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Abstract

The InGaAs-InAlAs-InP high electron mobility transistor (InP HEMT) is the preferred
active device used in a cryogenic low noise amplifier (LNA) for sensitive detection of
microwave signals. In this thesis it is demonstrated that the InP HEMT, when placed
in a magnetic field, has a strong angular dependence in its output current. This has
important implications for the alignment of cryogenic InP HEMT LNAs in microwave
detection experiments involving magnetic fields.

InP HEMTs with various gate lengths and gate widths have been fabricated and charac-
terized. The output current for the InP HEMTs was measured in static magnetic fields
up to 14 T at different angles in an ambient temperature of 2 K. The results showed that
for all InP HEMT devices placed in a perpendicular arrangement, the output current is
drastically suppressed. It is shown that the reduction in output current is negligible once
placed parallel to the applied field. Furthermore, it was found that the output current
strongly depends on the angle between the current direction and the magnetic field. In
the investigated device geometry, the output current in the InP HEMT is limited by
geometrical magnetoresistance. This was expressed in an output current equation which
showed excellent agreement with measured data as a function of angle and magnetic
field. Device parameters such as transconductance and on-resistance were found to be
significantly affected even at small angles and magnetic fields.

A 0.3-14 GHz cryogenic LNA module based on the same transistor technology used in
device experiments was measured in a perpendicular magnetic field at 2 K. The LNA
was heavily degraded in gain and average noise temperature already up to 1.5 T. In
comparison with previous work reported for GaAs single-heterojunction HEMT LNAs, it
is shown here that the effect is much stronger for InP HEMT cryogenic LNAs.

Keywords: InP HEMT, magnetic field, angular dependence, geometrical magnetoresis-
tance, cryogenic, low noise amplifier
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Chapter 1

Introduction

It is crucial in today’s most sensitive detection systems, to read out tiny microwave signals
with highest accuracy achievable. A key devices in many of these read out systems is the
high electron mobility transistor (HEMT). The HEMT is usually included as an active
component of a low-noise amplifier (LNA), which in these type of systems mostly is used
at cryogenic temperatures (1-10 K). Some of these systems also rely on the presence of a
strong magnetic field, e.g. in mass spectrometry [1] or detection of dark matter, e.g. in
the first results from the HAYSTAC axion search [2],[3]. Magnetic resonance imaging is a
another potential application for cryogenic LNAs in a magnetic field and is of immense
importance in medical diagnostics [4].

It has long been known that the sensitivity of the cryogenic LNA is affected by the
presence of a magnetic field: When aligned perpendicular to the magnetic field, the noise
temperature of a cryogenic AlGaAs-GaAs (GaAs) HEMT LNA was shown to be degraded
with increasing magnetic field [5][6]. However, reports on the electrical behavior in a
magnetic field for the cryogenic InGaAs-InAlAs-InP (InP) HEMT LNA - the standard
component used in today’s most sensitive microwave receivers - have so far been absent.
In this thesis, the InP HEMT cryogenic LNA dependence in a magnetic field has been
investigated. It was observed that the gain and noise properties were strongly degraded,
even much more than the GaAs HEMT LNA.

The degradation of the InP HEMT cryogenic LNA in a magnetic field can only be
understood by measuring the individual InP HEMT at low temperature when exposed to
a magnetic field. In this thesis InP HEMT devices have been characterized under applied
static magnetic fields of various strengths at various angles, in an ambient temperature of
2 K. Both DC measurements for InP HEMTs and cryogenic noise and gain measurements
of the InP HEMT LNA are presented. In the case of perpendicularly applied static
magnetic field both the InP HEMT and the InP HEMT LNA were strongly affected.
Moreover, in this thesis it is verified that the InP HEMT has an extremely suppressed
output drain current as a function of angular orientation with respect to the magnetic
field, which has never been shown before. The results presented here demonstrates how
the InP HEMT output current is limited by a strong geometrical magnetoresistance effect
already at a small angle with respect to the magnetic field. The InP HEMT results
explain the strong dependence for the InP HEMT LNA in a magnetic field. This has
important implications for the alignment of the cryogenic LNA in a magnetic field for
maximum readout sensitivity.

Chapter 2 will provide a background to the HEMT in a magnetic field and some major
applications where this knowledge is essential. In Chapter 3, the fabrication of the InP
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HEMTs used in the thesis is described. Chapter 3 also covers the special case of the
cryogenic InP HEMT in either a perpendicular or parallel magnetic field. In Chapter 4,
an InP HEMT cryogenic LNA has been measured in a perpendicular arrangement. The
degradation of noise and gain properties are discussed. The final part of the thesis
is found in Chapter 5, where the angular dependence of the cryogenic InP HEMT is
investigated and the physical mechanism for transistor current limitation in a magnetic
field is identified. Finally, Chapter 6 will discuss and conclude the work and provide a
future outlook.
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Chapter 2

Background

This chapter will provide necessary background information; a description of the main
theoretical concepts and related previously published discoveries related to the behaviour
of a HEMT in a magnetic field, as well as relevant applications.

2.1 Current Transport in Field Effect Transistors Un-
der a Magnetic Field

It is well known, already since the year 1879, that when using a magnetic field in electric
characterization of conducting materials the Hall effect occurs. When a charged particle
is traveling with a velocity in a magnetic field it will experience a force, known as the
Lorentz Force, which is a result of the Hall effect.

In general, when a semiconductor is placed in a magnetic field the resistivity of the structure
increases, mainly depending on the nature of the material and the temperature; this is
called physical magnetoresistance effect. The resistance of the semiconductor also increases
with increased magnetic field, but depends instead on the geometry of the structure, so
called geometric magnetoresistance (gMR). The geometric magnetoresistance is usually
the dominating one and increases with higher mobility, since the magnetic field forces the
electrons to deviate from their original paths resulting in elevated resistance [7].

Figure 2.1 illustrates a top view of the schematics of a Hall structure and a structure
where the gMR can occur. To measure the Hall effect the structure needs to be long
rather than wide (L >> W) and the measurement requires at least four contacts. Current
runs from contact A to contact B with a contact voltage VC which will generate a Hall
voltage VH across the sample once a magnetic field is applied in z-led; see Fig. 2.1 (a). In
the case of geometric magnetoresistance the sample structure has to be very wide while
the length is shorter (L << W); see Fig. 2.1 (b). In the later case the Hall voltage is
nearly short circuited due to the long contacts [8][9]. Looking at a HEMT layout with
gate length Lg << gate width Wg in a magnetic field according to Fig. 2.1 (c), it is clear
that gMR will occur.

Geometric magnetoresistance measurements can be used to investigate both size and
material dependent mobilities in nano-scale devices. An example is the channel mobility
extraction in transistors [10]. A low-field gMR measurement methodology was used to
extract Hall electron mobility µH without the influence of series resistance effects. Instead
of measuring the magnetic-field-induced resistance change, as in most related publications,
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Figure 2.1: Schematic illustration of (a) a Hall measurement with a sample geometry where L
>> W (top view), (b) a magnetoresistance measurement of a sample with L << W (top view)
and (c) a side view of a HEMT device with Lg << Wg, where the B-field is applied in the
z-direction.

the investigation in Ref. [10], like in this study, presents the results as a change in drain
current Ids.

Another example of mobility extraction using gMR measurements can be found in Ref. [11],
where a sub-100 nm n-type metal oxide semiconductor field effect transistor (MOSFET)
device was investigated in a magnetic field up to 10 T. The carrier mobility could
be measured independently of the carrier concentration and the results were strongly
dependent on the geometry of the current flow.

The gMR effect is rather small in low-mobility silicon-based field effect devices [10]. This
means that very high magnetic fields are required. In contrast, III-V HEMT devices such
as GaAs and InP HEMTs exhibit large gMR already at 1 T [12].

A GaAs HEMT was used in an experiment, published 1997, examining a cryogenic GaAs
HEMT LNA in a magnetic field [5]. Their experiment was conducted by measuring
the LNA and no data on the actual transistor was shown. The influence of a strong
static magnetic field on the DC-characteristics of a HEMT alone has never been reported
before. Modern cryogenic InP HEMT based LNAs exhibit four times better performance
in noise temperature as well as much higher gain. It is therefore of interest to examine
the performance of modern state of the art InP HEMT LNAs under strong magnetic
fields.
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2.2 Applications

Cryogenic detectors operating in the microwave regime always have a pre-amplifier to pick
up the faint signal for subsequent post-amplification, analog-to-digital conversion and
signal processing. The position of the pre-amplifier is normally in the cryogenic system
as close to the sensor as possible thus minimizing cable losses, thermal variations and
to ensure low parasitic capacitance. In the case of investigating biological samples the
Fourier-transform ion cyclotron resonance mass spectroscopy (FTICRMS) is the preferred
choice [1]. In such a system a pre-amplifier is mounted in close proximity of the detector
which brings the pre-amplifier close to the superconducting electromagnet i.e. the LNA
module becomes exposed to a high magnetic field; see Fig. 2.2 from Ref. [1].

Figure 2.2: Cryogenic FTICRMS cut away view from Ref. [1], where the placement of the
LNA is close to the superconducting magnet, as indicated with arrows.

Utilizing cryogenic electronics to increase the signal-to-noise ratio (SNR) within mag-
netic resonance imaging (MRI) and nuclear magnetic resonance spectroscopy is widely
known [mri26][13]. Ref. [4] goes through both the design and implementation of cryogenic
amplifiers for MRI. In the study the SNR increased by 8% in a 3 T1 scanner by lowering
the ambient temperature of the preamplifier from 300 K to 77 K. Cryogenic LNAs are
also used in the study of superconductor analog-to-digital converters for high-resolution
MRI in Ref. [14], where a magnetic field up to 4 T were present.

Another interesting application is related to the search for cosmic axions [2]. In the
experimental set-up a microwave cavity was used as a detector kept in liquid helium and
penetrated with a strong magnetic field. A low-noise microwave receiver was used, which

1A clinical MRI system uses a static magnetic field generally ranging from 1.5-7 T.
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contained a cryogenic HEMT amplifier coupled to the cavity. The output of the cavity
was then amplified with a HEMT amplifier in the GHz range, in an ambient temperature
of 3 K and with a magnetic field of 7.5 T present.

2.3 Conclusion

Geometrical magnetoresistance is a phenomenon that can occurs in semiconductor transis-
tors under a magnetic field and has been studied for some time, mainly in measurements
for determination of electron mobilities. This physical effect is particular strong in the InP
HEMT due to its device layout combined with a high electron mobility at low temperature.
As a result, the impact of a magnetic field on a cryogenic LNA is expected to be very
strong. The lack of data in the literature for InP HEMTs and corresponding LNAs at low
temperature motivated the work reported in this thesis.
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Chapter 3

InP HEMTs in Magnetic Field: Parallel
and Perpendicular Arrangement

In this chapter, I present the experimental characterization of InP HEMTs when kept
in an applied static magnetic field aligned parallel to the device channel as well as
perpendicular. The chapter is divided in three main sections, starting with the fabrication
process of the InP HEMT devices. The second part covers the experimental set-up and
the DC measurements. Finally, an analysis of the measured transistors in parallel versus
perpendicular arrangement in a magnetic field is presented.

3.1 Fabrication of InP HEMT Devices

This section describes a generic fabrication process flow for the devices used in this
work. A conventional top-down approach have been used, relying on the patterning
of thin films via planar lithography and wet etching of an InP based heterostructure.
The specific transistors were all fabricated from the same heterostructure; see Fig. 3.1.
This heterostructure has been shown to give excellent performance for these type of
transistors [15] and were therefore the material of choice for this study. The barrier was
thin enough to permit a modulation of the transistor current in the 100 nm Lg technology.
At the same time, the barrier was thick enough to suppress gate leakage current which is
well-known to be detrimental for the noise figure in the LNA. The channel contained 65%
indium which results in a measured Hall mobility of 11 000 cm2/V s at 300 K according
to the manufacturer. The sheet electron density ns was ≈ 3 × 1012/cm−2. The buffer
was 5000 nm thick, which was twice the value used in [15]; However, this is judged not to
influence the active part of the device. The 4-inch wafers were purchased from an epitaxy
foundry, growing the material using molecular beam epitaxy.

Device fabrication started with preparing a substrate, a 17 mm x 17 mm chip, which
was diced from a 4-inch wafer with a InGaAs-InAlAs-InP heterostructure, followed by a
cleaning process.

The mesa was prepared using laser lithography, chemical wet etching and photoresist
stripping. The mesa was verified to have the specified thickness of 80-110 nm using a
surface profilometer. The ohmic contacts consisting of an nickel-germanium-gold alloy
were prepared by electron-beam lithography, oxide removal and metal deposition, followed
by lift-off and rapid thermal annealing.
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Figure 3.1: InP HEMT investigated in this thesis where the active channel was a 15 nm thin
In0.65Ga0.35As.

The variation lays in the gate processing. The different gate geometries were determined
by which design in the AutoCAD mask that was exposed during the gate electron beam
lithography. After the exposure the gate recess was done, as well as oxide removal and
metal deposition creating the physical gate after a final lift-off step. The gate material
used was titanium, platinum and gold.

To protect the samples and prevent contamination in the sensitive gate area, all samples
were passivated with a layer of 60 nm thick Si3N4, through thin film deposition. The
passivating layer then had to be removed above the contacts, which was done with laser
writing, wet etch and photoresist stripping.

Larger pads, for adhesion purposes were then added through laser lithography, oxide
removal, metal deposition and the last lift-off.

Both one- and two-finger device layouts were fabricated, with Wg ranging from 20 to 200
µm (2x10 to 2x100 µm) and Lg from 60 to 250 nm. The pictures in Fig. 3.2 shows a
scanning electron microscopy image top- and side view of the fabricated device. Lg and
Wg are both marked in the image (white arrows).

3.2 Measurement Set-up

The DC-characterization of the InP HEMTs have been carried out in a Quantum Design
Physical Property Measurement System (PPMS), using a Keithley 2604B source meter
controlled via LabView to bias the samples. The PPMS set-up contains a superconducting
magnet enabling measurements up to 14 T in an ambient temperature of 2 K. The
transistors were electrically connected through wire bonding to an impedance-matched
LC-network (see Fig. 3.3 left image) to stabilize the measurement and avoid oscillations

8



Figure 3.2: Scanning electron microscopy image of a two-finger device and a zoom in on the
cross-section of the gate area. Gate area is highlighted in yellow and Lg (100 nm) and Wg (2x100
µm) are indicated with white arrows.

in the output current. The sample was then mounted on a sample holder and placed in
the vacuum chamber of the cryostat, where the device channel was oriented either parallel
or perpendicular in respect to the applied static magnetic field. The data measured in
this set-up were obtained at various occasions over a period of six months, where no
fluctuations were observed and the results were reproducible.

Figure 3.3: Sample holder with an impedance-matched LC-network for measuring the InP
HEMTs in the PPMS system (from Paper A).

Both a room-temperature and a cryogenic measurement of the fabricated device was done
to confirm the quality of the HEMT [15]. The essential device parameters for a low-noise
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transistor were initially measured are presented in Table (3.1). The values obtained are
comparable with the ones measures in Ref. [15] and the HEMTs in this study can therefore
be considered good enough for further experiments.

Table 3.1: Transistor parameters obtained from a fabricated device with Wg 2x50 µm
and Lg 250 nm, measured in room temperature (300 K) and cryogenic temperature (2 K).
The transistor was biased with Vgs from -0.4 to 0.4 V and Vgs from 0 to 1 V.

Parameter T = 300 K T = 2 K

gm,max(Vgs) [S/mm] 1.4 1.9
gds(Vds,max) [S/mm] 0.6 0.8
Ron(Vds = 0.1) [Ω mm] 1.11 0.58
Igs,max(Vgs) [mA/mm] 0.03 0.05
Ids,max(Vds) [mA/mm] 428 650

3.3 InP HEMTs in a Perpendicular/Parallel Arrange-
ment

All DC data presented in this chapter are obtained from measurements in respect to the
magnetic field done at 2 K on devices with Wg = 2x50 µm and Lg = 100 nm, if not stated
other wise.

The InP HEMT was initially tested with the magnetic field oriented perpendicular to the
active channel. In Fig. 3.4 (a), the output current is plotted in the absence of a magnetic
field. The I-V is very characteristic for an InP HEMT under cryogenic operation [15]. At
the current level around the drain voltage Vds=0.4 V a kink behavior is observed and is
believed to originate from electron traps in the interface layers of the heterostructure. For
the epitaxial structure used here (Fig. 3.1), this is a typical feature at low temperatures.
The kink can be suppressed by using an InP etch stopper layer providing better interface,
hence reducing traps [16]. Since the sample holder with the LC network, presented in
Fig. 3.3, did not provide a perfect 50 Ω impedance-matched environment for the transistor,
oscillations occurred for lower Ids showing up as small current jumps. Although these
current jumps did not influence the interpretations in this study.

In Fig. 3.4 (b), the measurement was repeated under a perpendicular field of 7 T. It
stands clear that Ids is extremely suppressed when exposed to a perpendicular magnetic
field. In Fig. 3.4 (c) a strong field of 14 T is applied perpendicular. The effect is extremely
strong on the output current: The Ids is reduced by a factor higher than 200 going from
0 to 14 T.

The cryogenic InP HEMT output current was then measured when the active device
channel was oriented parallel to the magnetic field. Figure 3.5 (a) shows the maximum
source-drain current Ids,max, biased at Vgs = 0.4 V, versus source-drain voltage Vds for
applied static magnetic fields ranging from 0 to 14 T. Similar to the plot in Fig. 3.4 (a), a
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Figure 3.4: Ids versus Vds for the InP HEMT at 2 K oriented perpendicular to a static
magnetic field of (a) 0 T, (b) 7 T and (c) 14 T. Vgs was varied from -0.4 to 0.4 V in steps of
0.1 V. Note difference in y-axis scale for (a)-(c). Lg = 100 nm, Wg = 2x10 µm. T = 2 K.

current jump around 0.5 V is observed in Fig. 3.5. Again, it is interpreted as a result
of mismatch in the impedance of the LC-network. This anomaly will not affect the
interpretation of the HEMT electrical behaviour in the experiment. It is concluded that
the Ids,max is independent of applied field up to 14 T when oriented parallel to the the
magnetic field.

In Fig. 3.5 (b), the Ids,max is plotted for the perpendicular case. In contrast Ids,max

is strongly decreased when applying a B-field. It is reduced to almost half its value
already at 1 T, and for 10 T there is a 97% reduction in Ids,max. The strong suppression
of the Ids,max in a magnetic field was also confirmed in Paper A where a one-finger
(Wg = 1x100 µm and Lg = 100 nm) InP HEMT was measured up to 2 T.

Figure 3.5: (a) and (b) shows Ids,max versus Vds for magnetic fields ranging from 0 T to 14 T
at a parallel and perpendicular arrangement respectively. Vgs = 0.4 V, T = 2 K.

In Fig. 3.6, the normalized Ids,max is plotted versus the applied B-field. The strong
suppression in output current for the perpendicular arrangement is clearly visible and
the normalized Ids,max varies as 1/B2. In contrast, the effect on Ids from the magnetic
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field for the parallel case is negligible. Beyond 10 T a minor reduction can be observed
and might be due to a slight mis-orientation of the HEMT in the B-field. Ids,max was
measured for both Vds=0.6 and 1.0 V, under saturation, and normalized with respect to
zero field. No difference with regard to B can be seen.

Figure 3.6: Normalized Ids,max versus magnetic field ranging from 0 to 14 T in steps of
1 T with parallel B-field (red) and perpendicular B-field (blue), at Vgs = 0.4 V. Values for
Vds = 0.6 V (triangle) and 1.0 V (dot) are plotted. T = 2 K. (From Paper B)

The influence of the magnetic field on the InP HEMT output current has large consequences
for the on-resistance Ron in the device. Fig. 3.7 presents the on-resistance data versus
applied magnetic field for the two extreme cases of parallel and perpendicular B-field for
a one-finger 1x100 µm device. For the parallel arrangement there is no visible change, but
for the perpendicular case Ron increases as soon as a magnetic field is applied.

Figure 3.7: Ron for the parallel and perpendicular arrangement. Vds = 0 to 0.1 V. T = 2 K.
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3.4 Conclusion

It has been shown that the Ids of the cryogenic InP HEMT was heavily reduced when
the magnetic field was oriented perpendicular with respect to the HEMT channel. As a
consequence, the transistor Ron was heavily degraded. In contrast, the device was barely
affected when in the parallel arrangement. The observations in this Chapter suggest
that a cryogenic InP HEMT LNA is strongly affected in a perpendicular magnetic field
arrangement. This is investigated further in Chapter 4.
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Chapter 4

InP HEMT Low Noise Amplifier in a
Perpendicular Magnetic Field

In Chapter 3, it was found that the InP HEMT output current was heavily affected when
the device was positioned perpendicular in a magnetic field at 2 K. In this chapter, an
RF characterisation is presented of a cryogenic InP HEMT LNA module at 2 K when the
LNA was kept in a perpendicular magnetic field. The chapter is divided in four sections,
starting with LNA design, followed by the experimental set-up, then a verification that
no ferromagnetic materials were present. Finally, a complete microwave characterization
of a full cryogenic LNA module, containing InP HEMTs, is presented.

4.1 LNA Design

The LNA module used in this study was a broadband design ranging from 0.3 to 14 GHz
with a gain of 42 dB and average noise temperature of 4.2 K (0.06 dB) [17], at cryogenic
conditions and around 6 GHz [18]. This amplifier was mainly chosen for having a wider
band width, enabling investigation of several frequencies.

The LNA module contained a monolithic microwave integrated circuit (MMIC) chip
consisting of three InP HEMT stages and passive components such as thin film resistors
(TFRs) and metal-insulator-metal capacitors (MIM). The MIM cap was a dielectric of
Si3N4 with a thickness of 150 nm. The MMIC chip had etched via-holes, grounded by a
gold plated backside, performed after a substrate thinning [18]. It was then mounted in a
gold-plated aluminum module, see Fig. 4.1.

Figure 4.1: Image of the LNA module (size: 19.8 by 20.8 by 3.6 mm [17]) and a photo of the
MMIC; a three-stage monolithic microwave integrated circuit with a broadband design ranging
from 0.3 to 14 GHz with a gain of 42 dB and average noise temperature of 4.2 K, at cryogenic
conditions and around 6 GHz [18].
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The transistor technology used in the MMIC was the same as for the discrete InP HEMTs
investigated in this thesis. This selected cryogenic wide-band LNA covered typical
frequency bands of interest for the detection applications described in Chapter 2.2.

4.2 Verification of Non-Ferromagnetic Materials

The materials in the LNA were all non-ferromagnetic, possibly besides a TFR with a
sheet resistance of 50 Ω/� consisting of an alloy of Nickel (Ni) and Chromium (Cr), where
Ni is ferromagnetic. To rule out any influence of the TFR on the device performance in
magnetic fields an external TFR were tested.

Verification of non-magnetic properties in the thin film resistor (TFR) was carried out by
a regular 4-probe measurement in PPMS at 2 K, using the inbuilt resistance bridge. The
measured resistance of the TFR was equal to 58.2 Ω/� and stayed constant under an
applied magnetic field in the interval of 0-2 T. The deviation from 50 Ω/� was related
to process variations in the fabrication, can be negligible and does not influence the
result.

No ferromagnetic behaviour was observed, which is consistent with previous studies on
non-ferromagnetic metal alloys [19]. Neither the LNA module nor in-going passives
exhibited any magnetic-field dependence as verified by additional experiments.

4.3 Microwave Measurements and Set-up

The sensitivity of the cryogenic InP HEMT LNA in a magnetic field was examined using
a 10 T superconducting magnet. The LNA was mounted at the center of the magnet on
the 2 K stage of an Oxford Instruments Triton 200 dilution refrigerator, see Fig. 4.2 (a).
In this arrangement, the LNA module was oriented perpendicular towards the magnetic
field. Taking cable loss and an additional attenuator in account, the input signal was
attenuated by 27 dB, which was necessary to thermalize the signal going from 300 K to
2 K as well as avoiding saturation of the amplifier.

The device gain was obtained by measuring the S21 forward transmission using a ZNB
20 GHz Rohde & Schwarz vector network analyzer (VNA), see schematic set-up in
Fig. 4.2 (b). The noise figure was measured using an Agilent N8975A 26.5 GHz noise
figure analyzer (NFA), where the noise was generated by an Agilent N4004A SNS, 10 MHz -
18 GHz noise source, see schematic set-up in Fig. 4.2 (c).

By using Joule’s first law, the power Gain can be calculated using voltage:

Gain(dB) = 10log

(
V 2
out

Rout

V 2
in

Rin

)
(4.1)
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Figure 4.2: (a) RF set-up consisting of an InP HEMT LNA mounted in a Oxford Instruments
Triton 200 dilution refrigerator (used at 2 K) with a 10 T superconducting magnet (not visible
in the photo). (b) shows a schematic illustration of the gain measurement using a vector network
analyzer and (c) shows the noise temperature measurements using a noise figure analyzer and a
noise source.

where Vin is the input voltage and Vout is the output voltage. Rin and Rout are the input

and output impedance, respectively. Here
V 2
out

V 2
in

= G is the power gain [20]. In our case

Rout and Rin are equal, which simplifies Eq. (4.1) and the amplifier gain was calculated
through the following equation:

GainLNA(dB) = 10log(G ∗ Lin1 ∗ Lin2 ∗ Lout) (4.2)

where Lin1 is the input loss due to the cables, Lin2 is the attenuation and Lout is the
output loss [21].

The noise temperature was calculated using Ref. [22] regarding noise of cascaded compo-
nents:

Ttot = T1 +
T2
G1

+
T3

G1G2
+

T4
G1G2G3

... (4.3)

where Ttot represents the noise of the whole system, TX is the noise temperature for
each component, with X being the numbers referring to the cascaded components,
GX = 1/LinX and from Ref. [22] Ttot can also be described as:

Ttot = (F − 1)T (4.4)

where F is the noise figure. Using Eq. 4.3 and 4.4, the noise temperature of the LNA,
where the LNA is the third cascaded component, can be calculated by solving T3 in:

(F3 − 1)T3
G1G2

= Ttot − (F1 − 1)T1 −
(F2 − 1)T2

G1
− (F4 − 1)T4
G1G2GLNA

(4.5)
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This brings the expression for the noise temperature of the LNA:

TLNA(K) =
T − (Lin1 − 1)Tin1 − (Lin2 − 1)Tin2Lin1 − (Lout−1)ToutLin1Lln2

GLNA

Lin1

Lin2

(4.6)

Here T is the measured noise of the total system, Tin1 is the average temperature between
the room and the coldest place inside the cryostate which the signal passes on the way
in, Tin2 is the temperature at the LNA and Tout is the average temperature between the
coldest part of cryostate and the room, which the signal passes on the way out.

4.4 Microwave Characterization of InP HEMT LNA
in Perpendicular Magnetic Field

The device characteristics and performance of the InP HEMT LNA were first checked in
the absence of any applied field and found to be consistent with specified values [18][17],
see Fig. 4.3 for the verification.

Figure 4.3: Graph showing the measured gain and noise temperature at zero B-field done
for verification of accurate experimental set-up. Blue stars (*) are data points taken from the
datasheet of the LNA used in this experiment. T =2 K.

In Fig. 4.4 the obtained gain and noise temperature versus frequency of the LNA are
presented for the cryogenic InP HEMT LNA at 2 K when exposed to a perpendicular
magnetic field up to 1.5 T. Fig. 4.4 (a) shows how the gain is dropping drastically with
increased magnetic field. Fig. 4.4 (b) illustrates when the noise temperature increases
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with more than 400 % at 1.5 T. It is also observed that the band width becomes degraded
with increased B-field.

Figure 4.4: Microwave characterisation of a 0.3-14 GHz cryogenic InP HEMT LNA in an
ambient temperature of 2 K, measured for fields up to 1.5 T. (a) shows the gain versus frequency,
(b) the Noise temperature of the LNA versus frequency.

In Fig. 4.5, the gain and noise temperature versus magnetic field up to 1.5 T at 3, 5
and 8 GHz are presented for the cryogenic InP HEMT LNA. For all three measured
frequencies, the gain and average noise temperature of the LNA started to be affected
around 0.25 T. In the interval of 0 to 1.5 T, the gain degraded from 42 to 24 dB and the
average noise temperature increased from 4 to 18 K, at 5 GHz. For higher fields the gain
was so low that post amplification would be needed for further measurements.

4.5 Discussion and Conclusion

In Chapter 3, it was found that the cryogenic InP HEMT rapidly degraded in Ids and Ron

when subject to a magnetic field perpendicular to the active channel. In this Chapter,
the degradation was confirmed also for the InP HEMT cryogenic LNA with respect to
gain and noise temperature in the frequency range 0.3 - 14 GHz. The degradation of the
LNA properties is very large also at small fields less than 1 T and points to the necessity
of avoiding a perpendicular position of the cryogenic LNA in detection of microwave
signals.

Comparing the results from this chapter with the earlier study done for a GaAs HEMT
LNA in the presence of a magnetic field the effect for an InP HEMT LNA is much
stronger [5]. In Fig. 4.6 a plot from Ref. [5] is presenting the noise temperature for a
GaAa HEMT LNA under a perpendicular magnetic field and the noise is only increased
by a few degrees, in contrast to this study where the average noise temperature increased
with approximately 15 degrees. The reasons for this are related to the higher sheet
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Figure 4.5: Microwave characterisation showing the gain (left axis in black) and noise
temperature (right axis in red) versus magnetic field up to 1.5 T, of a 0.3-14 GHz cryogenic InP
HEMT LNA in an ambient temperature of 2 K, from Paper B [12].

resistance and the higher electron mobility of the 2DEG in the InP HEMT compared to
the cryogenic GaAs HEMT.

Figure 4.6: Noise temperature for a GaAa HEMT LNA under a perpendicular magnetic field,
from Ref. [5].

The results from Chapter 3 suggests that a parallel position of the cryogenic InP HEMT
LNA with respect to magnetic field could be unaffected in gain and noise. This could not
be investigated in the present setup. The effect of the full angular DC current dependence
in a magnetic field could however be measured for the cryogenic InP HEMT in the PPMS.
This is the subject for Chapter 5.
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Chapter 5

InP HEMTs in Magnetic Field: Angular
Dependence

In this chapter, I present a more thorough DC analysis of the InP HEMTs in a magnetic
field at various angles in an ambient temperature of 2 K. The chapter is divided in several
sections, starting with an angular dependence of the InP HEMT with respect to the angle
and the applied static magnetic field B. Here the experimental DC data is plotted in
good agreement with a theoretical fit. This chapter also contains device parameters such
as transconductance and on-resistance and how they are affected with an applied B-field.
All device measurements are performed at 2 K which make the results relevant for the
cryogenic InP HEMT LNA.

5.1 InP HEMT Angular Set-up in Magnetic Field

Angular dependence measurements for the InP HEMT were carried out in PPMS at
2 K, with applied static magnetic fields up to 14 T, using a Keithley 2604B source meter
controlled via LabView to bias the samples. When measuring the Ids versus B-field
characteristics, the sample holder was rotated degree by degree in the range of -45◦ to
230◦ enabling accurate detection of small changes in output current in relation to the
angle. Fig. 5.1 illustrates the geometry of the DC experiments where the tilt of the sample
is marked as θ and the direction of the Ids in the channel is indicated with a thicker arrow.
The static magnetic field B was applied in z-led, where θ = 0o and θ = 90o up till now
have been referred to as parallel and perpendicular magnetic field, respectively.

The InP HEMT was first measured for θ = 0o, 30o, 45o, 60o and 90o. In Fig. 5.2, it
is observed that the Ids,max is not decreasing linearly with increased B-field. In all
investigated cases the effect is clearly stronger at higher fields, which confirms what was
observed for θ = 90o.

After discovering that the InP HEMT was strongly affected also at smaller angles, a more
thorough investigation was done. By rotating the transistor in the magnetic field the
angular dependence of the cryogenic InP HEMT output current was investigated. Using a
step size of 1o, θ was increased from −45o to 230o. In Fig. 5.3 the Ids is plotted normalized
to facilitate comparison within the plot as a function of θ, with an applied static magnetic
field up to 10 T. Ids is clearly dependent on θ and this dependence becomes larger with
higher magnetic field. Independently of the strength of the applied magnetic field, no
change can be observed in Ids once the 2DEG channel of the transistor is aligned 0o
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Figure 5.1: A transmission electron microscopy image of the gate illustrating the rotation
sweep of the device in a magnetic field, where θ is the angle between the Ids and the magnetic
field.

Figure 5.2: Maximum output drain current versus drain voltage at the fix angles of
0o, 30o, 45o, 60o and 90o for magnetic fields up to 14 T. Yellow striped lines marks the trend of
the decreasing Ids,max at 1, 3 and 5 T.

or 180o towards the B-field. For rotations down to 15o there is a significant reduction
(∼ 20 %) in Ids, which occurs at an applied field of 3 T. The alignment of the InP HEMT
becomes even more crucial when increasing magnetic field and the Ids is reduced by just
a few degrees of tilt in θ. It also confirms that the most extreme suppression of the
output current occurs at a rotation of 90o. What is more interesting with Fig. 5.3 is the
suppression of Ids being so pronounced (90%) already at θ = 30o for the higher fields
(8-10 T), again highlighting the large angular dependence of the cryogenic HEMT position
in a strong magnetic field.
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Figure 5.3: Rotation sweep (θ from -45 to 180o) showing the normalized Ids for various
externally applied static magnetic fields, 0 to 10 T, at a fix Vgs and Vds of 0.4 V in an ambient
temperature of 2 K.

5.2 Device Size Dependence in Magnetic Field

Several devices sizes were fabricated and tested in the same experimental conditions (in
PPMS at 2 K), only varying the gate geometry. This was done to investigate whether
different gate sizes could be correlated with a stronger or weaker geometry dependence,
as touched upon in Chapter 2.1. Lg was varied between 60 to 250 nm and Wg was varied
between 2x10 to 2x100 µm. Only θ = 90o was investigated in this experiment.

In Fig. 5.4 (a) the normalized Ids versus magnetic field is plotted for the samples with
varying Lg and (b) presents the equivalent measurements for samples varying Wg. The
obtained data shows there is no significant Ids(B) variation in neither Lg nor Wg for
θ = 90o. Even though not experimentally verified, the conclusion drawn from Fig. 5.4 is
most probably valid for all θ. Another conclusion is that Ids varies as 1/B2 for all curves
in Fig. 5.4, which was first observed in Fig. 3.6 for the case θ = 90o.

5.3 Angular Dependence

In Chapter 2, a background was given on the current transport in a magnetic field for
geometries L << W . The effect of gMR is profound in the measurements presented
in Chapter 3, 4 and 5. This is strongly supported by the 1/B2 dependence for Ids in a
magnetic field irrespective of device layout as long as Lg << Wg. Moreover, the gMR is
expected to be large since mobility for InP HEMTs is expected to be very high at cryogenic
temperature. The gMR in the active channel will then vary as 1 + µ2B2 [10],[23],[8]. Due
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Figure 5.4: Normalized Ids versus magnetic field up to 10 T for InP HEMTs oriented θ = 90o

with (a) Lg = 60, 100 and 250 nm and (b) Wg = 2x10, 2x50 and 2x100 µm. A fix Vgs and Vds of
0.4 V were applied in an ambient temperature of 2 K. (From Paper B).

to the geometry and experimental set-up of the experiment (see Fig. 5.1), B is here equal
to B sin θ, which leads to:

Ids =
Vds

R0(1 + µ2B2 sin2 θ)
(5.1)

where R0 is the channel and access resistance contributions in the measured InP HEMT.
When fitting the data from Fig. 5.3 to the derived Eq. (5.1), it shows to be in excellent
agreement. In Fig. 5.5, the fitted data is plotted and matched to theory. The angular
dependence is symmetrical in Ids around θ = 90o. From the fit the parameter R0 could be
extracted and here equals 11 Ω, as well as an extraction of the mobility µ = 10, 500 cm2/Vs,
which is what can be expected from this type of measurement [24].

5.4 Transconductance and On-Resistance

Two of the fundamental HEMT parameters for the design of a cryogenic LNA, gm,max

and Ron, are examined in this section. Fig. 5.6 shows the plotted data for the gm,max

as a function of the applied static magnetic field up to 14 T for various angles θ of the
cryogenic InP HEMT LNA measured at 2 K. For zero field the gm,max is approximately
1.9 S/mm and decreases drastically as a function of magnetic field already for θ = 30o and
above. It is observed that already at 1 T, the gm,max is reduced with 40 % for θ = 30o

and 60 % for the extreme case of 90o rotation, also at 1 T.

Compared to Ref. [5], a different gm,max(B) dependence is observed in Fig. 5.6 for θ = 90o.
The results in Ref. [5] were extracted indirectly from the cryogenic LNA and therefore,
the dependence in Fig. 5.6 is probably more a accurate description of gm,max(B) in the
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Figure 5.5: Rotation sweep (0o < θ < 180o) showing Ids (absolute values) for various
externally applied magnetic fields 0, 1, 2, 3, 4, 6, 8 and 10 T at a fix Vgs and Vds of 0.4 V in an
ambient temperature of 2 K. The dashed lines (black) are fittings of Eq.(5.1) to the experimental
data points (colored dots). (From Paper B).

cryogenic HEMT. In Ref. [25], a gm(B) curve is presented for a JFET1 perpendicular to
the magnetic field at room-temperature. The published curve has more resemblance to
the results obtained in Fig. 5.6 for θ = 90o.

Figure 5.6: The maximum transconductance gm,max as a function of applied magnetic field
B[T] up to 14 T for θ = 0o, 30o, 45o, 60o and 90o. Biased at Vds = 1.0 V and Vgs = 0.4 V in an
ambient temperature of 2 K.

1junction gate field-effect transistor
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Fig. 5.7 (a) shows the on-resistance for the InP HEMT as a function of B for various θ,
measured at 2 K. When the applied magnetic field is zero Ron is approximately 0.7 Ωmm.
Regardless of increase in B-field Ron does not change for θ = 0o. Although, as expected
from the observations done in Fig. 3.5, 3.4 and 3.6, Ron increases rapidly with B for
θ = 90o. The resistance has already increased with two orders of magnitude at 5 T, when
θ = 90o. However, this dependence is also strong at smaller angles, which can be seen for
θ = 30o in Fig. 5.7 (a).

Fig. 5.7 (b) presents Ron for θ = 90o. It is confirmed that Ron varies as 1 + µ2B2 in
accordance with Eq. (5.1).

Figure 5.7: (a) Ron as a function of applied magnetic field up to 14 T for
θ = 0o, 30o, 45o, 60o and 90o. (b) Fit of Ron for θ = 90o using the denominator in Eq. (5.1).
T = 2 K, Wg = 2x50 µm, Lg = 100 nm. Vds 0 to 0.1 V and Vgs = 0.4 V.

In Fig. 5.7 (a) at higher fields, one can observe what looks like a tendency of oscillations,
which brought the attention towards the Shubnikov-de Haas (SdH) effect [9],[24]. To
examine these data points further a Fast Fourier Transform (FFT) was done. Unfortu-
nately the amount of experimental data points were limited and the FFT showed to be
inconclusive. The large peak observed in Ref. [24] Fig. 3 could be reproduced, but the
obtained data was not clean enough to see other oscillations.
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5.5 Discussion and Conclusion

In this Chapter, the Ids full angular dependence for the cryogenic InP HEMT has been
demonstrated from 0 to 14 T. The limiting current mechanism was identified to be gMR
for the full range of investigated θ and B. An Ids-Vds equation captured the θ and B
dependence seen in the experiments. It is concluded that this behaviour of the cryogenic
InP HEMT has large consequences for gm,max and Ron.
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Chapter 6

Conclusion and Future Work

In this licentiate thesis, the cryogenic InP HEMT has been investigated in magnetic fields
up to 14 T. The angular dependence of the InP HEMT has been studied in detail.

The angle between the applied field and the device channel was crucial for the performance
of the transistor. The output current was greatly attenuated not only at a perpendicular
arrangement θ = 90o, but also at small θ. The physical reason was identified as gMR
occurring for Ids in the cryogenic InP HEMT. This was validated by an accurate fitting
of experimental Ids data with an equation describing the gMR as a function of B and θ.
Furthermore, the strong influence from θ for the transistor parameters gm,max and Ron

have been shown, when the cryogenic InP HEMT is exposed to a magnetic field.

The observed large effects of the InP HEMT figures-of-merit such as gm,max and Ron

leads to the conclusion that a cryogenic InP HEMT LNA will be strongly degraded in RF
properties. This was confirmed by testing a wideband InP HEMT cryogenic LNA in a
perpendicular magnetic field.

The results from this thesis strongly suggests that even a minor mis-orientation (with a
few degrees) of the cryogenic InP HEMT LNA will have large negative effects on amplifier
sensitivity in a magnetic environment which is detrimental to read-out signal.

It is evident that today’s InP HEMTs are very sensible to mis-alignments under in a
magnetic field and the output current is drastically affected already at small angles.
While, in their pioneering work on gMR by Jervis and Johnson [22], it was claimed that
”Although the magnetic field should be parallel to the contacts, this alignment is not
critical”. Even though this research was performed a long time ago on other samples and
magnetic field strengths, the statement is certainly not valid for the results in this thesis:
Indeed, the alignment of the cryogenic InP HEMT is here proven to be extremely critical
with respect to the magnetic field.

6.1 Outlook

Shifting the focus from measurements to the design of the HEMT, other geometries
could be investigated to examine any variation in the sensitivity, without jeopardising
the standard performance of the HEMT. Investigations regarding the case when L is
approaching W and the gMR no longer is the dominant effect could be done, examining
if and when the 1/B2 dependence is wearing off.
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Going from device to module, the LNA is worth pursuing. It has been shown to be
extremely sensitive to magnetic fields in a perpendicular arrangement and expected to
be unaffected once aligned parallel, but it is still unknown how sensitive the InP HEMT
LNA would be once tilted a few degrees. Therefore, a more thorough investigation of the
angle dependence of the InP HEMT LNA module should be investigated. A wider range
of frequencies could also be tested, covering more application areas.
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Appendix A

Abundant Material

Here are some additional plots of abundant measurement data, to emphasise and illustrate
the unchanged behaviour when varying the gate geometry; see Fig. A.1 (a), (b) and
(c).

Fig. A.1 (d) shows measurements done on the same device only varying the ambient
temperature from 300 K to 2 K. The angular dependence observed is the same, only the
resistance changes, which is expected at lower temperatures.
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Figure A.1: Rotation sweeps for devices with various gate geometry. (a) Wg = 2 × 10µm (b)
Wg = 2 × 100µm and (c) Lg = 60 nm with fit applied. (d) shows a measurements done in room
temperature versus 2 K.
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