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Abstract

The InAlAs/InGaAs/InP high-electron mobility transistor (InP HEMT) is
the preferred low-noise device in cryogenic low-noise amplifiers (LNAs) oper-
ating at 5—15 K. Such LNAs are utilized in microwave and millimeter-wave
detection in radio astronomy. In order to further reduce the noise level, a
deeper understanding of the InP HEMT under cryogenic low-noise operation
is necessary. In addition, InP HEMTs with very low dc power dissipation have
recently become of interest due to power constraints when scaling quantum
computing systems with large number of cryogenic LNAs.

This thesis presents progress in InP HEMT technology for cryogenic LNAs.
Three areas are addressed: device scaling, dc power optimization, and elec-
trical stability at cryogenic temperature. The InP HEMT optimization are
discussed in terms of the epitaxial layer design, fabrication, dc, rf, and noise
characteristics.

A 100 nm gate-length InP HEMT technology was developed by scaling of
the barrier thickness. Despite increased gate leakage current, state-of-the-art
cryogenic noise performance for a wide-band monolithic microwave integrated
circuit (MMIC) LNAs was demonstrated with average noise temperature of
3.5 K and 6.3 K for the 0.3—14 GHz and 16—28 GHz designs, respectively.

The impact of barrier thickness and channel composition on the cryogenic
noise temperature and dc power dissipation of the InP HEMT LNAs was
studied. Through the barrier scaling, the HEMT achieved an improvement of
transconductance to drain current ratio at low drain voltages, which enabled a
reduction of the power dissipation to 112 W with an average noise temperature
of 4.1 K in a 4—8 GHz InP HEMT LNA. From a comparative study of
Ing 65Gag.35As and Ing sGag o As channels, the InP HEMT with lower indium
channel content resulted in superior cryogenic noise performance.

The cryogenic stability of two-finger InP HEMTs was investigated. The InP
HEMTSs exhibited anomalous electrical behavior such as jumps in drain current
and sharp peaks in transconductance. Three different design techniques were
shown to mitigate the electrical instabilities associated with cryogenic operation.
A cryogenic 24-40 GHz and a 28-52 GHz MMIC LNA based on the source
air-bridge design technique for the two-finger InP HEMTs were demonstrated.
The average noise temperature was 10.6 K and 10 K in the 24—40 GHz and
28—52 GHz LNAs, respectively. Both LNA designs demonstrated the lowest
noise temperature reported so far for cryogenic MMIC LNAs for these frequency
bands.

Keywords: cryogenic, InP high-electron mobility transistor (InP HEMT),
low-noise amplifier (LNA), noise temperature, dc power dissipation, scaling,
indium channel content, electrical stability.



ii



List of Publications

Appended Publications

This thesis is based on the work contained in the following papers:

[A] Eunjung Cha, Giuseppe Moschetti, Niklas Wadefalk, Per-Ake Nilsson,
Stella Bevilacqua, Arsalan Pourkabirian, Piotr Starski, and Jan Grahn,“Two-
Finger InP HEMT Design for Stable Cryogenic Operation of Ultra-Low-Noise K-
and Q-Band LNAs”, IEEFE Transactions on Microwave Theory and Techniques,
Vol. 65, No. 12, pp. 5171-5180, Dec. 2017, doi: 10.1109/TMTT.2017.2765318.

[B] Eunjung Cha, Niklas Wadefalk, Per-Ake Nilsson, Joel Schlech, Giuseppe
Moschetti, Arsalan Pourkabirian, Silvia Tuzi, and Jan Grahn,“0.3-14 and
16-28 GHz Wide-Bandwidth Cryogenic MMIC Low-Noise Amplifiers”, IEEE
Transactions on Microwave Theory and Techniques, Vol. 66, No. 11, pp.
4860-4869, Nov. 2018, doi: 10.1109/TMTT.2018.2872566.

[C] Eunjung Cha, Niklas Wadefalk, Giuseppe Moschetti, Arsalan Pourk-
abirian, Jorgen Stenarson, and Jan Grahn,“A 300-yW Cryogenic HEMT LNA
for Quantum Computing”, in IEEE MTT-S International Microwave Sym-
posium, Los Angeles, USA, Aug. 2020, doi: 10.1109/IMS30576.2020.9223865.

[D] Eunjung Cha, Niklas Wadefalk, Giuseppe Moschetti, Arsalan Pourk-
abirian, Jorgen Stenarson, and Jan Grahn,“InP HEMTs for Sub-mW Cryogenic
Low-Noise Amplifiers”, IEEFE FElectron Device Letters, Vol. 41, No. 7, pp.
1005-1008, Jul. 2020, doi: 10.1109/LED.2020.3000071.

[E] Eunjung Cha, Niklas Wadefalk, Giuseppe Moschetti, Arsalan Pourk-
abirian, Jorgen Stenarson, Junjie Li, Dae-Hyun Kim, and Jan Grahn,“InP
HEMT Channel Design for Ultra-Low Power Cryogenic Low-Noise Amplifiers”,
Manuscript, 2020.

iii



Other Publications

The following publications are not appended to the thesis, either due to contents

overlapping with appended papers, or due to contents not related to the thesis.

[a] Eunjung Cha, Niklas Wadefalk, Giuseppe Moschetti, Arsalan Pourk-
abirian, Jorgen Stenarson, and Jan Grahn, “Impact of Indium Channel Con-
tent in InP HEMTs for Cryogenic C-Band Low Noise Amplifiers”, accepted in
Compound Semiconductor Week, 2020.

[b] Eunjung Cha, Giuseppe Moschetti, Niklas Wadefalk, Per-Ake Nilsson,
Stella Bevilacqua, Arsalan Pourkabirian, Piotr Starski, and Jan Grahn, “Two-
Finger InP HEMT Design for Stable Cryogenic Operation of Ultra-Low-Noise
Ka-Band LNAs”, in IEEE MTT-S International Microwave Symposium, Hon-
olulu, Hawaii, 2017.

[c] Joel Schleeh, Giuseppe Moschetti, Niklas Wadefalk, Eunjung Cha, Arsalan
Pourkabirian, Goran Alestig, John Halonen, Bengt Nilsson, Per-Ake Nilsson,
and Jan Grahn, “Cryogenic LNAs for SKA band 2 to 5”, in IEEE MTT-S

International Microwave Symposium, Honolulu, Hawaii, 2017.

[d] Yulung Tang, Niklas Wadefalk, Jacob W Kooi, Joel Schleeh, Giuseppe
Moschetti, Per-Ake Nilsson, Arsalan Pourkabirian, Eunjung Cha, Silvia
Tuzi, and Jan Grahn, “Cryogenic W-band LNA for ALMA band 2+3 with
average noise temperature of 24 K”, in IEEE MTT-S International Microwave

Symposium, Honolulu, Hawaii, 2017.

[e] Eunjung Cha, Arsalan Pourkabirian, Joel Schleeh, Niklas Wadefalk,
Giuseppe Moschetti, Piotr Starski, Géran Alestig, John Halonen, Bengt Nilsson,
Per-Ake Nilsson, and Jan Grahn, “Cryogenic low-noise InP HEMTs: A source-
drain distance study”, poster contribution in Compound Semiconductor Week,
Toyama, Japan, Jun. 2016.

[f] Eunjung Cha, Arsalan Pourkabirian, Joel Schleeh, Niklas Wadefalk,
Giuseppe Moschetti, Piotr Starski, Goran Alestig, John Halonen, Bengt Nils-
son, Per-Ake Nilsson, and Jan Grahn, “InP HEMT With Noise Temperature
below 1 K”, presented in Swedish Microwave Days, Linképing, Sweden, Mar.
2016.

iv



Thesis

As part of the author’s doctoral studies, some of the work presented in this
thesis has previously been published in [g]. Figures, tables and text in [g]
might therefore be fully or partly reproduced in this thesis.

[g] Eunjung Cha, “InP High Electron Mobility Transistor Design for Cryo-
genic Low Noise Amplifiers”, Thesis for the Degree of Licentiate of Engineering,
Chalmers University of Technology, Sweden, 2018.



vi



Contents

Abstract

List of publications

1

2

Introduction

Noise Modeling of the InP HEMT

2.1 Noise parameters . . . . . . . . . ..o
2.2 Noise modeling method . . . . . ... ... ... .. ...

InP HEMT Technology

3.1 Epitaxial structure . . . . . . . ... Lo
3.2 Device fabrication . . . .. ... ... . oL

Scaling of the InP HEMT for Cryogenic LNAs

4.1 InP HEMT characterization . . . . . . . ... ... ... ....
4.2 InP HEMT noise properties . . . . . . . ... ... .. .....
4.3 InP HEMT with InP etch stop layer . . . . ... .. ... ...
4.4 SUMMATY . . . ..

InP HEMT Optimization for Cryogenic Low-Power LNAs

5.1 Design of low-power InP HEMT for cryogenic C—band LNAs .
5.1.1 HEMT characteristics . . . .. ... .. ... .. ....
5.1.2 HEMT noise properties . . .. ... .. ... .. ....

5.2 Investigation of InP HEMT indium channel content . . . . . .
5.2.1 HEMT characterization . . . . .. ... ... ... ...
5.2.2 HEMT noise properties . . . . .. ... .. ... ....

5.3 SUummary . . o. ... e e

InP HEMT Design for Stable Cryogenic Operation

6.1 HEMT stability characterization . . . .. ... ... ... ...
6.2 Design technique . . . . ... ... . oL oL
6.2.1 Source air-bridge . . . . ... ... 0oL
6.2.2 Two gate fingers back-end connection . . . .. ... ..
6.2.3 Gate resistance modification. . . . . .. ... ... ..
6.3 MMIC LNA demonstration . . . ... ... .. .. .......
6.4 Summary . . ... ...

Conclusions and Future work

7.1 Conclusions . . . . . . . . . ..
7.2 Futurework . . . . . . . . ...

13
13
17
20
22

25
25
26
27
29
30
33
37

39
39
43
43
43
47
47
50



Bibliography
Acknowledgements

Appended Papers

vi

55

65

67



Chapter 1

Introduction

InAlAs/InGaAs/InP high-electron mobility transistors (InP HEMTSs) have long
provided superior low-noise amplification at microwave and millimeter-wave
frequencies. Low-noise amplifiers (LNAs) operating at cryogenic temperatures,
typically 5—15 K, are essential for detection arrays with a large number of
receiving antennas in radio astronomy and deep-space communication. With
LNAs in the first stage of the receiving system, the low-noise HEMT LNA is one
of the key components to reduce the system noise.! ® Cryogenic LNAs based
on InP HEMT technology have demonstrated state-of-the-art noise results of
1.6—1.8 Kin 4—8 GHz,> 1'% 4.4 K in 0.5—13 GHz,'! 11.4 K in 26—40 GHz,> and
13 K in 35—50 GHz.% The noise performance of the cryogenic LNA is largely
determined by the minimum noise temperature of the transistor. Thus, in
order to further improve cryogenic noise performance, a deeper understanding
of the InP HEMT under cryogenic low-noise operation is necessary. This thesis
presents advancements in InP HEMT technology for cryogenic LNAs in the
microwave and millimeter-wave frequencies. The work is divided into scaling
the transistor, optimizing the low-noise HEMT for low-power operation, and a
solution for stable device operation at cryogenic temperatures.

For advances in the low-noise properties of the transistor, the device technol-
ogy has been developed enhancing the cut-off frequency (fr).'? A traditional
way to improve high-speed and low-noise performance is by scaling down the
device.'? 1> However, scaling tends to increase the gate leakage current.'? '6
It is well-known that this is detrimental to the cryogenic noise properties, in
particular at low frequencies.? 121718 The optimization of the InP HEMTs via
scaling is thus not straightforward. Further research on the trade-off between
scaling of the HEMT and the gate leakage current is necessary for advances in
the noise performance at cryogenic temperatures.

One of the unexplored subjects of cryogenic InP HEMT technology is its
potential for low-power consumption. In the recent demonstration of 54 qubit
quantum processor, cryogenic 4-8 GHz InP HEMT LNAs were employed at
the 4 K stage for qubit readout.!” One single cryogenic LNA is required for
every 5—10 qubits, and the dc power dissipation (Pg.) of the HEMT LNA is
around several milliwatts.? 1 For scaling quantum computing technology to
the million qubit level, the dc power must be reduced considering integrating
thousands of HEMT LNAs into a single cryogenic cooling system. This serves
as motivation to minimize the dc power consumption of cryogenic InP HEMT
LNAs with sufficient gain and noise temperature. Cryogenic SiGe HBT LNAs
have been shown to operate at power levels in the low hundreds of microwatts,
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and are therefore one promising candidate for quantum readout systems:
cryogenic noise of 7—8 K with 26—30 dB gain at P, of only 300—580 W have
been demonstrated at 4—8 GHz.2%:2! A 4—8 GHz InP HEMT LNA with 7.2 K
noise with 17 dB gain at P,. of 100 uW was reported already in 2003.1° In this
thesis, it is shown that InP HEMTSs can be optimized for cryogenic 4—8 GHz
LNAs operating at almost 100 yW with much lower noise temperature.

A challenge for cryogenic low-noise HEMTs is electrical instability which
is often more pronounced at cryogenic temperatures than at room temper-
ature. Abnormal cryogenic HEMT operation has been reported in several
studies.!”-2227 The four-finger metamorphic HEMT (mHEMT) exhibited a
sudden change in the drain current, and a significant reduction in gain at
cryogenic temperatures.?® Stabilization methods for four-finger devices were
demonstrated by G. Moschetti et al.26 and M. Varonen et al.?? The two-finger
device has also been shown to exhibit cryogenic anomalous behavior, which
was reported already in 1986.27 Reliable and reproducible cryogenic LNA
operation can only be obtained when the HEMT operates in a stable manner
at cryogenic temperatures. Therefore, cryogenic instability in two-finger InP
HEMTSs was investigated in this thesis for reliable LNA operation.

This thesis presents InP HEMT technology optimized for low-noise, low-
power dissipation, and electrical stability at cryogenic temperature. In Chapter
2, a background to the noise model for the InP HEMT and a noise modeling
method used in this thesis are described. In Chapter 3, the optimization
of the InP HEMT technology for cryogenic LNA designs is presented. The
technology will be discussed in terms of the epitaxial design and the fabrication
process. In Chapter 4, the influence of InP HEMT scaling on the cryogenic
noise performance up to 30 GHz is discussed. In Chapter 5, the InP HEMT
technology developed for ultralow-power dissipation is presented. State-of-the-
art noise results in the sub-mW 4—8 GHz cryogenic LNA are demonstrated,
and the effect from indium content in the InP HEMT channel on cryogenic
noise properties is followed. In Chapter 6, the electrical cryogenic instability
in two-finger HEMTs and design techniques for stable cryogenic operation
are presented. Finally, Chapter 7 summarizes the results of this thesis and
provides an outlook for future work.



Chapter 2

Noise Modeling of the InP HEMT

Noise models for transistors are important for the physical interpretation of
the device noise and for designing low-noise amplifiers. Model parameters
representing noise properties of the device allow insight into the physical origin
of various noise sources and their contributions to the total measured noise
temperature.?® In addition, the knowledge of temperature dependent noise
properties is crucial to optimize the low-noise transistor for a certain operating
temperature. This chapter presents a background to the noise model for the
InP HEMT and a noise modeling method used in this thesis.

2.1 Noise parameters

The main noise sources in the microwave HEMT are thermal noise, shot noise,
and hot-electron noise.?? Any resistance shows current fluctuations caused
by the thermal motion of the electrons, resulting in thermal noise. Since the
thermal noise is proportional to the ambient temperature, cryogenic cooling
effectively reduces this contribution to the total noise. The shot noise is
important in structures where the current is controlled by a barrier. In the
HEMT, the shot noise originates from the Schottky barrier under the gate.
It is white over a wide range of frequencies, and is proportional to the gate
current. The hot-electron noise is associated with kinetic processes in the
conduction band, such as energy relaxation, intervalley transfer, and impact
ionization, and the relevant frequency range is from 1 GHz to 1 THz.?*

The Pospieszalski noise model is widely used for predicting noise parameters
of the field-effect transistor.3? In this model, the device noise parameters are
obtained from the elements of the equivalent circuit of the transistor and two
frequency independent constants, the equivalent gate temperature (7,), and
equivalent drain temperature (7). The equivalent circuit of the InP HEMT
is shown in Fig. 2.1. All resistive elements are assigned with T}, except the
drain conductance (gqs) which is assigned with Ty. Tt is generally accepted
that T; is approximated to the ambient temperature implying that the source
of the noise is thermal. Upon cooling the device to cryogenic temperatures,
the device temperature may not be the same as the ambient temperature, in
particular below 30 K.3! The intrinsic device temperature is restricted due
to self-heating at low temperature thus 7, can be higher than the ambient
temperature.3!

T4 does not strongly depend on the device ambient temperature and there-
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Figure 2.1: Small-signal and noise model of the InP HEMT.!!

fore not of thermal origin.*2® It is known that T,; depends linearly on the

drain current (1), and accounts for average electron temperature in a direction
parallel to the channel.'?32 In most of the channel, carriers travel at saturated
velocities and therefore T, can be interpreted as a parameter representing the
hot-electron noise in the HEMT.

The noise parameters of the HEMT are the minimum noise temperature
(Tmin), the optimum source impedance (Zopt = Ropt + jXopt) for obtaining

Tonin, and the noise conductance (g,, ):2

Tmin ~ 2fiT \V RtngdsTd7 (21)

1
WCQS,

fT RzTg
Ropy = = , 2.3
v f gdsTd ( )

2
.
gn = (J;’;) g”,frod, (2.4)

where fr is the intrinsic cut-off frequency, R; is the sum of R,, R;, R, where
R, is the gate resistance, R; is the intrinsic gate-source resistance, and R, is
the source resistance, Cgs is the gate-source capacitance, and T, is the standard
temperature of 290 K. Eq. 2.1 indicates that a HEMT with higher fr and
lower parasitic resistances leads to a reduction in T},;,. In Eq. 2.1, fr and Ty
are the strong bias-dependent parameters. As fr and Ty are proportional to
gm and Iy, respectively, the optimum bias of T},,;,, corresponds to the minimum

value of:12
VI
f(Vdsv Id) = g d' (25)

Xopt =
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This implies that the low-noise HEMT must achieve a high g,, at a low
value of I;. This means that the noise level in the HEMT can be improved
by scaling, i.e. smaller gate-length and thinner barrier thickness. However,
this also leads to increased gate leakage current. In this case, the noise model
should include the influence of the noise generated by the gate leakage current.
The gate current influence of noise is treated as a pure shot noise current
source:33

iy = /2ay, (2.6)

where I, is the measured gate leakage current. Fig. 2.1 shows the noise model
with the gate leakage current source. At the low frequency limit,33 T},;, can

be approximated as
/ T

Tmin is almost frequency independent with I, and therefore the I, will
strongly influence T},;,, at sufficiently low frequencies.?® 33 Although the value
of I, decreases at cryogenic temperatures, the relative contribution of I, with
respect to T,,;, becomes more significant since the thermal noise contributions
are largely reduced.

With frequency dependent noise parameters, the low-noise amplifier can be
designed in the specified frequencies. By knowing the equivalent circuit of the
transistor and the two frequency independent constants T, and Ty, the noise
parameters of the transistor are obtained.

2.2 Noise modeling method

Since Thnin of the HEMT at cryogenic temperature is very low, the device
noise is extracted by an indirect method. T},;, can be modeled by assembling
the HEMT in a known LNA and performing a noise measurement of the LNA.
To evaluate the noise performance of various HEMTs, the LNA design is
insensitive with respect to the input matching so that variation in the LNA
noise temperatures is from the device noise property. For example, in the
input matching, an inductive feedback consisting of long bond wires between
the source of the transistor and ground is used.'® Such inductive feedback
reduces the imaginary part of the optimum noise source impedance making
the LNA design relatively insensitive to the input matching.

When the equivalent circuit parameters of the HEMT are known, the
noise temperature of the HEMT LNA can be simulated provided 7T, and Ty
are known. Assuming T}, is the ambient temperature,'? the only unknown
parameter is Ty. T, is obtained by fitting the simulated noise temperature of
the LNA with the measurement data. In this way, T,;, of the HEMT can be
obtained.

For cryogenic low-noise InP HEMTs, it is essential to maximize fr in the
low drain current region while keeping the gate leakage current low. In the
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next chapter, the epitaxial structure and device fabrication of the InP HEMT
technology optimized for cryogenic low-noise performance are discussed.



Chapter 3

InP HEMT Technology

The noise properties of the InP HEMT are largely dependent upon the device
technology. A key requirement for the low-noise InP HEMT technology is
to optimize for a high gain and transconductance at low drain current when
operating under cryogenic temperatures. Since the cryogenic LNA noise
performance is to a major part dependent upon the transistor noise properties,
the InP HEMT technology becomes crucial.

In this chapter, the InP HEMT technology used in this thesis for cryogenic
LNA designs are presented. The technology will be discussed in terms of the
epitaxial design and the fabrication process.

3.1 Epitaxial structure

The epitaxial structures investigated in this thesis are presented in Fig. 3.1.
The epitaxial layers, from the top to the bottom, consist of an InGaAs cap layer,
an InP etch stop layer (in structures B and C'), an InAlAs barrier layer, an
InGaAs channel layer, a pseudomorphic InAlAs buffer layer, and semi-insulting
InP substrate. The layers were grown by molecular beam epitaxy (MBE).

The highly Si-doped InGaAs cap layer was used for source and drain ohmic
contacts yielding a low value of contact resistance. A typical sheet resistance
(Rsp) of the cap layer was about 55 /0 at 300 K. R, reduced by a factor of
about three when cooled down to 5 K.

Below the InGaAs cap layer, a wide bandgap InAlAs was employed as a
barrier layer. The barrier composition and thickness affected the Schottky
barrier height, the threshold voltage, and transconductance. In this work, the
barrier composition was fixed to IngssAlg.47As, which is lattice matched to
InP, and various barrier thicknesses were investigated. By thinning down the
barrier layer, the gate-to-channel distance can be reduced. The electrons are
accelerated more quickly at reduced gate-to-channel distance, increasing fr.3*
Experimental results of the influence of the barrier thickness on the cryogenic
HEMT noise follow in the next chapters.

It is noted that the InP etch stop layer was included in structures B and
C on top of the barrier layer in Fig. 3.1. T. Enoki et al. introduced the
InP etch stop layer to improve the selectivity in the etching of the cap to
the barrier.®®> In addition, the InP etch stop layer helped to eliminate the
kink effect by passivating deep level defects on the surface of the InAlAs
barrier layer.36:37 These deep level traps are located close to the middle
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Figure 3.1: The InP HEMT epitaxial layer structures investigated in this
thesis.

of the bandgap. The electron trap and release phenomenon appear as a
kink in the output characteristics, which becomes more evident at cryogenic
temperatures.3238 This is because at room temperature, the trapped electrons
are released by thermal excitation, whereas at cryogenic temperatures, electron
confinement improves as the thermal energy of electrons decreases, which
in turn increases the influence of traps.®>3% The kink effect increases the
output conductance in the dc characteristics. Furthermore, the surface traps
deplete the channel electron density under the recessed region, increasing the
access resistances.’? In the InP layer, the Fermi pinning level is close to the
conduction band minimum so that sufficient electron density in the recessed
region is maintained, suppressing the kink.#%4! Thus, the InP etch stop layer
can be an important structure for cryogenic operation of the InP HEMT.
The Si é-doping supplies electrons into the InGaAs channel layer. The
doping concentration was calibrated during MBE growth in order to target a
specified electron sheet density (ns). Between the wide bandgap InAlAs and
a narrow bandgap InGaAs layer, electrons are confined by the two potential
barriers. The motion of electrons are restricted in the plane parallel to the
channel where the 2DEG is formed. Since the ionized dopants are separated
from the electrons, the impurity scattering becomes suppressed resulting in high
electron mobility (i, ) in the channel. The Ing g5Gag. 35As exhibits the electron
mobility of around 17 000 cm?/V-s at 300 K.4? Although InSb has a superior
electron mobility, i.e. 77 000 cm?/V-s at 300 K,** compared to InGaAs, the
InSb HEMT does not exhibit low-noise performance due to high gate current
and high output conductance associated with severe impact ionization.*3 44
The electron mobility in the InGaAs channel improves with increasing
indium content. This is related to the smaller effective electron mass and a
narrower bandgap, resulting in a larger conduction band offset and improved
carrier confinement to the channel layer. However, the lattice constant increases
with indium content, increasing the lattice mismatch between the InGaAs and
the InAlAs. If the InGaAs layer is thin enough, the layer can be physically
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Figure 3.2: (a) Electron mobility (left) and sheet resistance (right) and (b)
electron sheet density in the channel as a function of the temperature. The
measurements were done in structure C. Courtesy of Junjie Li.

strained so that the lattice constant becomes the same as the InAlAs, and
dislocations can be avoided. The critical thickness (¢.) can be estimated by
the empirical formula t. ~ a?/(2|a. — as|), where a. and a, are the lattice
constants of the epitaxial layer and substrate, respectively.*®> Taking the
lattice constant of InGaAs to a. and InAlAs to as, the critical thickness for
Ing.65Gag.35As and Ing sGag oAs is about 35 nm and 16 nm, respectively. In
this work, the thickness of each layer was about half the critical thickness so
the strain generated due to lattice mismatch was absorbed entirely by the
lattice.

The Hall bar measurements of structure C without the cap layer are shown
in Fig. 3.2. The measurements were done from 300 K down to 5 K. u, of
15000 cm?/V-s was measured at 300 K, and improved to 70 000 cm?/Vs when
cooled down. Ry of the channel layer was 160 /0 at 300 K, and reduced to
40 /0 when cooled down to 5 K. ns remained constant around 2.5 x 10*2cm=2.
Below the channel layer, a 500 nm thick pseudomorphic InAlAs buffer layers
was grown on the InP substrate.

3.2 Device fabrication

The most critical parts of the InP HEMT fabrication is to achieve a low access
resistance, a selective gate recess etching, and a T-gate process. Fig. 3.3 shows
the process flow of the device fabrication used in this thesis. The key details
of the device fabrication were the following:

(a) Mesa etching - Electrically isolation of the device from other devices
was done by wet etching of the InGaAs and InAlAs layers using a
H504:H3PO4:H50 (1:1:25) solution, and of the InP layer using a HCl:H2O
(1.5:1) solution.
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Figure 3.3: Schematic of fabrication processes for the InP HEMT.

Source and drain contact formation - The source and drain ohmic
contacts were formed with alloyed NiGeAu. The contact resistance was
optimized by adjusting the annealing temperature and duration in the
rapid thermal annealer.* The contact resistance was measured using
the transmission line method. A typical contact resistance was about
0.03 Q-mm at 300 K. The distance between the source and the drain
contact was 1.4 pm. 46

Gate contact formation - The T-shaped gate contact was defined
by electron beam lithography. Prior to the gate metal deposition, the
InGaAs cap layer was wet etched, known as the gate recess etching

10



CHAPTER 3. INP HEMT TECHNOLOGY

()

process. The cap layer must be removed for a Schottky gate contact
with low reverse current. Since the depth and width of the recess
etching strongly affect the device performance, such as the gate leakage
current, transconductance, access resistances, and threshold voltage, it
is important that the recess etching is highly selective. The gate recess
etching was performed using a succinic acid/HyO42 (4.5:1) solution (for
structure A in Fig. 3.1(a)) or a citric acid/HzO4 (7:1) solution (for
structures B and C' in Fig. 3.1(b) and (c)). The succinic acid based wet
etchant is commonly used for etching the InGaAs selectively against the
InAlAs. The selectivity of the InGaAs cap recess etch to the InAlAs
barrier using the succinic acid is greater than 70:1.47 On the other
hand, the citric acid used for etching the InGaAs against the InP has a
selectivity greater than 400:1.48

The gate metal stack of Ti/Pt/Au or Pt/Ti/Pt/Au was deposited by
electron beam evaporation. The Ti is a conventional gate metal on
the InAlAs barrier layer with a Schottky barrier height of 0.65 eV *°
whereas the Pt gate on the InAlAs offers a higher Schottky barrier height
than the Ti gate (i.e. 0.83 eV®?) which can suppress the gate leakage
current.’’ 5% The influence of the gate metal on the gate leakage current
will be presented in Chapter 4.

Passivation - After the lift-off of the gate metal stack, the device was
passivated either with SizN4 using plasma-enhanced chemical vapor
deposition at 270 °C or AlyO3 using atomic layer deposition (ALD) at
250 °C. For the Pt gate, 250 °C was enough to make Pt gate metal
diffuse through the InP etch stop layer in the case of structures B and
C.°% The passivation was thus often done with ALD for the Pt gate
metal.

Pad metallization - After removing the passivation (SisN4 by reactive
ion etching or Al,O3 by HF:H50), the Ti/Au metal stack for probing
pads was deposited by electron beam evaporation.

The optimization of InP HEMT technology for cryogenic LNAs in this
thesis was mainly focused on the design of the barrier layer and the channel
structure, the selective gate recess etching, and gate metal formation. The
impact on the InP HEMT performance and cryogenic noise properties are
presented in the next Chapters 4 and 5.
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Chapter 4

Scaling of the InP HEMT for
Cryogenic LNAs

According to the noise model of the InP HEMT described in Chapter 2,
low-noise properties can be improved by enhancing fr from device scaling.
However, device scaling tends to increase the gate leakage current which
is detrimental to the noise properties at low frequencies (i.e. at few GHz
range).> 121718 Further research on the trade-off between scaling of the
HEMT and the gate leakage current is necessary for advances in the noise
performance at cryogenic temperatures. As the gate leakage current is process
and epitaxial structure dependent, it is necessary to evaluate the impact of
the gate current experimentally on a specific HEMT process.

This chapter addresses the characterization of the scaled InP HEMTSs in
terms of dc and rf performance. The influence of the gate leakage current
on the noise performance of HEMTs and cryogenic LNAs up to 30 GHz is
discussed.

4.1 InP HEMT characterization

. . . |4
The expression for fr is given as®®

fp = Imi ! _ (4.1)
27 (Cys + Cga) + gm.iCga(Rs + Ra)[1+ (1 + 52 ) 22=]
where g, ; is the intrinsic transconductance, Cys and Cgyq are the gate-source
and gate-drain capacitances, Rs; and Ry are the source and drain resistances,
and g4s is the drain conductance.

In order to improve fr, gm,; should be as high as possible. In order to
achieve that, the gate should then be located close to the channel. However,
this will lead to an increase of Cys and Cyq. Since Cys and Cyq are linearly
dependent upon the gate-length (L), scaling of L, as well as the gate-to-
channel distance will lead to an improvement in fr.

In a previous work, a 130 nm gate-length InP HEMT technology with an
11 nm thick barrier was used for demonstrating a 0.5—13 GHz MMIC LNA
at cryogenic operation.!! In this thesis, the experiment was repeated in the
same process using a 100 nm gate-length and an 8 nm barrier thickness. A
thinner barrier implies that the I, was expected to increase and thus act

13
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Figure 4.1: (a) The epitaxial layer structure of the InP HEMT with 8 nm
barrier layer thickness. (b) STEM image of the 100 nm gate-length HEMT in
the gate region, showing the gate (Ti/Pt/Au metal stack) and ohmic contacts
as well.

Figure 4.2: Output characteristics of a 2 x 100 um gate width and 100 nm
gate-length InP HEMT. V,, measured from —0.5 V to 0.4 V in steps of 0.04 V
(Paper [B]).

detrimentally to the noise properties of the cryogenic LNA. On the other
hand, the scaling itself would increase g,, and fr thus improving noise. By
comparing these two structures, the influence of scaling on cryogenic noise was
studied. The epitaxial layer structure used in this study is shown in Fig. 4.1(a),
corresponding to structure A in Fig. 3.1. u, and n, were 10 850 cm?/V-s and
3.3 x 10'? em™?2 at 300 K, respectively. A cross-sectional STEM image in
Fig. 4.1(b) shows the InP HEMT processed as described in Chapter 3. The
gate-length was 100 nm and a Ti/Pt/Au gate metal stack was used.

Fig. 4.2 shows the output characteristics of a 2x100 ym HEMT. The
maximum drain current density at a drain-source voltage (Vys) of 1 V was

14
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Figure 4.3: Extrinsic dc g,, versus Ig. Vys measured from 0.1 V to 1 V in
steps of 0.1 V (Paper [B]).

Figure 4.4: Gate current of the InP HEMT at 300 K and 5 K. Vs measured
from 0 V to 1 V in steps of 0.5 V (Paper [B]).

500mA /mm at 300 K and 650 mA/mm at 5 K. A kink in the drain current
for about Vzs = 0.3 V was observed at 5 K. This is known to be related to the
traps at the epitaxial interfaces, the buffer layer, and surface in the gate recess
region.36:38:56.57 Although the kink in Fig. 4.2 close to the pinch-off region
was not obvious, the presence of traps can cause low frequency dispersion in
gm, and a change in the channel electron density.?-® Hence a device with a
suppressed kink is desirable, in particular at cryogenic temperatures.

The dc extrinsic g, as a function of I; is shown in Fig. 4.3. The slope of
gm at very low I is an important indicator of the low-noise performance of
the HEMT during the dc characterization as seen in Eq. 2.5.12 At 5 K, g,
reached 1 S/mm at I of only 40 mA/mm at Vys = 1 V. The device with
a scaled barrier layer exhibited a steeper increase of g,, compared with the
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Table 4.1: Small-signal modeling parameters of 2 x 100 um InP HEMT at the
optimum low-noise bias at 5 K. Units are V, mA, pA/mm, fF, mS, and Q.

Ly =100 nm Ly = 130 nm
dp = 8 nm dg = 11 nm

Bias Vs 0.4 0.6
I 5 5
I, 1.2 0.45
Intrinsic ~ Clys 139 148
Cga 43 36
Cys 59 51
Im,i 244 223
Jdds 17 14
Extrinsic R, 0.6 2
Ry 0.8 2
Ry 0.8 1

Figure 4.5: Intrinsic current gain |Hy;|? of the InP HEMT at the optimum
low-noise bias at 300 K (red dashed) and 5 K (blue solid) (Paper [B]).

device with a thicker barrier,3? where a g,, of 1 S/mm was obtained for I of
50 mA /mm.

Fig. 4.4 shows the gate leakage current versus the gate-source voltage (V)
at 300 K and 5 K. The noise-optimized bias condition at 5 K was Vs = 0.4 V
and I; = 5 mA where the measured I, was in the order of 1 A /mm which
was a factor of three higher compared to the thicker barrier HEMT.!!

The S-parameter measurements were carried out up to 67 GHz at 300 K
and 5 K. The system was calibrated with a GGB CS-5 alumina substrate
using through-reflect-match calibration. Equivalent circuit parameters at the
optimum low-noise bias conditions were obtained using a direct extraction
method.?® %9 A comparison of the small-signal modeling parameters between
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Figure 4.6: MMIC photographs of (a) the 0.3-14 GHz HEMT LNA and (b)
the 16-28 GHz HEMT LNA. Both chip sizes were 2 mm x 0.75 mm (Paper

[B])-

the two HEMTs with different L, and dp is presented in Table 4.1. The scaled
device improved g, ; about 10% at 5 K whereas the total gate capacitances
were comparable. Fig. 4.5 shows the intrinsic current gain |Ho1|? of the scaled
InP HEMT. The extrapolated fr with a slope of — 20 dB/dec was 188 GHz
at 5 K. This corresponded to a 10% increase in fr.32 In the next section,
the two LNAs operating up to 30 GHz based on the presented InP HEMT
technology are demonstrated, and the InP HEMT noise properties at cryogenic
temperatures are discussed.

4.2 InP HEMT noise properties

The low-noise InP HEMTs with L, = 100 nm and dp = 8 nm were implemented
in 0.3—14 GHz and 16—28 GHz MMIC LNAs. Fig. 4.6 shows photographs
of the fabricated MMIC chips. The three-stage 0.3—14 GHz LNA used 2 x
100 pgm HEMTSs and the 16—28 GHz LNA 2 x 50 pm HEMTs. For further
details on the MMIC design and the LNA performance at room temperature,
see Paper [B].

At an ambient temperature of 4 K, the optimum low-noise bias for the
0.3—14 GHz LNA was Vp = 0.8 V and Ip = 15 mA. Fig. 4.7 presents the noise
temperature (7,) and gain of the LNA. The amplifier achieved an average noise
temperature (T, q44) of 3.5 K and a 41.6 dB gain. The 16—28 GHz LNA was
biased for lowest noise at Vp = 0.5 V and Ip = 7 mA and achieved T¢ 4v4 of
6.3 K and 32.3 dB gain, as shown in Fig. 4.8. For comparable wide bandwidth
designs, the two cryogenic LNAs both exhibited state-of-the-art results in
terms of the lowest noise temperature and highest gain per stage? % 11,60-63
(Paper [B]).

The improved noise result for the 0.3—14 GHz MMIC LNA in this thesis
compared to the previous work!! was obtained by device scaling. This means an
inevitable increase in I, for the InP HEMT which is well-known to counteract
the noise improvement.? 121718 The effect of I, on cryogenic 7T, of the LNA
and T}y, of the HEMT was simulated with different values of I; in Figs. 4.9
and 4.10. It was observed that the impact of I, on T},;, is much stronger
at low frequencies.>1% 1718 While the increased I, significantly deteriorated
Tmin at low frequencies, I, affected the LNA noise temperature less. This
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Figure 4.7: Measured (solid line) and simulated (dashed line) gain and noise
temperature of the 0.3-14 GHz LNA at 4 K. The optimum noise bias for the
LNA was Vp = 0.8 V, Ip = 15 mA (Paper [B]).

Figure 4.8: Measured (solid line) and simulated (dashed line) gain and noise
temperature of the 16-28 GHz LNA at 4 K. The optimum noise bias for the
LNA was Vp = 0.5V, Ip = 7 mA (Paper [B]).

was because the transistor was mismatched for noise at low frequencies, but
very well matched at high frequencies. The I, of 1.2 pA/mm made a small
difference increasing the noise temperature of the LNA by about + 6% at
6 GHz compared to that without I,. The presented I, was still small enough
to not dominate the cryogenic noise performance. Thus it is interpreted that
the improved fr brought an overall improvement in cryogenic InP HEMT
LNA noise performance.

In Fig. 4.9, it was predicted that a further increase in I, degraded the
noise performance significantly in the frequency range below 10 GHz. On the
other hand, this effect was much less severe at high frequencies as plotted
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Figure 4.9: The simulated T, of the LNA and T,;, of the HEMT with
1.2 pA/mm gate current (dashed) at 10 K compared with the same device
without gate current (solid) and with 6 pA/mm gate current (dotted) at
0.3-14 GHz (Paper [B]).

Figure 4.10: The simulated T, of the LNA and T,,;, of the HEMT with
1.2 pA/mm gate current (dashed) at 10 K compared with the same device
without gate current (solid) and with 6 pA/mm gate current (dotted) at
16-28 GHz (Paper [B]).

in Fig. 4.10. Further noise improvement via scaling can only be determined
experimentally and might only be valid for a specific process since the gate
current is process dependent. This study indicated that the HEMT process
based on the epitaxial design of structure A in Fig. 3.1 was close to the limit
in Tipin in the frequency range below 10 GHz since the noise was predicted to
be dominated by a higher gate leakage current as shown in Fig. 4.9.
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Figure 4.11: STEM images focused on the gate recess region of the epitaxial
layers (a) without the InP etch stop layer (structure A) and (b) with the InP
etch stop layer (structures B and C).

4.3 InP HEMT with InP etch stop layer

In section 4.2, it was demonstrated that the increased I, counteracted improve-
ments in Tp,;, of the transistor, in particular below 10 GHz. This suggests
that further scaling of the barrier must be performed without compromising
I,. The gate leakage current largely depends on gate recess etching and gate
metal formation. The STEM image in Fig. 4.11(a) presents the gate recess
region of structure A in Fig. 3.1. It clearly shows the over-etched barrier layer
in structure A. In addition, the etching was non-uniform in the recess region.
This will lead to a process variation from device to device, thus less control
over I,. It was concluded that a new epitaxial design was needed in the InP
HEMT gate process allowing a more selective recess etching.

In this work, an InP etch stop layer was inserted on top of the InAlAs
barrier layer. It is well-known that the InP etch stop layer inserted between
the InGaAs cap and InAlAs barrier layers (structures B and C in Fig. 3.1)
has proven to improve the recess etching.?>36:54 As seen in Fig. 4.11(b), the
InP HEMT with the etch stop layer exhibited a flat and sharp gate recess.

Another advantage of the InP etch stop layer is to eliminate the kink effect
in the InP HEMT output current.3%37 An oxidation ratio between the InP
and InAlAs of 1:80 was reported.%* While the Fermi level pinning is reported
to be 0.1 eV below the conduction band minimum in the InP,% the Fermi level
pinning in the InAlAs is about 0.6 V.56 This explains the pronounced kink
phenomena observed in the HEMT with the InAlAs barrier layer.3%38 The
HEMTSs with an InP etch stop layer have been reported to strongly suppress
the kink effect at room temperature.?6:5467  Ag the barrier layer is scaled,
bringing the channel closer to the surface, the influence of the surface trap
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Figure 4.12: STEM images of the the HEMT with a 3 nm InP etch stop, a
8nm InAlAs barrier, a 3 nm InAlAs spacer, and 15 nm InGaAs channel layers.
The Pt gate metal formed a Schottky contact to the InAlAs layer.

Figure 4.13: I versus Vs of the InP HEMT without and with the InP etch
stop layer at 5 K. Both InP HEMTs had dg of 8 nm.

will be more severe. In this thesis, this effect is also verified for cryogenic
temperature operation of the InP HEMT.

A gate metal with a high Schottky barrier height contributes to a reduction
of I,. As mentioned in Chapter 3, the Pt gate on the InAlAs has a higher
Schottky barriers of 0.83 eV than the Ti (0.65 eV)* which can prevent
excessive gate leakage.’’®* Experiments by K. Shinohara et al. successfully
demonstrated that Pt can be sunk in through an InP etch stop layer and
into an underlying InAlAs barrier by annealing at 250 °C.>! The Pt diffusion
depth can be controlled varying the Pt thickness and annealing conditions.?? 23
In this work, the 3 nm Pt gate metal was diffused during the deposition of
passivation layer at 250 °C. In Fig. 4.12, a uniformly diffused Pt to the InAlAs
layer is confirmed.
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Figure 4.14: I, versus Vy, at 5 K. The inset shows I, of the InP etch stop
layer with a different scale of y-axis.

Fig. 4.13 compares the dc characteristics of InP HEMTs with and without
the InP etch stop layer measured at 5 K. The two devices had the same dp.
The two HEMTs exhibited a clear difference in the output characteristics.
With the InP etch stop layer, the kink was effectively suppressed. Note that
the maximum [I; was lower in the device using the InP etch stop layer. This
was due to different gate-to-channel distance for the two structures.

The reduction in I, at 5 K using an InP etch stop layer is shown in Fig.
4.14. The HEMT with the etch stop layer exhibited a reverse I, at Vg, =
0 V of about 20 nA/mm which was a factor of 500 lower than the HEMT
without the etch stop layer. This means that introducing an InP etch stop
layer is beneficial for further scaling of the barrier layer for low-noise cryogenic
HEMTS, in particular at low frequency designs. The next chapter presents the
noise performance of scaled HEMTs in the presence of the InP etch stop layer.

4.4 Summary

The InP HEMT technology with the scaled barrier thickness and gate length
have been characterized in terms of dc, rf, and noise performance up to 30 GHz
at cryogenic temperature. The scaling improved g,, ; and fr, but increased
I, as well. However, I, was sufficiently low to not dominate the noise, so
the improved fr resulted in an overall improvement in 0.3-14 GHz cryogenic
MMIC LNA noise performance. It was predicted that a further increase in
1, degraded the noise performance significantly in the frequency range below
10 GHz. This study indicated that the HEMT process based on the epitaxial
design of structure A in Fig. 3.1 was close to the limit in T;,;, since the
noise was predicted to be dominated by a higher gate leakage current. In
order to perform further scaling of the barrier without compromising I,, the
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heterostructure with an InP etch stop layer inserted on top of the InAlAs
barrier layer was studied. A HEMT structure using an InP etch stop layer
combined with Pt gate metal showed remarkable decrease in the gate leakage
current which opens up the possibility of further scaling for cryogenic LNAs.
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Chapter 5

InP HEMT Optimization for
Cryogenic Low-Power LNAs

In a recent demonstration of a 54 qubit quantum processor, cryogenic 4-8 GHz
(C—band) InP HEMT LNAs were implemented at the 4 K stage for qubit
readout.'® One cryogenic LNA was required for every 5—10 qubits, and the dc
power dissipation (Pg.) of the HEMT LNA was about 5 mW.% 1968 In order
to scale up quantum computers to the millions of qubit level, the dc power
must be reduced considering the potential integration of thousands of LNAs
at the 4 K stage. In 2003, an InP HEMT C—band LNA was reported with an
average noise temperature of 7.2 K with 17 dB gain at a dc power dissipation
of 100 W.10 Since then, effort to optimize the noise properties of InP HEMTs
for ultra-low power LNAs has been limited.

In this chapter, the feasibility of low-noise HEMT technology for ultra-low
power cryogenic LNAs is investigated. It is demonstrated that low-power
cryogenic InP HEMT LNAs with average noise temperature below 3 K can
be realized for C—band. The effect from indium content in the InP HEMT
channel has been studied in detail.

5.1 Design of low-power InP HEMT for
cryogenic C—band LNAs

The optimization of low-noise HEMTSs for ultra-low power requires that the
device must exhibit a high g,, and fr at very low Vy, and I;. At the same
time, I, must be kept sufficiently low (i.e. I; < 1 pA/mm) considering the
operating frequency range in this study. One way to achieve this is a reduction
of the gate-to-channel distance. However, this means that the I, level is at
a risk of being too high. In Chapter 4, the heterostructure with the InP
etch stop layer effectively suppressed I,, so further barrier scaling using this
structure (structure B in Fig. 3.1) was selected for low-power optimization
of the InP HEMT in this thesis work. The thickness of the barrier layer was
scaled down to 4 nm. The previous state-of-the-art low-noise HEMTSs in the
4—8 GHz range had an aspect ratio (i.e. gate-length over gate-to-channel
distance) of about 10,3 while the 100 nm gate-length HEMT with the 4 nm
barrier increased the aspect ratio to 20. Fig. 5.1 shows a STEM image of the
HEMT showing the epitaxial layers in the gate recess region. This structure
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Figure 5.1: Cross-sectional STEM image of the gate region in the InP HEMT
(Paper [D]).

Figure 5.2: (a) I versus Vgs and (b) I; and I, versus Vg, at Vg = 0.1 V
(solid), 0.3 V (dashed), and 0.5 V (dotted). The InP HEMT with L, = 100 nm
and W, = 4 x 50 um was used. The measurements were done at 5 K (Paper

[D)).

consisted of a 4 nm InP etch stop layer, a 4 nm barrier layer, and a 3 nm
spacer layer. A gate-to-channel distance of 5 nm was measured in Fig. 5.1. An
indium (In) channel content of 65% (Ing ¢5Gag.35As) was used in this study.

5.1.1 HEMT characteristics

The dc characteristics at 5 K are shown in Figs. 5.2 and 5.3. In Fig. 5.2(a),
the InP HEMT showed a maximum drain current of 650 mA/mm with an
on-resistance of 0.32 Q-mm at V,; = 0.6 V at 5 K. Fig. 5.2(b) also shows SS
= 14 mV/dec at Vs = 0.1 V which is close to the lowest values experimentally
observed in field-effect transistors at low temperatures (SS = 11 mV/dec
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Figure 5.3: g,, and /I3/g,, as a function of Iy at Vs = 0.1 V (solid), 0.3 V
(dashed), and 0.5 V (dotted). The InP HEMT with L, = 100 nm and W, =
4 x 50 pum was used. The measurements were done at 5 K (Paper [D]).

at 4.2K%). When the device is in the weak inversion condition, meaning
close to the subthreshold region, g,, to I ratio depends on SS (g../Is =
In10/89).45: 707 With such a low S5, the HEMT can achieve a high g,,/I; at
low bias conditions. Fig. 5.3 shows g,, and /I /gm versus I, at different V.
A g, of 1 S/mm was achieved for an I of 40 mA /mm. Also, v/14/gm exhibited
its minimum value below 0.2 \/V - mm/S at I of around 10 mA/mm. g,, as
well as v/13/gm did not show a strong dependence on Vg, which implies that
the device is promising for low-noise performance under low-power operation.
I, in Fig. 5.2(b) exhibited about 0.1 A /mm at the low-noise region which is
close to pinch-off (i.e. Vs ~ 0.15 V). The influence of I, to the C—band LNA
noise performance will be negligible (Paper [B]).

5.1.2 HEMT noise properties

The noise performance at cryogenic temperature for the InP HEMT with dp
of 4 nm was evaluated using a 4-8 GHz three-stage hybrid LNA.'® Each stage
was equipped with a 4 x 50 pum gate-width (W,) transistor.

Fig. 5.4 shows the measured noise temperature and gain of the LNA at
different Py, at 5 K. At Py, = 300 pW (Vg = 0.1V, Iy = 3 mA), a T, ypip of
2.4 K at 4.4 GHz with T 4,4 of 2.8 K was achieved. The gain was 26.9 dB.
When the LNA was biased for an even lower Py, of 112 yW (V; = 0.07 V, I
= 1.6 mA), the LNA exhibited a T ymin of 3.2 K at 4.4 GHz with T¢ 4,4 of
4.1K and a gain of 20 dB.

Fig. 5.5 shows a comparison of gain and noise between LNAs using InP
HEMTSs with dg = 4 nm and 6 nm at Py, = 300 uW. Both devices had the
same In channel content of 65% (structure B in Fig. 3.1), and the same W,.
The noise performance of the InP HEMT with dg = 6 nm at various P,. can
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Figure 5.4: (a) Noise temperature and gain of three-stage 4-8 GHz hybrid
LNAs at 5 K at different dc power dissipation. The InP HEMT with dp of
4nm and 65% In channel content was employed in the LNA. The amplifier was
biased at V; = 0.1 V, Iy = 3 mA (Ps. = 300 uW, dotted), and V; = 0.07V,
I; = 1.6 mA (P = 112 yW, solid). The simulated noise temperature and
gain (dashed) are also shown (Paper [D]).

Figure 5.5: (a) Comparison of noise temperature and gain of the LNAs equipped
with InP HEMTSs with dg = 4 nm (dotted) and dg = 6 nm (solid) biased at
Py. = 300 uW at 5 K. Both HEMTs had 65% In channel content.

be found in Paper [C]. The T, 4,4 for the 4nm barrier HEMT showed a 30%
lower noise temperature with a 3 dB higher average gain at Py. = 300 uW.
A comparison of intrinsic small-signal modelling parameters at the low-noise
bias conditions between the device with dg = 4 nm and 6 nm are presented in
Table. 5.1. The HEMT with dp = 4 nm showed an improved g, ; compared to
the device with dg = 6 nm, which resulted in an improved noise temperature.
Fig. 5.6 shows T, 4yq versus Py, for the presented LNA, together with
previously published state-of-the art cryogenic noise results, working in a
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Table 5.1: Intrinsic small-signal modeling parameters of the InP HEMT with
different barrier thicknesses. The P, of the LNA was 300 uW at 5 K.

Cgs Ogd Cds 9m,i 9ds

d Bias
’ (fr) (fF) (fF) (mS) (mS)
Vis = 0.05V
4 nm I, = 1mA 107 60 51 82 12
Vis = 0.08V
6 nm I, = 0.08 mA 98 59 49 63 11

Figure 5.6: Comparison of the average noise temperature of LNAs with prior
state-of-the-art results operating in C—band at cryogenic temperatures.

similar frequency range.? 3 10,20,21,60,61,72 The work presented here resulted

in excellent noise performance with a significantly lower T 4,4 at comparable
P;. than prior work. The progress in power optimization presented in this
thesis is attributed to the improved g,, ; at low bias conditions by using a very
short gate-to-channel distance with respect to the 100 nm gate-length device
coupled with minimized gate leakage current.

5.2 Investigation of InP HEMT indium
channel content
For low-power operation in which the device is biased at low Vs, the low-field

electron mobility becomes a more important parameter since g,, is proportional
to the mobility. Thus, in principle, a channel with higher electron mobility is
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Figure 5.7: The epitaxial layer structures with two different indium channel
contents (correspond to structures B and C in Fig. 3.1).

beneficial for the low-noise and high-frequency performance. The devices with
enhanced mobility channel with higher indium channel contents improved the
noise performance.” 74 However, since these investigations were focused on
room temperature performance, there is a need for further research on the
impact of channel structure at cryogenic temperatures.

Fig. 5.7 shows the schematic of two epitaxial InP HEMT structures with
different channels, one 15 nm thick with 65% In channel, the other 7 nm
thick with 80% In channel. All other layers were identical for both structures.
n, for the 65% In and 80% In channel structures at 300 K was 12 000 and
15000 cm?/ Vs, respectively. Ry, for the 65% In and 80% In channel at 300 K
was 220 Q/0 and 170 /00, respectively. n, was about 2.5 x10'? ¢cm?/V's in
both structures.

5.2.1 HEMT characterization

Fig. 5.8 shows the dc characteristics of InP HEMTs with two different In
channel contents at 300 K. In Fig. 5.8(a), the 80% In channel HEMT exhibited
a reduced R,, from 0.46 Q-mm to 0.44 2-mm, and an increased I;. In Fig.
5.8(b), both channels showed SS of 70 mV/dec, and maximum dc g, improved
from 1.4 S/mm to 1.7 S/mm with increasing In content.

In the plot of v/T;/gm versus I in Fig. 5.8(c), the 80% In channel device
presented lower values of v/I/g,, compared to the 65% In channel device. The
improvement in the ratio of g,,/I4 was due to enhanced electron mobility in
part. g,, also depends on the electron confinement in the channel. Fig. 5.9
shows the simulated conduction band edge and the electron density under the
gate at 300 K. For the 80% In channel HEMT, the 2DEG was much closer to
the gate which leads to a more efficient charge control.??

In Fig. 5.8(d), a pronounced impact ionization in the 80% In channel device
was observed due to the relatively smaller bandgap for the higher In channel
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Figure 5.8: (a) I versus Vg (b) Iy and g, versus Vs, (¢) /Iq/gm versus Iy,
and (d) I, versus V,, of the 65% In channel HEMT (solid) and the 80% In
channel HEMT (dotted) at 300 K (Paper [E]).

Figure 5.9: 1D simulation of the conduction band and the electron density
under the gate of the 65% In channel (solid) and the 80% In channel (dotted)
structure at 300 K from the Poisson-Schrédinger solver”™ (Paper [E]).
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Figure 5.10: (a) I4 versus Vg, (b) I and g, versus Vg, (¢) v/T4/gm versus I,
and (d) I, versus Vg, of the 65% In channel HEMT (solid) and the 80% In
channel HEMT (dotted) at 5 K (Paper [E]).

content. The reverse I, was about 0.1 A /mm for both cases. Compared to
the I, of the InP HEMT using structure A in Chapter 4, I, was reduced by a
factor of 100 despite the 2 nm thinned barrier.

The dc characteristics at 5 K shown in Fig. 5.10 presented overall improve-
ment for the 80% In channel HEMTs with respect to Iy and the maximum
gm (about 30% improvement). However, the 80% In channel HEMT showed
a degraded SS (20 mV/dec for the 80% In, and 17 mV/dec for the 65%
In channel HEMT). SS is related to the quality of the interface.”®"" The
difference in SS observed between the two In channel HEMTs may therefore
be related to interface states or roughness in the heterostructure. Also, at
cryogenic temperatures, the 2DEG confinement improves as the thermal energy
of electrons decrease which in turn enhances the influence of interface states
or traps.32>39

When the device is in the weak inversion condition, g,, to I; ratio depends
on $5.470:71 Hence, the 80% In channel device resulted in higher values of
V14/gm in the low I; range (i.e. below 10 mA/mm) as plotted in Fig. 5.10(c).
As I, increased, v/I3/g,, of the HEMT with higher mobility channel showed
lower values, so generally improved noise performance for the high In content
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Figure 5.11: The measured gain and noise temperature of 4-8 GHz LNA
integrated with two different channel HEMTs at 300 K. The LNAs were biased
at Vy = 1.35 V and Iy = 45 mA (Paper [E]).

channel device is expected.

I, at 5 K is plotted in Fig. 5.10(d). The reverse I, at pinch-off was only
about 50 nA/mm for both HEMTs. The measured I, was in the order of
0.1 ©A/mm for both devices at the optimum noise bias. The impact of I, to
the C—band LNA noise performance will thus be negligible as discussed in
Paper [B].

5.2.2 HEMT noise properties

The impact of channel structures on noise performance was tested in a three-
stage 4-8 GHz HEMT hybrid LNA.'® HEMTs with L, = 100 nm and W, =
2x100 pm were integrated for each stage. Fig. 5.11 shows the gain and 7, of
LNAs with 80% In and 65% In channel HEMTSs at 300 K. T, 4,4 of the 80%
In channel HEMT LNA was 40 K with a gain of 46 dB. T, 4.4 of the 65% In
channel HEMT LNA was 39 K with a gain of 42 dB. T 4.4 for both channels
showed comparable values at 300 K whereas a 4 dB higher gain was achieved
in the LNA with 80% In channel HEMTs.

The 5 K measurements are shown in Fig. 5.12. At the optimal noise bias,
the 80% In channel HEMT LNA exhibited a T¢ 444 of 2.4 K with 40 dB, and
the 65% In channel HEMT LNA a T, 4,4 of 1.4 K with 39 dB. In Fig. 5.13,
Te avg and gain of two LNAs at various Pj. down to 300 uW are plotted. The
80% In channel HEMT LNA showed higher T ,,, than the 65% In channel
HEMT LNA whereas the gain was almost the same for both structures.

To understand differences in noise performance of LNAs with two different
channel HEMTs, the small-signal parameters were extracted at the optimal
noise bias. As shown In Table 5.2, at 300 K, the higher In channel content
improved g, ;. However, both channels ended up with similar values of intrinsic

33



CHAPTER 5. INP HEMT OPTIMIZATION FOR
CRYOGENIC LOW-POWER LNAS

Figure 5.12: The measured gain and noise temperature of 4-8 GHz LNA
integrated with two different channel HEMTs at 5 K. The LNAs were biased
at V; = 0.5V and I; = 11 mA (Paper [E]).

Figure 5.13: Gain and average noise temperature versus LNA dc power dissi-
pation for 80% In (circle) and 65% In (square) channel InP HEMTs at 5 K
(Paper [E]).

fr due to a significant increase of Cys and Cyq counteracting the improvement
of g, resulting in the comparable fr.

At 5 K, the improvement in g, ; from increased In channel content was
much smaller than for 300 K whereas Cys was significantly higher as seen
in Table 5.2. Consequently, fr for the 80% In channel HEMT was lowered.
This is consistent with the results from dc g,,,. In fact, the 80% In channel
device exhibited improved maximum fr (Paper [E]). This is because at the
bias for maximum fr (in strong inversion region), Cy is saturated since 2DEG
can not be populated in the barrier for both channels. Thus, the enhanced
mobility channel can take advantage of the increase in g,, ;. However, at
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Table 5.2: Intrinsic small-signal parameters, gate leakage current, and intrinsic
cut-off frequencies of the InP HEMT at the optimum low-noise bias at 300 K
and 5 K. Units are fF, mS, Q, pA, and GHz (Paper [E]).

300 K 5K
indium content 80% 65% 80% 65%
Vi 0.64V 033V
I 15 mA 3.67 mA
Cgs 145 120 138 111
Cya 35 28 46 40
Clas 70 66 55 55
Im,i 288 243 183 178
R; 1.4 2.1 1.0 1.1
R; 31 35 15 18
dds 15 17 12 17
P 0.5 0.2 0.05 0.02
fr 231 238 156 172

the weak/moderate inversion region, fr depends more on 2DEG confinement
or the distance between the gate and 2DEG. This result indicates that the
device optimized for the highest possible fr does not lead to the lowest noise
properties.

Fig. 5.14 presents Cys, gm,i, f1, and extracted Ty and T}, as a function
of LNA Py at 5 K. fr for the 80% In channel HEMT was observed to be
approximately 20% lower than the 65% In channel HEMT. This can be part
of the reason to a 70% higher noise for the 80% In channel HEMT. Apart
from fr, Ty exhibited a distinct difference between the devices. T,; was almost
200% higher in the 80% In channel HEMT compared to the 65% In channel
device. It is known that Ty is linearly dependent on I;.'%32 Since the two
structures were characterized at the same L4, W, and I in this study, the
large difference in Ty is likely to be related to the intrinsic channel.

Ty can be understood as the noise from the turbulence or disturbance in
the electron flow in the channel. The more the electrons are scattered, the
more noisy the channel becomes. The scattering at cryogenic temperature is
limited by alloy disorder and interface roughness scattering.”®®! The alloy
scattering depends on how much the electron wavefunction penetrates into the
barrier.”™ The simulation in Fig. 5.9 shows a higher wavefunction amplitude
in the InAlAs barrier. In addition, the degraded SS and g, ; for the 80%
In channel HEMT is an indication of elevated interface roughness scattering.
I. Watanabe et al. reported that the increased interface roughness in the
InAlAs/InGaA heterointerface reduced the average electron velocity (v.) at
cryogenic temperatures.®? From the delay time analysis presented in Paper
[E], it was found that the 65% In channel HEMT showed an improved v, at
5K.
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Figure 5.14: (a) gate-source capacitance, (b) intrinsic transconductance, (c)
intrinsic cut-off frequency, (d) equivalent drain temperature, and (e) minimum
noise temperature at 6 GHz as a function of LNA dc power dissipation for
80% In (black solid circle) and 65% In (blue solid square) channel HEMTs at
5 K (Paper [E]).

This study concludes that for the low-noise device design optimized for
low-power cryogenic LNAs, the InP HEMTs must be optimized for as low
as possible T; and as high as possible fr in the weak/moderate inversion
region. To achieve that, HEMTs with a low SS and a high ratio of ¢,,,:/Cys
are suitable.
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5.3 Summary

The improved g,,,; at low bias conditions was achieved using a very short
gate-to-channel distance with respect to the 100 nm gate-length device while
suppressing the gate leakage current. The 4—8 GHz LNA equipped with the
InP HEMTs with the scaled barrier achieved T ;. of 2.4 K at 4.4 GHz with
T avg of 2.8 K and gain of 26.9 dB at Py, of 300 uW. When the LNA was
biased for even lower Py, of 112 yW, the LNA exhibited a T, 4y of 4.1 K
and a gain of 20 dB. The demonstration of such low-power cryogenic C—band
HEMT LNAs is of interest for the 4 K read out stage in future multi-qubit
computing systems.

The effect of indium content in the InP HEMT channel on cryogenic noise
properties has been studied. From a comparative study of Ing g5Gag.35As and
Ing s Gag.oAs channels, the HEMT with lower indium channel content resulted
in superior cryogenic C—band LNA noise performance at various dc power
levels. This was a result of high fr and low T, from the lower In channel
HEMT at the low-noise bias conditions. For the cryogenic low-power LNA,
the low-noise InP HEMT designs needed to achieve a high ratio of gy, ;/Cys in
the weak inversion region. In addition, T; was suggested to a dominant effect
for cryogenic HEMT noise properties.
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Chapter 6

InP HEMT Design for Stable
Cryogenic Operation

Abnormal cryogenic HEMT operation has been reported in several stud-
ies.17:2227 G. Moschetti et al.26 reported that the four-finger metamorphic
HEMT (mHEMT) exhibited a hysteretic change in the drain current, and a
significant reduction in gain at cryogenic temperature. The observed instability
was caused by a resonance induced by a drain feeder which connects two drain
contacts in the four-finger transistor. In order to eliminate the resonances, an
air-bridge was added across the drain which shifted the resonance frequency
toward higher values beyond f,q; of the mHEMT.

M. Varonen et al?? proposed another solution for stable cryogenic HEMT
operation. The four-finger HEMTs were divided into two discrete two-finger
HEMTs. In this way, oscillations at several hundreds of GHz occurring within
a four-finger device was avoided. The design technique proposed here assumed
that the two-finger devices were stable at cryogenic operation. However,
instability of the two-finger devices was not yet discussed. The problem was
reported already in 1986.27 The oscillations at several tens of GHz was noted,
but the solution for instabilities was not found. A reliable and reproducible
cryogenic LNA operation can only be obtained when a transistor operates in a
stable manner. Hence cryogenic instability in two-finger InP HEMTSs needs to
be investigated more in detail.

In this chapter, the electrical stability of two-finger InP HEMT'Ss is inves-
tigated at room and cryogenic temperature. Different stabilization solutions
are experimentally demonstrated both on device and circuit level by cryogenic
measurements.

6.1 HEMT stability characterization

The instability of various gate-widths, ranging between 10 pm and 100 pm,
and gate-lengths, between 60 nm and 130 nm, of two-finger HEMT's at 300 K
and 5K was investigated. The HEMTs were fabricated using the epitaxial
structure A shown in Fig. 3.1. The dc measurements were carried out with the
drain voltage in steps of 25 mV and with the gate voltage in steps of 20mV.
The S-parameter measurements were carried out in a frequency range from
20 MHz to 60 GHz.

Fig. 6.1 presents the I—V characteristics, g, at Vgs =0.8 V and gain
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Figure 6.1: The I—V characteristics, transconductance at Vz; = 0.8 V, and
Sa1 at Vgs = 0.8 Vand I; = 190 mA/mm of a 2 x 100 pm (left column), 2 x
50 pm (middle column) and 2 x 30 pm (right column) 100 nm HEMTs at 300 K
(red dashed) and 5 K (blue solid) (Paper [A]).

(S21) measured at Vys = 0.8 V and Iy = 190 mA/mm at 300 K and 5 K. The
measured transistors were 2 x 100 pm, 2x 50 pm, and 2 x 30 pm 100 nm
gate-length HEMTs. At 300 K, the HEMTSs showed a continuous drain current
and transconductance regardless of the device sizes. Upon cooling, the devices
with a small Wy, such as 2x 50 pm and 2 x 30 pm, exhibited an abrupt increase
in Iy and a large output conductance. Moreover, multiple peaks in g,, were
observed, and the gain was lowered at 5 K in the instability region. However,
the observed cryogenic instability did not appear in a larger W, of 2 x 100 pym
as shown in Fig. Fig. 6.1(a), or in an even smaller Wy, such as 2 x 10 pm and
2x 20 ym HEMTs, which can be found in Paper [A]. It is important to mention
that the 24-40 GHz (Ka-band) and 28-52 GHz (Q-band) MMIC LNA designs
in this thesis utilize 2 x 30 ym and 2 x 50 pgm 100 nm gate-length HEMTs.
Thus, the cryogenic instability observed in Fig. 6.1 must be mitigated for a
reliable and reproducible cryogenic LNA performance.

The impact of the gate-length on cryogenic instabilities was studied. Fig.
6.2 compares the dc measurement results between two gate-lengths, 60 nm
and 130 nm. Compared to the 100 nm process (see Fig. 6.1), the 60 nm
gate-length HEMT exhibited even more unstable behavior at 5 K in terms
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Figure 6.2: The HEMT I—V characteristics, transconductance at Vzs = 0.8V,
and So; at Vg = 0.8 V and J; = 190 mA/mm of a 2 x 50 pym at 300 K (red
dashed) and 5 K (blue solid). The gate-length was 60 nm (left column) and
130 nm (right column) (Paper [A]).

of a wider inaccessible drain current region and a lower gain. On the other
hand, as the gate-length increases to 130 nm, the two-finger HEMT showed
stable characteristics both at 300 and 5 K similar to the one observed for the
2 x 100 um HEMT. The fact that the transistor with a shorter gate-length,
and thus higher f,,.., was more unstable, indicates that the instability can be
related to oscillation at high frequencies as predicted by G. Moschetti et al.?%
and M. Varonen et al.??

M. Dyakonov and M. Shur predicted a current-induced instability in a
gated 2DEG resulting in plasma generation in the terahertz range in 1993.33
W. Knap et al. demonstrated terahertz emission appearing when I; exceeded
a certain threshold value.®* The terahertz emission (0.4—1.0 THz) was caused
by the drain current driven plasma instability, leading to terahertz oscillations
in the channel. It was predicted that instability in the channel led to plasma
waves, and the frequency of these waves depended on the electron concentration
and the gate-length. More work is needed to figure out the relation between
observed cryogenic instabilities and terahertz emission.
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Figure 6.3: The S-parameter measurements of the 2 x 50 pm device with a
100 nm gate-length at Vs = 0.3 V (green dashed), 0.6 V (blue solid), and 0.9V
(magenta dotted). Vs = 0 V at an ambient temperature of 5 K (Paper [A]).

The rf cryogenic setup in this study only allowed measurements up to
67 GHz, so it was not possible to experimentally verify the high frequency
resonances predicted by G. Moschetti et al.?6 and M. Varonen et al.?? Instead,
S-parameters were measured in a frequency range from 20 MHz to 67 GHz at
5 K. Fig. 6.3 presents the measured data up to 30 GHz where the abnormal
features were observed. The bias point where the drain current suddenly
increased is of particular interest. The HEMT with W, of 2 x 50 ym and
Ly of 100 nm HEMT was measured at 5 K using Vg5 = 0.3, 0.6, and 0.9 V,
and Vys = 0 V. As seen in Fig. 6.1, the drain current jumps at around Vg, =
0.7V. At a low drain drain bias of V35 = 0.3 V, the S-parameters do not show
any indication of instability. However, at V;; = 0.6 V, which is right before
the drain current jumps, the S-parameters start to deviate from the standard
HEMT model. The So; curve exhibits a spike at a few MHz and fluctuations
around 5 GHz. In addition, in the Ss5 trace, an abnormal spike from 20 MHz
to 10 GHz is observed. At a higher drain bias of Vzs = 0.9 V, the transistor
oscillates where the drain current and output conductance suddenly increases.
As seen in Fig. 6.3, the S; curve fluctuates below 10 GHz at V3 = 0.9 V.
Fig. 6.3 also shows an inductive shift in Ss2 below 10 GHz which is mainly
associated with impact ionization.3%-86 Similar dispersion in S-parameters in
the low frequency range, in terms of an abnormal spike and ripples in Ss1,
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was reported for four-finger InP HEMTS at cryogenic temperatures.?* It was
claimed that the dispersion observed at low frequencies was related to both
the deep level traps in the buffer layer and oscillation.

The small-signal modeling at 300 K and 5 K could provide insight into
the mechanism causing the instability. However, extraction of equivalent
parameters was not possible since the bias condition fluctuated at an abnormal
state. Hence the mechanism causing the cryogenic instability of two-finger InP
HEMTs is not yet clear.

6.2 Design technique

In the layout of a multi-finger transistor, parallel fingers can induce signal
mismatch at the edge of the gate.2* Therefore, oscillations may occur due
to the inherent asymmetry of the multi-finger transistor.?%?* The two-finger
transistor can be considered as two transistors placed in parallel, partially
connected through grounded source contacts. One hypothesis is that the
instability may arise when the two devices operate slightly out of phase.
The phase difference may occur when two gates are asymmetric due to small
variations in the process and from the asymmetry in the parallel source contacts.
Thus, a stabilization solution which can make the parallel transistors to operate
in phase should be tested. In this section, three different InP HEMT designs
are presented in order to suppress the observed two-finger 100 nm gate-length
HEMT instability at 5 K.

6.2.1 Source air-bridge

In order to stabilize the two-finger HEMT, an air-bridge was added across the
two source contacts as shown in Fig. 6.4. By connecting the source contacts,
the two parallel transistors were expected to have a stronger electric coupling.
Fig. 6.5 compares dc and rf measurements of the 2 x 30 gm and 2 x 50 ym
HEMTSs with the source air-bridge at 300 K and 5 K. It shows that when adding
the source air-bridge, abrupt steps in the drain current and discontinuities in
the transconductance completely disappeared resulting in a largely enhanced
So91. These measurements clearly demonstrate that the cryogenic instability
in the two-finger HEMT was eliminated with the source air-bridge. This is
probably related to enhanced electric coupling between the two HEMTs.

6.2.2 Two gate fingers back-end connection

As an alternative way to enhance coupling between the parallel devices, the
two gate fingers were connected at their back end with a thin metal strip
forming a closed loop. Fig. 6.6 shows the modified layout by connecting the
back end of gates. This method allows equalizing the potential at the two
gates which in turn force the two parallel transistors to operate in phase.
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Figure 6.4: SEM image of a two-finger transistor with a source air-bridge
(Paper [A]).

Figure 6.5: The I — V' characteristics, transconductance at Vys = 0.8 V, and
Sa1 at Vygs = 0.8 Vand J; = 190 mA /mm of a 2 x 30 pm (left column) and 2 x
50 pm (right column) HEMTs with the source air-bridge. The measurements
were done at 300 K (red dashed) and 5 K (blue solid) (Paper [A]).

The 2 x 30 um and 2 x 50 pm HEMTSs with two gates connected at the
back end solution were measured at 300 K and 5K and the results are shown
in Fig. 6.7. This shows that the devices operated in a stable manner exhibiting
the continuous drain current as well as transconductance, and a higher gain
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Figure 6.6: Modified layout (left) and micrograph (right) of a two-finger
transistor by connecting the back end of the gates (Paper [A]).

Figure 6.7: The I — V characteristics, transconductance at Vys = 0.8 V, and
Sa1 at Vgs = 0.8 Vand J; = 190 mA/mm of a 2 x 30 pum (left column) and
2 x 50 pm (right column) HEMTSs with connecting the back end of gates. The
measurements were done at 300 K (red dashed) and 5 K (blue solid) (Paper

[A]).

at both temperatures. These measurements confirm that connecting gates at
their back end also strengthens coupling between the two parallel devices which
permits stable operation of the two-finger HEMT under cryogenic conditions.
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Figure 6.8: Cross-sectional STEM image of the HEMT with a gate resistance
of 50 Q/mm (left) and of 140 Q/mm (right) (Paper [A]).

Figure 6.9: The I — V' characteristics and transconductance at Vg = 0.4 V
(dotted), 0.6 V (dashed), and 0.8 V (solid) of transistors with a 2 x 50 pum
100 nm HEMT. The gate resistance was 50 2/mm (top row), 90 Q/mm (middle
row) and 140 ©/mm (bottom row) at 5 K (Paper [A]).
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Figure 6.10: A photograph of fabricated three-stage 24-40 GHz MMIC HEMT
LNA. The chip size was 2 mm x 0.75 mm (Paper [A]).

6.2.3 Gate resistance modification

As for the third solution, the effect of gate resistances was investigated. The
idea behind this solution was that a higher gate resistance may attenuate
potential oscillations within the device, resulting in stable operation of the
two-finger InP HEMT at 5 K. In the standard process, the gate resistance
was 50 /mm at 5 K. The gate resistance was increased up to 140 /mm by
reducing the gate hat size. Fig. 6.8 displays the cross-sectional STEM images
of two different gates.

Fig. 6.9 demonstrates the impact of the gate resistance on the cryogenic
instability of the 2 x 50 um HEMT. As the gate resistance was increased from
50 Q/mm to 90 Q/mm, the cryogenic instability was suppressed significantly
showing a small peak in the transconductance curve only at a high Vg, =
0.8 V. In the case of the HEMT with a higher gate resistance of 140 Q/mm,
the two-finger HEMT exhibited stable device characteristics regardless of
Vis. Tt confirms that the instability disappears by damping the oscillation by
increasing the gate resistance. However, using a higher gate resistance is not a
practical solution due to the fact that this solution strongly deteriorates HEMT
noise performance.'? Thus, either adding the source air-bridge or connecting
two gates at the back end should be selected in order to effectively stabilize
the two-finger devices for a cryogenic LNA.

6.3 MMIC LNA demonstration

Between the two solutions, either adding the source air-bridge or connecting
two gates at the back end, a source air-bridge solution is preferred in the MMIC
design. This is because the two source contacts are separated through via holes
positioned about 50 pm away from the source when the source air-bridge is
not present. Thus, the source air-bridge solution is necessary in order to avoid
phase variation associated with the long interconnection. In this section, the
stabilization effect of the source air-bridge technique is demonstrated in three-
stage 24-40 GHz and four-stage 28-52 GHz MMIC LNAs. A photography
of Ka—band LNA is presented in Fig. 6.10. The LNA included a 2 x 50 ym
transistor for the first stage, and 2 x 30 um transistors for the second and
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Figure 6.11: Simulated (dashed) and measured (solid) gain and noise tempera-
ture of the 24-40 GHz LNA at 300 K. The optimum noise bias for the LNA
was Vp = 1.2V, Ip = 27 mA (Paper [A]).

Figure 6.12: Simulated (dashed line) and measured (solid line and shaded area)
gain and noise temperature of eight LNAs at 5.5 K. The optimum noise bias
for the LNAs was Vp = 0.5V, Ip = 5 mA (Paper [A]).

third stage. All transistors utilized the source air-bridge design.

The 24-40 GHz LNA was biased at Vp = 1.2 V and Ip = 27 mA at 300 K.
As seen in Fig. 6.11, T¢ vy was 110 K with T¢ 4, of 87 K at 27.6 GHz, and
the average measured gain was 31 dB.

When cooled down to 5.5 K, the LNAs were measured at the optimum
noise bias of Vp = 0.5 V and Ip = 5 mA. Fig. 6.12 shows the measured and
simulated noise temperature and gain of eight LNA chips. The LNAs exhibited
T, avg of 10.6 K with T¢ in of 7 K at 25.6 GHz and the average measured
gain of 29 dB. It also demonstrated the excellent uniformity of the LNA design
with the source air-bridge solution along the wafer.
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Figure 6.13: Measured gain and noise temperature of the MMIC LNA without
the source air-bridge operating at 24-40 GHz at an ambient temperature of
5.5 K. The LNA was biased at Vp = 1 V, Ip = 3 mA (dashed) and 9 mA
(solid) (Paper [A]).

Figure 6.14: Measured gain and noise temperature of the MMIC LNA with
the source air-bridge operating at 24—40 GHz at an ambient temperature of
5.5 K. The LNA was biased at Vp =1V, Ip = 3 mA (dashed) and 9 mA
(solid) (Paper [A]).

Two versions of the MMIC LNA design in the Ka—band were fabricated:
one with and one without the source air bridge for each transistor. This
allowed the importance of HEMT stability at cryogenic operation to be seen.
Figs. 6.13 and 6.14 show the measured noise temperature and gain of two
variants at 5.5 K. The MMIC LNA with the non-stabilized HEMTs in Fig.
6.13 exhibited a drastic increase in the noise temperature as the drain current
changed a small amount from 3 mA to 9 mA while the gain stayed at the same
value of about 22 dB.
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Table 6.1: State-of-the-art cryogenic Ka- and Q-band LNAs.

Ref. Process Freq. Temin  Teavg@Tams(K) Gain/Stage
(GHz) (dB)

5 0.1 pym InP 26-40 9.3 11.4@12 7.2
HEMT

11 0.13 pm InP 24—-40 10 13.2@15 9.3
HEMT

60 0.1 pm GaAs 25-34 - 15.2@Q15 8.1
mHEMT

87 80 nm InP 26—40 8 12.5@15 9
HEMT

This 0.1 um InP 24-40 7 10.6@5.5 9.7

work HEMT

6 60 nm InP 35-50 - 13@20 7
HEMT

88 70 nm GaAs 33-50 135 18.4@15 6.8
mHEMT

89 0.1 pm InP 40-45 - 15@18 8.6
HEMT

This 0.1 pym InP 28-52 6.7 10@5.5 8.5

work HEMT

The 24-40 GHz LNA with the source air-bridge design was tested at the
same bias conditions as shown in Fig. 6.14. When the drain current increased
from 3 mA to 9 mA, the noise temperature was unchanged whereas only the
gain increased from 22 dB to about 28 dB. The measurements in Figs. 6.13
and 6.14 clearly demonstrate the stabilization effect of the source air-bridge
technique at the circuit level at cryogenic temperature.

The stabilization effect of the source air-bridge was also demonstrated in a
four-stage 28-52 GHz MMIC LNA which presented Tt 404 of 10 K with T¢ jnin
of 6.7 K at 32.8 GHz and the average gain of 34 dB at an ambient temperature
of 5.5 K. Detailed circuit schematic, photo and LNA results at 300 K and
5.5K can be found in Paper [A].

Table 6.1 compares the performance of the cryogenic HEMT MMIC LNAs
of this work with previously reported LNAs, operating in similar frequency
ranges and ambient temperatures.® 6 11:60:8789 The two cryogenic MMIC
LNA design presented in this work both exhibited state-of-the-art performance
in terms of the noise temperature, bandwidth as well as gain.

6.4 Summary

The cryogenic stability of two-finger 100 nm gate-length InP HEMTs was
investigated. Electrical instabilities such as sudden changes in drain current
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and sharp peaks in transconductance were observed at cryogenic temperature.
The instability of two-finger HEMT's was mitigated by either adding a source air-
bridge, connecting the back end of the gates, or increasing the gate resistance.
The proposed source air-bridge technique was successfully demonstrated in a
24-40 GHz and a 28-52 GHz cryogenic InP HEMT MMIC LNA with a T, 4.4
of 10.6 K and 10 K, respectively.
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Chapter 7

Conclusions and Future work

7.1 Conclusions

This thesis presented advances in InP HEMT technology optimized for low-
noise, low-power dissipation, and electrical stability at cryogenic temperatures.
The InP HEMT optimization was discussed in terms of the epitaxial layer
design, fabrication, dc, rf, and noise characteristics. The noise performance of
InP HEMTSs was demonstrated in microwave and millimeter-wave cryogenic
LNAs.

A 100 nm gate-length InP HEMT technology was developed by scaling
barrier thickness to 8 nm. State-of-the-art cryogenic noise performance for
wide-band MMIC LNAs was demonstrated with T, 4,4 of 3.5 K and 6.3 K for
the 0.3—14 GHz and 16—28 GHz LNAs, respectively.

The impact of barrier scaling and channel composition of the InP HEMT
on the noise temperature and dc power dissipation of the cryogenic LNA was
studied. Through barrier scaling, the InP HEMT achieved an improvement of
transconductance to drain current ratio at low drain voltages, which enabled
a reduction of the power dissipation to 112 yW with T, 4,4 of 4.1 K in a
4—8 GHz LNA. From a comparative study of Ing g5Gag.35As and Ing sGag oAs
channels, the InP HEMT with lower indium channel content resulted in superior
cryogenic noise performance which was attributed to a reduced equivalent
drain temperature as well as improved fr under low-noise operation.

The cryogenic stability of two-finger InP HEMTSs has been investigated.
Unstable electric behavior in terms of jumps in drain current, discontinuous
peaks in transconductance, and low-frequency dispersion in S-parameters
was observed. The instability was associated with the partial connection
between the two parallel transistors. Stabilization solutions which made the
parallel transistors operate in phase were presented. By either adding a source
air-bridge or connecting the back end of the gates, the device instability
at cryogenic temperature was eliminated due to enhanced electric coupling
between the two HEMTs. The instability was also suppressed by increasing the
gate resistance which damped the oscillation. The source air-bridge solution
was implemented in two cryogenic MMIC LNA designs in the frequency range
of 24—40 GHz and 28—52 GHz, successfully demonstrating the electrically
stabilized InP HEMTs at the circuit level. The T, 4,4 was 10.6 K and 10 K in
the 24—40 GHz and 28—52 GHz InP HEMT MMIC LNAs, respectively.
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7.2 Future work

In order to improve the InP HEMT noise performance under low-power op-
eration, the InP HEMT technology should to be optimized for higher g, ;
and fr in the weak inversion region at cryogenic temperature. For that, a
channel with high electron mobility and saturation velocity is needed. The
InP HEMT with higher In channel content in Chapter 5 did not achieve an
improvement in g,, ; in the weak inversion region which was possibly due to
elevated interface roughness scattering. In order to improve electron transport
properties, a composite channel, such as a high indium content InGaAs layer
inserted into a low indium content InGaAs layer, can be used. The composite
channel has proven to minimize the interface roughness scattering, enhance the
electron confinement in the insert layer, and improve the electron velocity.?? 92
The thickness and insertion position of the high indium content layer need to
be optimized for improving g,,; and fr under cryogenic low-noise operation.

The improvement in access resistance is essential for improving fr. One
way to lower the access resistance is by using a thick barrier which enable
lower Ry, in the channel compared to a thin barrier layer. In this case, the
gate-to-channel distance can be reduced by the Pt gate sink-in process. Pt
gate metal thicknesses and annealing conditions need to be optimized for the
lowest noise performance.

The channel structure is an important subject for further study. In Chapter
5, the indium channel content and the channel thickness were varied simulta-
neously, thus the differences in noise properties between the two channels were
dependent on both parameters. In future research, a systematic change of the
channel thickness with a specific channel composition, and vice versa, could
be carried out in order to find the impact on the InP HEMT cryogenic noise
properties.

Finally, the origin of the cryogenic instabilities in two-finger HEMT's needs
to be better understood. Cryogenic measurements below 20 MHz may give
more information regarding the low frequency dispersion as seen in Chapter 6,
or alternatively by measuring S-parameters at several hundreds of GHz using
a properly designed calibration substrate. In this way, potential resonances
occurring for the cryogenic two-finger InP HEMT could be discovered.
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