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Abstract

This paper summarises progress in Year 2 of a project to deliver a 220 nm gate length GaAs
metamorphic High Electron Mobility Transistor (mHEMT) technology to the EMRS-DTC
consortium. The aim of the project is to develop a compound semiconductor device
technology, compatible with the foundry process flow of Filtronic Compound Semiconductors
Ltd, with performance metrics which will enable the realisation of monolithic microwave
integrated circuits for sensing and imaging based millimetre-wave applications. The devices
realised in the course of this years activity have excellent DC, RF and yield characteristics
including, Idss in excess of 400 mA/mm, gm greater than 500 mS/mm, off-state breakdown of up
to 8V, fT of 120 GHz, fmax of 180 GHz and mechanical yield in excess of 95 %.  These devices
are eminently suitable for various millimetre-wave applications of relevance to the EMRS-
DTC Consortium.
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Introduction

The high frequency performance of III-V
field effect transistors can be improved in
two ways; by reducing the device gate
length, or by increasing the velocity of
carriers in the device channel.
To extend the longevity of a given
minimum feature size process technology,
the latter method, of increasing the channel
electron velocity is often favoured as it
mitigates against the requirement to retool a
fabrication facility with significant capital
equipment costs.
In III-V GaAs-based field effect devices,
the electron velocity can be enhanced by
increasing the indium concentration in the
device channel.  For a GaAs substrate
however, a maximum indium concentration
of around 25-30% exists using traditional
molecular beam epitaxy (MBE) growth
approaches due to strain in the device
channel arising from the lattice constant

mismatch of GaAs and InxGa1-xAs for such
indium percentages.  At higher indium
concentrations, the channel relaxes with the
introduction of dislocations which
dramatically reduce the electron transport
properties of the layer, completely at odds
with the aim of increasing the channel
indium concentration.
Moving to higher indium concentrations
requires either the use of an InP substrate or
developing more complex MBE growth
techniques on a GaAs substrate.  Moving to
InP, although offering the very highest
frequency response, suffers from a wafer
diameter of 4” compared to 6” for GaAs
with the associated reduction in economy of
scale.  Further, InP substrates are more
difficult to handle in a manufacturing
environment, and may still result in a
requirement to retool a GaAs-based
fabrication facility to accommodate the
more fragile InP wafers.
For the above reasons, the development of
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GaAs metamorphic HEMT devices, in
which complex “strain-relief” buffer layers
are incorporated into the MBE growth are a
highly attractive solution. This approach is
receiving considerable attention as a means
to enabling GaAs-based fabrication
facilities to extend the applicability of their
product range into the millimetre-wave
frequencies which have a wide range of
sensing and imaging applications, many of
which are being targeted by the EMRS-
DTC.
The Ultrafast Systems Group at the
University of Glasgow has been working at
the forefront of GaAs mHEMT research for
a number of years and have used this
approach to realize the fastest GaAs-based
transistor technology currently available[1].
These world-leading devices incorporate
gate lengths of 50 nm and channel indium
concentrations of 70%.
The overall aim of the work reported in this
paper is to develop a GaAs mHEMT
technology with gate length of 220 nm (for
compatibility with the foundry processes of
Filtronic Compound Semiconductors Ltd)
whilst meeting a combination of high
frequency and breakdown performance
metrics which result in a requirement to
work with indium channel concentrations in
the range 40-45%.
In the first year of this project, the existing
Glasgow mHEMT MBE vertical
architecture and buffer layer growth
techniques were optimised for channel
indium concentrations in the range 40-45
%, and in addition, low resistance Ohmic
contact and 220 nm footprint T-gate process
modules were developed. Excellent
electrical transport characteristics were
obtained from the material (mobility of up
to 8600 cm2/Vs and carrier concentration of
1.8x1012 cm-2), although the RMS surface
roughness of the wafers was around 7 nm,
indicating that the buffer layer growth was
perhaps not fully optimised.  Nevertheless,
first pass devices were realised, which
although functional as described in the
paper presented at the 2004 EMRS-DTC

Annual Conference [2], suffered from low
drive current (100 mA/mm), low
transconductance (200 mS/mm), low off-
state breakdown (~4.5 V) variable yield and
atypical RF characteristics (S11 greater than
1).  These various DC and RF
characteristics were ascribed to the large
surface roughness, indicative of non-
optimised metamorphic buffer layer
growth.
This paper describes progress made by the
Glasgow team in Year 2 of this project,
which includes further optimisation of the
metamorphic buffer growth conditions
leading to a significant reduction in rms
surface roughness without compromising
the excellent electrical transport properties
of the substrates.  A range of devices with
different gate recess geometries have been
realised and excellent DC, RF and yield
performance metrics realised.

GaAs mHEMT MBE Growth
Development

As mentioned above, the epitaxial wafers
used in the realisation of first pass devices
in year 1 of the project, although having
excellent electrical transport properties,
suffered from rms surface roughness values
of around 7 nm.  The vertical architecture
of the structures is shown in Figure 1.

Figure 1 – GaAs mHEMT device structures

Our previous experience with high
performance GaAs and InP-based HEMTs
was that surface roughness of less than 2
nm is required to realise good devices, and
therefore, a growth campaign to reduce the
surface roughness of wafers with channel
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indium concentrations in the range 40-45%
was conducted.  The parameters varied
included the ramp rate of indium
concentration in the metamorphic buffer
layer and the growth temperature.  The
result of this activity was the realisation of
wafers to the design of Figure 1, with
indium channel concentrations of 40% and
45% with rms surface roughness of less
than 2 nm.  Table 1 summarises the
roughness and electrical transport data of
the layer structures, and shows that both
surface roughness and electrical transport
properties with and without the cap layer
are well optimised.   Mobility and carrier
concentration data were obtained by Van
der Pauw measurement at room temperature
in the dark.

Wafer ID A2006 A2008
Indium % 40 45

rms
Roughness

(nm)

1.79 1.90

Cap on
Mobility
(cm2/Vs)

5871 5811

Cap off
Mobility
(cm2/Vs)

8126 7979

Cap off
nsheet (cm-2)

1.98x1012 2.33x1012

Sheet
Resistance

(�/sq)

162 150

Table 1 – Properties of Optimised Wafers

Device Fabrication

Full details of the device process flow was
described in the paper presented at the
EMRS-DTC annual conference of 2004 [2].
In summary, all device levels were realized
using electron beam lithography. First, a
combined alignment mark/Ohmic contact
AuGeNi contact level was defined prior to
device isolation using an orthophosphoric
acid based wet etch. Contact resistances of
0.09 Ohm-mm and 0.07 Ohm-mm were

obtained respectively for the 40% and 45%
indium channel concentration devices.
Following T-gate lithography, a selective
succinic acid based wet chemical gate
recess etch was used to remove the cap
layer prior to TiPtAu gate metallization.
The devices were completed with NiCrAu
coplanar waveguide bondpads to facilitate
on-wafer DC and RF characterization.
To assess the impact of gate recess offset of
device DC and RF characteristics, three
samples from each of the wafers were
recess etched for three different times, 30
seconds, 45 seconds and 55 seconds,
resulting in gate recess offsets of 45 nm, 60
nm and 85 nm respectively. The gate recess
offset is the size of the gate recess trench in
comparison to the gate footprint, as shown
in Figure 2.

Figure 2 (a) – Cross Sectional SEM Image  of
220 nm footprint T-gate.  (b) Close up of gate
recess region showing location of gate recess
offset.

In all six device batches, full mechanical
yield was observed, with 100% functional
devices.  Figures 3-8 show typical
Ids(Vds,Vgs) transfer characteristics of
devices realised on the two wafers with
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various gate recess offsets.  In all cases, the
gate voltage is swept from 0V to –1.2V in
–0.1V steps.

Figure 3 – Ids(Vds,Vgs) plot of 40% indium
channel GaAs mHEMT with 45 nm gate
recess offset.

Figure 4 – Ids(Vds,Vgs) plot of 40% indium
channel GaAs mHEMT with 60 nm gate
recess offset.

Figure 5 – Ids(Vds,Vgs) plot of 40% indium
channel GaAs mHEMT with 85 nm gate
recess offset.

Figure 6 – Ids(Vds,Vgs) plot of 45% indium
channel GaAs mHEMT with 45 nm gate
recess offset.

Figure 7 – Ids(Vds,Vgs) plot of 45% indium
channel GaAs mHEMT with 60 nm gate
recess offset.

Figure 8 – Ids(Vds,Vgs) plot of 45% indium
channel GaAs mHEMT with 85 nm gate
recess offset.

As shown in Figures 3-8, well behaved
device characteristics were obtained for all
samples.  Further, transconductances of up
to 500 mS/mm and offstate breakdown
voltages of up to 8V were observed on the
devices.
On-wafer S-parameter measurements were
performed from 40 MHz – 60 GHz using an
Arritsu 360 Vector Network Analyser and
Cascade Microtech on-wafer probes on
each of the six device samples.  In all cases,
typical frequency dependent S-paramater
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magnitude and phase were observed, in
contrast to the first batch of devices realised
on the material reported in the 2004 DTC-
EMRS Annual Conference [2].
Tables 2 summarises the DC and RF
performance metrics obtained from the six
device batches realised in this fabrication
and measurement campaign.

A2006
40%

Indium
Etch

Offset
(nm)

45 60 80

Mech
Yield

100% 100% 100%

Idss
(mA/mm)

420 400 410

Vt(V) -0.6 -0.6 -0.6
Vbdon(V) 2 2 2
Vbdoff(V) 5.3 6.1 6.3
fT (GHz) 120 120 120

fmax (GHz) 180 180 180

A2008
45%

Indium
Etch
Offset
(nm)

45 60 80

Mech
Yield

100% 100% 100%

Idss
(mA/mm)

350 430 430

Vt(V) -0.6 -0.6 -0.6
Vbdon(V) 1.7 1.7 1.7
Vbdoff(V) 8.2 8.2 7.8
fT (GHz) 120 120 120

fmax(GHz) 180 180 180
Table 2 – Summary of DC and RF
performance metrics of six device samples
with various indium channel concentrations
and gate recess offsets

Conclusions

The GaAs mHEMT devices reported in this
paper have excellent DC and RF

performance metrics as a result of
optimised MBE growth conditions,
particularly in the area of metamorphic
buffer growth, which manifests itself in rms
surface roughness of less than 2 nm.  As a
consequence, the devices demonstrate Idss in
excess of 400 mA/mm, gm greater than 500
mS/mm, off-state breakdown of up to 8V,
fT of 120 GHz, fmax of 180 GHz and
mechanical yield in excess of 95 %.  These
devices are eminently suitable for various
millimetre-wave applications of relevance
to the EMRS-DTC Consortium.
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