHz respectively. There is
room for forward advancement in frequency perform-
ance by gate size scaling, an increase of Indium com-
position in the channel to improve the carrier transport
properties, and an improvement of gate recess etching
to further decrease the distance from gate to channel.
However, the HEMTs are suitable for integrated cir-

cuits in millimeter-wave frequencies.
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