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Abstract

High electron mobility transistor (InP HEMT) cryogenic low noise ampli-
fiers (LNAs) have made significant improvements in noise and gain follow-
ing decades of development. Applications are found from radio astronomy
to quantum computing. The noise figure for the best InP HEMT cryo-
genic LNA, however, is still almost one order of magnitude higher than for
a quantum-noise limited amplifier. This motivates further studies to under-
stand the physical mechanisms limiting noise reduction in the InP HEMT. In
this thesis, 100-nm gate-length InP HEMTs were developed for probing the
intrinsic channel noise in the transistor. Electrochemical etching was found
to strongly deteriorate the gate recess etch. This was mitigated by modifying
the InP HEMT fabrication scheme to a recess-first process. A comparison
of two different device passivation methods, atomic layer deposition of Al;O3
and plasma enhanced chemical vapor deposition of SixNy, did not reveal any
significant difference in neither gain nor noise for the InP HEMT cryogenic
LNA. Channel noise of the InP HEMT was investigated by varying the spacer
thickness from 1 to 7 nm in the InAlAs-InGaAs heterostructure. It was found
that the optimum spacer thickness was 5 nm for lowest noise temperature
in a 4-8 GHz three-stage hybrid LNA at 5 K. This was 2 nm thicker than
previously reported spacer thickness used for a similar state-of-the-art InP
HEMT cryogenic LNA. The 5 nm spacer InP HEMT LNA minimum average
noise temperature was determined to 1.4 K. The channel noise dependence on
spacer thickness for the cryogenic InP HEMT was explained by a real-space
transfer mechanism associated with the injection of a minor fraction of hot
electrons from channel to barrier. Finally, the subthreshold swing of the InP
HEMT at 5 K was observed to exhibit a correlation with the noise tempera-
ture in the cryogenic LNA. This suggests that the subthreshold swing serves
as an indicator of the amount of carrier fluctuations in the InP HEMT channel
giving rise to noise.

Keywords: Channel noise, cryogenic, InP HEMT, low-noise ampli-
fier, noise temperature, spacer thickness, subthreshold swing.
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Speed of light in vacuum
Gate-source capacitance
Gate-drain capacitance
Drain-source capacitance
Gate pad capacitance

Drain pad capacitance
Spacer thickness
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Cut-off frequency
Transconductance

Output conductance
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Boltzmann’s constant

Drain current
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Gate current
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Electron channel temperature
Drain noise temperature
Minimum average noise temperature
Gate noise temperature
Minimum noise temperature
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Drain voltage

Drain voltage applied to LNA
Gate voltage

Schottky Barrier height
Built-in potential
Conduction band offset
Hot electron fraction
Dielectric permittivity
Hall electron mobility
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CHAPTER 1

Introduction

The InP high electron mobility transistor (InP HEMT) has proven to provide
the lowest noise figure among all field effect transistors (FETS) at microwave
frequencies under 120 GHz [1], [2]. As a result, cryogenic low noise amplifiers
(LNASs) equipped with InP HEMTs have been developed and used in the most
sensitive detectors such as receivers for radio astronomy, space communication
and readout of microwave qubits in quantum computing systems [3]-]5]. Re-
cently, a 4-8 GHz InP HEMT cryogenic LNA with a state-of-the-art minimum
average noise temperature T¢ 4, Of 1.3 K was reported |6]. This is nine times
higher than the noise temperature for a quantum-noise limited amplifier [7].
Therefore, it appears that there is a potential to reduce the noise in the InP
HEMT even further.

The cryogenic InP HEMT is an excellent vehicle for exploring the intrinsic
noise properties of the FET. This is due to the small contributions from device
parasitic noise sources in the InP HEMT at low temperature. The channel
noise in the cryogenic InP HEMT probes the fluctuations of charge carriers
in the two-dimensional electron gas (2DEG) for the InAlAs-InGaAs quantum
well. Previous work demonstrated that the carrier concentration and the
scattering of electrons in the HEMT channel were highly dependent on the



Chapter 1 Introduction

location of the planar doping layer in relation to the heterojunction [§], [9].
Hence by changing the spacer thickness in the InP HEMT, the band diagram
and 2DEG are expected to be modified which in turn is essential for the HEMT
noise performance. Moreover, to further improve the noise performance of
the HEMT, a physical understanding of the noise origin is desirable. The
interpretation of the drain noise temperature in the widely used Pospieszalski
noise model is often interpreted as a channel noise term [10]. However, the
true physical origin of the drain noise temperature is not fully clear.

This thesis is on the design and fabrication of InP HEMTs for cryogenic
LNAs. The thesis is organized as follows. The development of the InP HEMT
process technology for a high quality gate recess including low gate current
is presented in Chapter 2. The improved process allowed the experiment of
different epitaxial designs for InP HEMTs to be carried out as reported in
Chapter 3. A study has been performed with respect to the spacer thickness
in the transistor which controls the location of the doping plane in relation
to the quantum well. The key result, i.e. the channel noise as a function of
spacer thickness, is discussed in detail. It is suggested that the transistor noise
is limited by the injection of free electrons from the channel to the barrier in
the heterojunction. The subthreshold swing was found to exhibit a correlation
with T¢ qvg in the InP HEMT cryogenic LNAs. Finally, Chapter 4 summarizes
the results of this thesis and gives a future outlook.



CHAPTER 2

Process development of InP HEMTs for cryogenic LNAs

2.1 InP HEMT technology

Since the first HEMT was realized by T. Mimura in 1980 [11], the HEMT
LNA has found many applications in space communication, sensors and ra-
dio astronomy. In 1985, S. Weinreb discovered that the noise temperature
of the GaAs HEMT LNA was drastically reduced when cooling the amplifier
from room temperature down to a cryogenic temperature around 10 K [12].
The cryogenic HEMT LNA was quickly adopted in receivers requiring highest
signal-to-noise ratio [13]. Shortly after introduction, the InAlAs/InGaAs/InP
HEMT (i.e. the InP HEMT) was demonstrated with excellent microwave noise
performance at room temperature [14], and was soon found to perform excep-
tionally well in cryogenic temperatures as well [15]. The extremely low noise
of the InP HEMT can be attributed to the improved transport properties of
charge carriers and the reduction of the parasitic resistances in the transistor.
However, reported record results for cryogenic LNAs are normally based on
InP HEMTs developed for room-temperature applications. In this Chapter,
development of the process technology for the InP HEMT targeted specifically
for cryogenic LNAs is described.
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In this thesis, the InP HEMT was based on an epitaxial stack presented
in Fig. 2] The layers were grown by an external vendor using molecular
beam epitaxy on 3-inch diameter InP substrates . The structure, start-
ing from the InP substrate, consisted of a 500 nm Ing 50Aly48As buffer, an
In,Gaj_xAs channel and an Ing 52Alg 48As layer separated by a Si §-doped
plane. The Ing 52Alg.48As spacer layer sandwiched between the doping plane
and In,Gaj_,As channel separated the Si dopants from the free electrons in
the 2DEG. The thicknesses of the barrier and spacer were adjusted in these
investigations, see Section 3.1 for numbers. On top of the barrier, a 4 nm thick
InP etch stop layer and a 20 nm n* Ing 53Gag 47As cap layer were grown. The
InP etch stop layer was introduced to improve etch selectivity between the
cap and the barrier, as well as to passivate the traps on the Ings0Alg.4gAs
barrier surface .

Ing 53Gag 47As Cap

InP etch stopper

Ing 5,Al; 45AS Spacer

Ing 65Gap 35As Channel

Ing 5,Alg 45AS Buffer

Figure 2.1: Schematic of the epitaxial stack used in InP HEMT fabrication. The
Si §-doping plane is between the InAlAs barrier and spacer layers.

Fig. (a) illustrates a schematic of the T-shaped gate InP HEMT. The
cross-section scanning transmission electron microscopy (STEM) image in Fig.
(b) shows a homogeneous lateral gate recess for an InP HEMT with a gate
length of 100 nm. The main processing steps were mesa etch, source and drain
contact formation, gate contact formation, passivation, pad metallization, air-
bridge formation, thinning and dicing .
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Figure 2.2: (a) Schematic of the processed InP HEMT. (b) Cross-section STEM
image of the 100-nm gate-length InP HEMT in the gate region.

2.2 Gate recess formation

The most critical step in HEMT fabrication is the gate recess formation. The
reason why the gate recess is critical is that HEMTs are surface-controlled
devices: All types of electrical active defects associated with a surface etch
process such as the gate recess may end up as non-ideal electrical characteris-
tics for the transistor. This becomes even more severe under cryogenic device
operation. The main purpose of the recess etch is to remove the cap layer and
create a well-defined gate-to-channel distance. The InP layer here serves as
an etch stop layer for the gate recess. In addition, InP electrically passivates
the underlying InAlAs barrier surface prone to oxidation and thus creation of
surface defects. Another critical dimension is the recess width. It must be
wider than the gate foot to ensure that the gate has no contact with the drain
and source regions. Moreover, the gate width must be sufficiently large to
avoid elevated parasitic capacitances. However, a too wide recess will increase
the access resistance of the InP HEMT. In summary, the gate recess formation
must be able to provide a constant recess width and depth with low density
of surface defects, regardless of HEMT position on the wafer and the material
structure in the epitaxial stack.
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A traditional wet etch process was here employed in the gate recess forma-
tion. The width of the recess was determined by electron beam lithography,
etch solution and etch time. The citric acid/HyO2 etch solution has been
reported to have a high selectivity between InGaAs and InP [19]. The etch
mixing ratio and etch time are determined by the relative concentration of
acid and oxidizer in the solution. Since HyOs rapidly decomposes into wa-
ter [20], it is essential to keep track of the HoOo with respect to aging and
exposure in air. In this work, best standard practices were established for
mixing citric acid and HoO4 etch solutions meaning that the gate recess etch
conditions were almost identical from run to run.

2.2.1 Recess-first InP HEMT process

In the standard InP HEMT process, the source and drain ohmic contact for-
mation is defined prior to the gate recess etch, see Fig. a). This process
flow is here denoted as the recess-last method. After a homogeneous gate
recess is formed, the gate metal stack of Pt/Ti/Pt/Au can be deposited to
form the T-shaped gate contact.

During inspection of the InP HEMTs fabricated in this thesis work, it was
observed that the recess surface ended up very uneven for many devices. An
example is given in Fig. In Fig. a), a top-view scanning electron
microscopy (SEM) photo illustrates that the recess in the center is different
from the recess at the edge. This will cause a poor Schottky contact as
demonstrated in the cross-section in Fig. 2.4|b).

A similar gate recess etch problem was noted for HEMTs based on variations
in the underlying epitaxial stack. Fig. [2.5(a) presents top-view SEM images of
the recess region using an identical recess etch procedure for HEMTs with In
channel content varying from 53% to 70%. The recess width measured by SEM
is plotted in Fig. (blue line). The recess width exhibits an unexpected
variation of more than a factor of two as a function of In channel content. This
observation together with the unexpected erosion shown in Fig. 2.5 indicated
an abnormal etching occurring for the traditional recess-last method.

A plausible explanation of the abnormal gate recess etch behavior is elec-
trochemical etching in the semiconductor layers adjacent to the pre-deposited
metal [21]. An electrochemical potential is established between two different
materials exposed to an electrolytic solution. The electrochemical reaction ac-
celerates the oxidation of the semiconductor surface in the periphery of metals
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Recess-last method Recess-first method

1. Mesa etch 1. Mesa etch

2. Ohmic 2. Recess
deposition etch

Source Drain

3. Recess 3. Ohmic
etch deposition

Source Drain Source Drain

(a) (b)

Figure 2.3: (a) Recess-last and (b) recess-first process flow schematically illustrat-
ing the order of the ohmic deposition and the gate recess.

even in the presence of deionized water [22]. Evidence has been presented in
the literature that electrochemical etching affects the wet-chemical processing
of GaAs and related compound semiconductors . The different work func-
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Figure 2.4: (a) Top-view SEM and (b) cross-section STEM image of the abnormal
gate recess.

tion between the metal and semiconductor will result in different etch rates
and selectivities of the semiconductors . The lateral and vertical etch rates
of InAlAs and InGaAs with Ni/Pt surface metal in a non-alloyed ohmic elec-
trode was reported to strongly deviate from the etch rate of the bulk without
metal. The deviation was attributed to electrochemical etching . This also
seems to apply for the InP HEMTs here using alloyed metal deposition im-
mersed in citric acid etch solution. Therefore, it will be difficult to adjust the
etch solution to achieve the required control of lateral and vertical gate recess
distances by the recess-last method. In particular, this becomes problematic
when processing different epitaxial layers in the same InP HEMT batch.

To alleviate the detrimental effect from electrochemical etching, the InP
HEMT fabrication was modified according to the process flow shown in Fig.
b). The gate recess was etched prior to the ohmic deposition and an-
nealing. The method is here denoted recess-first as opposed to the standard
recess-last method illustrated in Fig. a). The SEM images for the recess-
first method using different In channel content are shown in Fig. (b) In
Fig. it is observed that the measured recess width (red line) is substan-
tially more stable for the recess-first method compared with the recess-last
process (blue line). However, the recess-first method will sacrifice the accurate
alignment between the gate recess and gate metal. This can be compensated
by using more alignment marks for the electron beam lithography step. Since
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Figure 2.5: Top-view SEM images after gate recess etch using (a) recess-last and
(b) recess-first method. In channel content from top to bottom is 53%,
60%, 65% and 70%. Gate recess etch process identical for all samples.

stability in device dimensions between different InP HEMT chips was very

important in this research work, the recess-first method was used for device
fabrication.
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Figure 2.6: The measured gate recess width from Fig. versus In channel content
for recess-last (blue) and recess-first (red) method.

2.3 Influence of the passivation

After the gate recess etch, the exposed surface contains many defects which
may affect the electric performance of the InP HEMT. The InP etch stop layer
serves as the passivation for InAlAs barrier layer which helps to eliminate
the well-known kink effect in the output drain current when measured under
cryogenic conditions [17]. InP is much less reactive than InAlAs. Nonetheless,
defects and contaminants may still exist on the surface after processing the
InP HEMT. This makes passivation using a dielectric thin film deposition
necessary for long-term stability and to prevent contamination of the recess
surface. The conventional passivation is either SiyNy by plasma enhanced
chemical vapor deposition (PECVD) or Al,Os by atomic layer deposition
(ALD). However, the passivation itself may introduce problems. Fig.
shows the undesirable increase in gate current I, caused by passivation using
either PECVD SixNy or ALD Al;O3. Such enhancement in I, is detrimental
for the noise of the InP HEMT LNA, in particular for lower frequencies of a
few GHz [25], [26].

The increase of the I, by a factor of ten following passivation appeared for
both PECVD and ALD regardless of dielectric; See Fig. Gate leakage
related to the thermal nature by the depositions was excluded. Experimen-
tally, this was confirmed by exposing the devices in the PECVD chamber at
300°C without depositing SixNy. No increase in I, was recorded. Al,O3 can

10
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Figure 2.7: Gate current versus gate voltage at 300 K for 2 x 100 ym-width, 100
nm-length InP HEMTs before (blue) and after (red) passivation of (a)
PECVD SixNy and (b) ALD Al,O3. Drain voltage is 0 - 1 V with steps
of 0.1 V.

be easily removed by hydrofluoric acid (HF). The I, for Al,O3 passivated InP
HEMTs recovered to the same low level as before passivation after removing
the AIQOS.

Based on these observations, the I, increase was deduced to unwanted resid-
uals on the surface prior to the passivation. This could potentially aggravate
electrically-active defects and create current paths between gate and channel
during passivation. Indeed, it has previously been observed by photolumines-
cence that interfacial defects are induced on the InP surface by the dielectric
depending on the surface treatment before the deposition [27]. Therefore, an
oxygen plasma cleaning with 50 W power for 20 s at room temperature was
introduced before the passivation. Fig. a) confirms that the I, decreased
more than ten times for both Al,O3 and SixN, passivation compared with no
plasma cleaning at 300 K (Fig. . The I; will be even lower at 5 K as de-
picted in Fig. a). The atomic force microscopy (AFM) inspection shown
in Fig. [2.10] provides further evidence of the cleaner recess surface following
oxygen plasma cleaning.

However, the plasma ashing will create surface traps in the recess area. This
can be seen from the kink effect in the output curves at cryogenic temperature
as shown in Fig. [2.9(b). The kink effect occurs only at high gate bias (above
Vgs = 0.6 V) which is far from the low-noise bias used for the LNA (around

11
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Figure 2.8: dc characterization of 4 x 50 pm InP HEMTs at 300 K using passivation
of PECVD SixNy (red) and ALD Al;O3 (blue) with a plasma cleaning
process. (a) Gate current versus gate voltage, with drain voltage 0 - 1
V in steps of 0.1 V. (b) Drain current versus drain voltage, with gate
voltage -0.4 - 0.6 V in steps of 0.1 V. (c¢) Transconductance versus gate
voltage, with drain voltage 0 - 1 V in steps of 0.1 V. (d) Drain current
versus gate voltage, with drain voltage 0 - 1 V in steps of 0.1 V.

Vys = 0.2 V). In order to mitigate the undesired kink phenomenon, the oxygen
plasma process can be replaced by a wet cleaning step using a remover solution.

Figs. b) and (c) show slightly higher current driving ability and transcon-
ductance g,, for the InP HEMTs with ALD Al;O3 at 300 K than for the InP
HEMT with PECVD SixNy. In contrast, the current driving ability and g,
become very similar at 5 K; See Figs. 2.9(b) and (c). The threshold voltage
Vip is almost identical for both passivations at 300 K and 5 K as demonstrated

12
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Figure 2.9: dc characterisation of 4 x 50 ym InP HEMTs at 5 K using passivation
of PECVD SixNy (blue) and ALD Al>O3 (red). (a) Gate current versus
gate voltage, with drain voltage 0 - 1 V in steps of 0.1 V. (b) Drain
current versus drain voltage, with gate voltage -0.4 - 0.6 V in steps of
0.1 V. (¢) Transconductance versus gate voltage, with drain voltage 0 -
1 V in steps of 0.1 V. (d) Drain current versus gate voltage, with drain
voltage 0 - 1 V in steps of 0.1 V.

in Fig. 2-8(d) and Fig. 2.9(d). Fig. presents the noise and gain of 4-8
GHz LNAs at 5 K equipped with the transistors using either ALD Al;Og3 or

PECVD SixNy. The average gain is 46 dB for both LNAs. The T, 444 is 1.2 K
for ALD Al;O3-based LNA and 1.3 K for the PECVD SiyNy-based LNA. It is
concluded that no significant difference with respect to noise and gain in the
cryogenic LNA is seen for the two investigated methods used in passivation of
the InP HEMT. The better suppression of the kink effect by ALD Al,O3 than

13
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Figure 2.10: AFM images of the gate recess (a) before and (b) after oxygen plasma
cleaning. Courtesy of Johan Bergsten.
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for the PECVD SixNy reported previously was not observed here . This
may be due to the usage of an InP etch stop layer in this thesis work. Such
an InP layer will serve as a strong passivation for the InAlAs surface and thus
change the conditions for the subsequent dielectric deposition.
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Figure 2.11: The measured gain (solid) and noise temperature (dashed) of a three-
stage 4-8 GHz hybrid LNAs integrated with InP HEMT passivated
by PECVD SixNy (red) and ALD Al;O3 (blue). Vp = 0.7V, Ip =
15 mA at 5 K.
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CHAPTER 3

Investigation of InP HEMT Spacer Thickness

This thesis aims to gain a better understanding of how small changes in the
2DEG of the InP HEMT channel correlates with its high-frequency noise
properties. In the case of a cryogenic InP HEMT, the intrinsic channel noise
dominates the total noise contribution. This channel noise can be indirectly
measured by using an InP HEMT cryogenic LNA. Since the channel noise
is expected to vary with the heterostructure of the InP HEMT [29)], the dc
properties (associated with the 2DEG) of the device can be coupled with its
intrinsic noise behavior.

The spacer is one of the key features that makes the InP HEMT superior
with respect to the transport of charge carriers, i.e. the free electrons in the
channel. The spacer separates the doping impurities from the 2DEG. For
a given quantum well heterostructure, the spacer thickness and the amount
of dopants determine the number of free electrons forming the 2DEG in the
HEMT. The carrier concentration and associated scattering of electrons have
been reported to depend on the choice of spacer thickness [8], [9]. It is therefore
evident that optimization of spacer thickness is also needed for the InP HEMT
noise performance. Prior to this licentiate thesis, such an optimization had
not been carried out for InP HEMTs aimed for cryogenic LNAs.
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Chapter 3 Investigation of InP HEMT Spacer Thickness

Since variation in the spacer thickness introduces a minimum amount of
modifications in the heterostructure, the optimization of the spacer thickness
may provide information on the impact of device noise from the 2DEG itself
without taking material imperfections such as increased lattice strain or defect
density into account. Moreover, for the InP HEMT at cryogenic temperature,
a proper noise measurement will mainly record the intrinsic nature of electron
fluctuations in the transistor and not by the parasitic noise sources. This
may reveal new insights into the noise mechanisms in the channel of the InP
HEMT.

In this chapter, the optimization of the spacer thickness in the InP HEMT
with respect to noise in a cryogenic LNA is described. The LNA was designed
in 4-8 GHz based on 4x50-pm InP HEMT. The transistor technology was a
100-nm gate-length InP HEMT with 15 nm 65% In channel using the recess-
last process and ALD Al,O3 passivation described in Chapter 2. The results
suggest that the noise in the channel is limited by injection of a small fraction
of electrons from channel to barrier. Finally, the observed correspondence
between the subthreshold swing and the noise temperature in the InP HEMT
cryogenic LNA is described.

3.1 Epitaxial design

The experiment was based on variations in the epitaxial structure for the InP
HEMTs. Four epitaxial structures with variation of spacer thickness d;, of 1,
3, 5 and 7 nm were designed; See epitaxial structure in Fig. 2.I] and descrip-
tions in Chapter 2. A one-dimensional self-consistent Poisson-Schrédinger
solver was used to simulate the heterostructures at 300 K and 5 K [30]. The
simulation showed that the 2DEG could be made very similar in the structures
where the total thickness of the barrier and spacer layer was kept constant at
a value of 9 nm as illustrated in Table. 3.1} The ¢ doping level was adjusted
with the intention to keep the sheet carrier concentration n, constant for all
samples, 2.5 x 1012 em~2 at 300 K.
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3.2 Hall measurements

Table 3.1: The spacer and barrier thickness of the investigated structures.

Spacer | Barrier
(nm) (nm)
1 8
3 6
5 4
7 2

3.2 Hall measurements

To evaluate the transport properties of the channel electrons, Hall bars were
fabricated for the various epitaxial structures shown in Fig. [3.I] The heavily
doped cap layer was absent in these measurements. Hall measurements were
conducted in a magnetic field of 1 T from 300 K to 5 K. The Hall electron
mobility u, sheet resistivity Rgp, and ng are plotted in Fig. In Fig. a),
1 is observed to increase steeply with reduced temperature and flatten out
below 50 K. In this region, the difference in mobility between dg, = 5 (and 7)
nm and ds, = 1 nm is almost a factor of 3. The strong dependence of mobility
on the spacer thickness at 5 K is due to various degree of scattering in the
channel electrons caused by different d,,. In contrast, at 300 K, the mobility
was almost similar showing typical p between 9,500 and 14,000 cm?/Vs. The
difference in mobility is reflected in R, behavior with temperature plotted
in Fig. [3.2(b). Finally, it is seen in Fig. [3.2|(c) that n, showed only a £10%
dependence on spacer thickness with no temperature variation. The data
in Fig. demonstrated that the epitaxial materials used for InP HEMT
experiments in this thesis was of high quality and showed expected differences
with respect to dgyp.

Figure 3.1: Picture of the Hall bar structure.
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Figure 3.2: The (a) u, (b) Rsp, and (c) ns of the epitaxial structures with dsp = 1
(blue), 3 (red), 5 (green) and 7 nm (yellow).

3.3 dc and rf characterization

The dc and rf properties of InP HEMTs with epitaxial structures described in
Section 3.1 were characterized on-wafer at 5 K. In Fig. [3.3] the output I —V
curves are presented for different overdrive voltages Vov = Vs — Vi, @ The
maximum drain current level at Vi = 0.8 V with an Vpy of 0.7 V is around
900 mA/mm at 5 K for all InP HEMTs but for ds, = 1 nm. The latter was
due to its lower y; See Fig. B.2fa).
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Figure 3.3: Drain current of the InP HEMTs with ds, = 1 (blue solid), 3 (red
dashed), 5 (green solid-circle) and 7 nm (yellow dash-dot) at 5 K.
[From Paper B|
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3.8 dc and rf characterization

The g, of the InP HEMTs with different ds,, in Fig. illustrates that the
InP HEMT with dy, = 3 nm possesses the highest peak transconductance at
5 K. This is consistent with its higher current driving capability at elevated
drain and gate bias as shown in Fig. [3.3] The variation in V}; can be seen in
Fig. Vin is known to depend both on the barrier thickness x4 and doping
concentration np [8]:

Vin ~ g — 22T _ %, (3.1)

ES q

where ¢ is the electron charge, €4 is the dielectric permittivity for InAlAs,
¢Bn is the Schottky barrier height and AFE,. is the conduction band offset.
The decrease of the barrier shifts the V;j, positively whereas the increase of
the doping concentration shifts the V;; negatively . As a result, Vi, as
a function of dg,, plotted in Fig. experiences a maximum around 0.1
V at 5 nm. This makes the cryogenic InP HEMT an enhancement mode
(normally-off) FET for ds, = 5 nm.
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Figure 3.4: The transconductance (left) and drain current (right) of the InP HEMT
with dsp = 1 (blue solid), 3 (red dashed), 5 (green solid-circle) and 7
nm (yellow dash-dot) at 5 K. Vg, = 0.4 - 0.8 V with step of 0.2 V.

Elevated I, in the InP HEMT will increase the noise level and obscure the
intrinsic channel fluctuations, in particular when using a low-frequency LNA
design. The gate current plotted in Fig. @indicates that the I, for all the InP
HEMTs was below 0.1 pA/mm at the expected gate voltage for lowest noise
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Figure 3.5: Threshold voltage V;;, as a function of dsp, at 5 K.

[32]. Such a very low gate current level confirmed the successful development
of the low-noise cryogenic InP HEMT given in Chapter 2. Hence the I, of the
devices is not expected to present problems in the noise extraction procedures
described in next section.

The comparison of S-parameters up to 50 GHz for the InP HEMTs with
different d,, is demonstrated in Figs. @ and @ The S-parameters are
measured at 5 K at a bias of I;=5 mA and V,=0.475 V which is the estimated
optimum noise bias using the indicator v/Iys/gm [13]. The input and output
reflection coefficients S1; and Sy are very similar for all the devices. The gain
So1 of InP HEMTs with dg, = 5 and 7 nm are slightly higher than d,, = 1 and
3 nm due to their higher intrinsic g,,. Overall, the rf measurements indicated
that all InP HEMTs did not show signs of any oscillation behavior at their
optimum noise bias points.
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8.8 dc and rf characterization
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Figure 3.6: Gate current of the InP HEMTs with spacer thickness of 1 (blue solid),
3 (red dashed), 5 (green solid-circle) and 7 nm (yellow dash-dot) at 5
K. Vs = 0—1 V in steps of 0.25 V.
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Figure 3.7: The (a) S11 and (b) S22 measurements at 5 K of the InP HEMTs with
dsp = 1 (blue), 3 (red), 5 (green) and 7 nm (yellow) all at the bias
points of I; = 5 mA and Vs = 0.475 V.
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Figure 3.8: The S2; measurements at 5 K of the InP HEMT with ds, = 1 (blue),
3 (red), 5 (green) and 7 nm (yellow) all at the bias points of Ig = 5
mA and Vs = 0.475 V.

3.4 Noise characterization of 4-8 GHz cryogenic
LNAs

The noise at cryogenic temperature for the InP HEMT is too small to be esti-
mated with high accuracy using an on-wafer measurement. The most reliable
method requires the insertion of discrete devices in a hybrid LNA designed
for lowest noise [33]. As a result, the noise difference between the cryogenic
LNAs can be attributed to the noise difference between the InP HEMTs. As
illustrated in Fig. [3.9] diced individual transistors were mounted by wire-
bounding in three-stage 4-8 GHz hybrid LNAs. To find the optimum bias
conditions for lowest T¢ qvg, the noise temperature was measured by sweeping
the LNA drain current Ip. The optimum noise biases Vpg and Ip for the
LNA and the corresponding biases (Vgs, I4) for the InP HEMT are stated in
Table for various dsp. Also the dc power consumption P4 for the LNA
is given. In Fig. the minimum noise regions are indicated by the boxes.

The noise and gain of the LNAs based on InP HEMTs with varying spacer
thickness at their optimum noise biases are plotted in Fig. The T quq
and average gain G4 of the LNAs are listed in Table @ All LNAs reveals
similar gain of around 40 dB which is indicative of the accuracy in the noise
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8.4 Noise characterization of 4-8 GHz cryogenic LNAs
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Figure 3.9: InP HEMT mounted by bond-wires in the 4-8 GHz hybrid LNA.
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Figure 3.10: The T¢ qvg for InP HEMT LNAs with ds, = 1 (blue), 3 (red), 5 (green)
and 7 nm (yellow) versus Ip at 5 K and the drain biases of V35=0.325
V and 0.475 V. Black boxes indicate the minimum noise regions.
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Chapter 3 Investigation of InP HEMT Spacer Thickness

Table 3.2: The optimum noise bias and power consumption for the 4-8 GHz cryo-
genic LNAs based on InP HEMTs with different spacer thickness at 5

K.

dep | Vs | Ip Vs Is |Prna
(nm) | (V) | (mA) | (V) [(mA/|(mW)
mm)
1 0.75 | 18.0 |1 0.475| 30 13.5
3 0.73 | 16.8 |1 0.475| 28 12.3
5 0.51 | 12.0 | 0.325 20 6.1
7 0.61 9.0 |0.475 15 5.5
i | -
40 A | e— °
L Pust
— g d, [—1 nm 16 2
% 30° ‘\“‘ —3 nm g
= ‘\\\\ —5 nm 4
B201 N 7 nm S
O R e
10} P P
- - R
O
0 : : : 0Z
2 4 6 8 10

Frequency [GHZ]

Figure 3.11: The measured gain (solid) and noise (dashed) temperature of three-
stage 4-8 GHz hybrid LNAs integrated with the InP HEMT with ds,
= 1 (blue), 3 (red), 5 (green) and 7 nm (yellow) at 5 K and the
optimum noise bias of each LNA.

measurements. The T, ,,4 shows a minimum of 1.4 K for ds, = 5 nm. This
is 36% lower than the T¢ 4,y of INP HEMT with d,, = 1 nm. In comparison
with ds, = 3 nm, which previously reported the lowest noise in this frequency
range , the InP HEMT cryogenic LNA with ds, = 5 nm exhibits a 20%
lower noise level.

In addition to being superior in noise performance, InP HEMTs cryogenic
LNAs with ds, = 5 and 7 nm dissipate around 50% Pr,n 4 less than the LNAs
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3.5 InP HEMT noise temperature

Table 3.3: The average noise temperature and gain for the 4-8 GHz LNAs based
on InP HEMTs with different spacer thickness at 5 K.

dgp (nm) 1 3 5 7
Towsg (K) | 1.0 | 17 | 1.4 | 1.6
Guog (AB)| 40 | 41 | 42 | 41

with ds, = 1 and 3 nm; See Table In summary, Tables and
present convincing evidence that the d,, is an essential parameter in noise
and dc power reduction for the InP HEMT cryogenic LNA, here investigated
for 4-8 GHz.

3.5 InP HEMT noise temperature

To understand the difference in noise level between the investigated InP
HEMTS, the Pospieszalski noise model (neglecting the low gate current) can
be used [13|. This model expresses the minimum noise temperature Ty, for
the HEMT as:

Tonin ~ zfi, /RiTyGasTa, (3.2)
T

where R; = R; + Ry + R;. R, and R, are the parasitic source and gate
resistances, R; is the intrinsic gate-to-source resistance, G4s is the output
conductance, f is the frequency, and fr is the cutoff frequency. T, and T}
are the equivalent drain and gate noise temperatures, respectively. Since
contributions from the extrinsic parasitic noise elements are largely reduced
at cryogenic temperature, the dependence of T, on T} is very strong for the
cryogenic InP HEMT.

T, for the InP HEMTs was extracted from the noise temperature of the LNA
circuit using a small-signal model described in Ref. [34]. The de-embedded
intrinsic circuit is outlined in Fig. [3:12] The intrinsic small-signal parameters
for the investigated InP HEMTs are presented in Table The values are
similar for all devices which is reasonable since they have identical geometries.
The relatively low R; and gate-source capacitance Cy, indicate a promising
low-noise performance of the devices|32|, [35]. The T, of the InP HEMTs
extracted at their optimum noise bias are plotted in Fig. [3:I3] The error bars
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Figure 3.12: Equivalent intrinsic circuit of the InP HEMT |34].

Table 3.4: Intrinsic small-signal modeling parameters at the optimum noise bias
for the InP HEMTs at 5 K.

dsp Cgs ng Cds Gds Im Rj Rz
(nm) | () | (F) | (fF) | mS) | mS) | (@) | (@)

1 115 44 60 19 210 21 1

3 119 47 56 19 213 22 1.2
5 114 47 56 18 199 21 1.3
7 112 39 52 13 174 22 1.2

in Ty are estimated from the noise simulations covering the frequency band
4-8 GHz [36). In Fig. the T, exhibits a clear variation with ds, for the
InP HEMT at 5 K. It is observed that the T,; shows a minimum for ds, = 5
nm.

The Pospieszalski noise model assigns all the resistive elements of the intrin-
sic circuit to T, and Ty. Ty is generally accepted to present the thermal noise
of the gate metal whereas T,; normally is interpreted as the amount of channel
carrier fluctuations. The Ty can therefore be regarded as the channel noise in
the cryogenic InP HEMT. Normally, a high electron mobility for the channel
material in the InP HEMT is targeted for low-noise applications according to
the well-known semi-empirical noise expressions such as the Fukui equation
[37]. Dopants serve as efficient scattering for electrons at spacer thicknesses
below 5 nm as seen in the reduction of mobility. While the scattering mecha-
nism of the 2DEG can be of several physical origins, the impurity scattering
is supposed to be significant at cryogenic temperature [38] which is consistent
with the measured Hall electron mobility. However, the channel electrons in
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3.5 InP HEMT noise temperature
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Figure 3.13: The Ty of the InP HEMT as function of spacer thickness extracted
at optimal noise bias at 5 K. [From paper B]

the investigated InP HEMTs are expected to move at saturated velocity [39)].
The Hall mobility reflects the average transport of the 2DEG at low electrical
field and thus gives limited information on the expected noise level in the
intrinsic InP HEMT at low temperature.

A recent theoretical study predicts that real-space transfer (RST) in the
InP HEMTs is important for microwave drain noise [40]. RST is the emission
of 2DEG carriers from the channel into the barrier. RST noise has earlier been
proposed to occur in the GaAs HEMT [41] and InAlAs/InGaAs/InAlAs/InP
quantum well [42].

The RST can be experimentally confirmed by the occurrence of negative
differential resistance (NDR) in the I — V output curves at elevated gate
voltage [43]. It has been proven that prior to the valley transfer, hot electrons
experience RST via channel carrier emission into the barrier in the III-V
heterostructure of a HEMT [44]. In Fig. drain current versus drain
voltage at 5 K is plotted beyond Vg = 1 V. It is observed that the NDR
is weak yet observable for InP HEMTs with dy, = 1 and 3 nm at V, > 1
V. The absence of NDR in Fig. for ds, = 5 and 7 nm is probably due
to their more positive V;; of the InP HEMTs which means they would have
required a higher Vg, for the RST to be detectable. However, this voltage is
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Figure 3.14: The drain current of the InP HEMT with d,, = 1 (blue solid), 3 (red
dashed), 5 (green solid-circle) and 7 nm (yellow dash-dot) at 5 K, Vs
= 1.14 V. The box in the diagram shows the NDR region.

far beyond the optimum noise bias range listed in Table 3.2] Nevertheless,
RST noise in the InP HEMT may occur before it is detectable by NDR in
I — V measurements. It is therefore plausible that even a small fraction of
channel electrons suffering from RST may lead to a reduced confinement of
the 2DEG meaning increased Ty for the transistor [40].

In Ref. , it is proposed that the fraction of hot electron transfer from
the channel to barrier in a HEMT is determined by AE. and V. However,
a HEMT at a gate bias below Vi, cannot experience RST. When comparing
different devices, it is Vo which controls the fraction of transferred electrons
via RST. Therefore, compared to Ref. , a modified equation is proposed
to describe the hot electron fraction 7 taking the varying threshold voltage
into account:

where kp is the Boltzmann constant and T is the electron channel tempera-
ture. If RST is responsible for noise in the HEMTs, with AFE, the same for
all the structures, the noise must be minimized for the lowest Vpy at opti-
mum noise bias. This is confirmed in Fig. [3.I5] where the Vo shows a clear
minimum for ds, = 5 nm. Vpy illustrates a better correlation with T, (Fig.

n = exp(—
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3.6 InP HEMT noise and the subthreshold swing

3.13)) compared with p as a function of dsp. Therefore, it is suggested that
the observed difference in the channel noise probed by 7y is due to RST in
the intrinsic InP HEMT at low temperature.
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Figure 3.15: The Vov at optimum noise gate bias and p for the InP HEMT versus
dsp at 5 K.

3.6 InP HEMT noise and the subthreshold swing

In the mapping of noise properties for the InP HEMT and its corresponding
dc properties, all measured at 5 K, an interesting correlation was observed
between T, 4,4 and the subthreshold swing . The average subthreshold
swing SSqvy Was calculated from the average drain current with Vy, from
0.025 to 1 V versus gate voltage shown in Fig. From the curves, the
SSavg was determined to be 25, 23, 14 and 15 mV/dec for ds, = 1, 3, 5 and
7 nm, respectively. The latter values of SS are among the lowest reported for
cryogenic FETs yet still much beyond the theoretical Boltzmann limit SS, i.e.
(kT /q)In10 [8]. The deviation from the Boltzmann limit occurs at 80 K for
InP HEMTs with ds, = 1 and 3 nm and 60 K for d,, = 5 and 7 nm. T¢ gy,
Vs /gm and SSqy, versus dg, for InP HEMTs measured at 5 K are plotted
in Fig. @ Te avg reflects the rf properties of the transistor as depicted in
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Figure 3.16: The average drain current (Vg = 0.025 - 1 V) in the subthreshold
region versus gate voltage of the InP HEMT at 5 K with dsp = 1
(blue solid), 3 (red dashed), 5 (green solid-circle) and 7 nm (yellow
dash-dot).

Fig. [3.17| (a). The widely used noise indicator v/I4s/gm plotted in Fig. [3.17]
(b) does not show a fully consistent relation with T 4., as a function of ds), at
the optimum noise bias. Finally, $S,,4 in Fig. |3.17|(c) is another dc property
which monitors the I;/g,, ratio. This is similar to the Vs /gm but at a lower
bias [46].

Out of the two dc parameters v/I5/gm and S Savg, it appears that the latter
better reflects the difference in noise between the cryogenic InP HEMTs. The
saturation of the SS at low temperature is indicative for intrinsic mechanisms
related to electron scattering in the 2DEG when approaching 0 K . Ac-
cording to the model in ref. , the higher saturation SS,.,4 in InP HEMTs
at cryogenic temperature indicates a large band-tail extension. As a result,
the 2DEG in the channel will be affected by the increase of the electron den-
sity in the conduction-band tail. This may explain the better correspondence
between SSgy and T 4y than for /Tys/gm and Tt 4. Since the noise per-
formance of the InP HEMT at low temperature cannot be measured directly
on-wafer with high accuracy, this suggests that SS for the InP HEMT (mea-
sured at the same low temperature) may serve as a useful and swift indicator
for the expected rf noise in the cryogenic LNA.
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Figure 3.17: (a) The T¢ vy (red) of the InP HEMT LNAs extracted at opti-
mum noise bias. (b) v74s/gm (green) at optimum noise bias of the
InP HEMTs. (c) The SSavg (blue) of the InP HEMTs extracted at
Vas=0.1 V. All data points were based on measurements at 5 K. [From
paper C]
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CHAPTER 4

Conclusions and Future Work

4.1 Conclusions

This licentiate thesis has presented three achievements in the design and fab-
rication of low noise InP HEMTs for cryogenic LNAs.

The traditional gate recess-last method (with respect to metallization) was
found to suffer from electrochemical etching making the targeted HEMT fab-
rication unstable. This was solved by modifying the process to a recess-first
variant yielding stable InP HEMTs regardless of the epitaxial structure. A
plasma cleaning procedure prior to passivation was added to solve the problem
of enhanced gate leakage at 300 K following dielectric deposition. Further-
more, no significant difference in dc or noise of InP HEMT performance at 5 K
was discovered for ALD and PECVD passivated devices. The HEMT process
development made it possible to fabricate InP HEMTs with high uniformity
required for the noise characterization in hybrid 4-8 GHz LNAs at cryogenic
temperature.

The channel noise estimated by T, for the cryogenic InP HEMTs was de-
termined from noise measurements of the LNA at low temperature. Different
LNAs, each one equipped with InP HEMTs with a spacer thickness in the
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Chapter 4 Conclusions and Future Work

InAlAs-InGaAs heterojunction ranging from 1 to 7 nm, were investigated. It
was found that the T; exhibited a clear minimum with dg, = 5 nm. In com-
parison with previous state-of-the-art results for InP HEMT cryogenic LNAs,
this value was 2 nm thicker. The electron mobility in the channel was found
to be a poor noise indicator for the HEMT at low temperature. The correla-
tion between Ty and Vpy at the optimum noise bias with ds, suggested the
limiting factor for noise reduction in the cryogenic HEMT is related to RST
involving injection of hot electrons from channel to barrier.

Finally, a correlation between the noise and the SS of the InP HEMT, both
measured at low temperature, was observed and interpreted in relation to the
traditional dc parameter \/Ijs/gm. It is proposed that the SS for the InP
HEMT measured at low temperature may serve as an efficient dc indicator
for the noise in the cryogenic LNA.

The results in this study show the significance for epitaxial optimization of
the InP HEMT in cryogenic LNAs. This will lead to better understanding of
the noise mechanisms in the HEMT and will help us to reduce the minimum
noise temperature in the cryogenic LNA even further.

4.2 Future work

As the SS showed a clear correlation with noise at cryogenic temperature, it
would be interesting to investigate the connection between channel noise and
the SS at varying ambient temperatures. The temperature dependence of the
channel noise will provide further understanding of the physical origin of the
high-frequency channel noise in InP HEMTs.

In addition, measuring T, for various ambient temperature is of interest.
The temperature dependence of Ty is still under debate [48]. Another way
to test the RST theory is to change the Al content in the barrier [40]. This
will modify the AE,. and control the hot electron fraction emitted from the
channel into the barrier. If the theory is correct, a higher Al content barrier
should result in reduced RST noise. In practice, however, a higher Al content
in the barrier risks to introduce more defects in the heterostructure.

This licentiate thesis has only reported on the spacer thickness influence for
the noise in the Ty. Evidently, there are numerous material parameters in the
epitaxial structure of the low-noise InP HEMT to be investigated. A previous
study claimed that 80% In channel InP HEMT has significantly higher noise
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4.2 Future work

than a 65% In channel InP HEMT [6]. However, it is still not clear how the
In content affects the noise. Therefore, a systematic study with variation of
the In channel content and the channel thickness is motivated to gain better
understanding of the noise properties in the cryogenic InP HEMT.
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Abstract—The impact of InP HEMT spacer thickness on cryogenic performance in low noise amplifiers (LNAs) has
been investigated. 100 nm gate-length INP HEMTs based on InAlAs-1nGaAs-InP heterostructures with different spacer
thickness (1 nm, 3 nm and 5 nm) were fabricated. The Hall measurements, simulated band structures and dc
characteristics of InP HEMTs were compared for all the three different epitaxial structures at 5 K. The noise
performance of the InP HEMT was studied using a three-stage 4-8 GHz hybrid LNA at 5 K. All LNAs yielded an
average gain above 30 dB across the whole band. When biased for optimal low noise operation, the LNA with 5 nm
spacer thickness InP HEMTs achieved an average noise temperature of 1.3 K. The LNAs with spacer thickness of 1 nm
and 3 nm InP HEMTs exhibited a higher average noise temperature of 1.9 K and 1.7 K, respectively. The reduction in
LNA noise temperature with increased spacer thickness was observed to correlate with a strongly enhanced electron
mobility in the InP HEMT structure at 5 K.

Keywords—Cryogenic; low noise amplifier; InP HEMT; spacer thickness; noise

C-band (4-8 GHz) cryogenic InP HEMT low noise amplifiers (LNAs) are highly demanded in quantum
computing systems for the readout of qubits at the 4 K stage [1]. The thermal noise which originates from the kinetic
energy of the charge carriers in the 2DEG channel constitutes one of the dominating noise sources in the HEMT
[2]. It is well known that engineering of the InP HEMT epitaxial structure plays a decisive role for the HEMT
performance [3]. From photoluminescence investigations on HEMT epitaxial structures, it was demonstrated that
the scattering of carriers in the channel was dependent upon spacer thickness [4]. This suggests that the spacer
design plays a role in the HEMT LNA noise performance. Here we report the noise temperature of cryogenic C-
band LNAs based on InP HEMTSs with different spacer thickness.

Fig. 1 shows the schematic of InP HEMT epitaxial layers with three different spacer thicknesses of 1, 3 and
5nm. The InAlAs barrier thickness above the spacer was adjusted correspondingly to keep the total gate-to-channel
distance constant. In Fig.2, Hall measurements revealed a strong dependence on the electron mobility as a function
of spacer thickness at 5 K compared to 300 K. In contrast, sheet carrier concentration was relatively insensitive to
spacer thicknesses. The band structure and electron density at 5 K has been simulated using the measured electron
mobilities, see Fig.3. The energy barriers of the channel are almost the same for all three structures. The main
difference is the distance between delta doping energy well and the 2DEG channel.

4x50 pm,gate-width 100 nm gate-length InP HEMTSs were fabricated using the method described in Ref. [5].
The output dc characteristics at 5 K of the InP HEMTs with different spacer thickness are plotted in Fig. 4. The
1 nm spacer InP HEMT exhibited the lowest current driving capability whereas the 3 nm and 5 nm spacer InP
HEMTSs were similar. The threshold voltage shifted toward more positive values with increased spacer thickness.
The gate leakage bell shape seen in Fig. 5 suggests that the 5 nm spacer InP HEMT has the lowest impact ionization
[6]. All devices exhibited relatively low gate current leakage (< 0.1 pA/mm) at their optimum low-noise bias, which
implies that the gate leakage will not degrade the noise temperature in the C-band LNA [5].

The noise performance of InP HEMTSs was investigated in a three-stage 4-8 GHz hybrid LNA employing the
measurement method described in [7,8]. The noise of the LNA at 300 K was comparable for all three spacers with
an average noise temperature (Te,avg) of about 28 K. The gain of the LNAs at 300 K was similar to that of 5 K and
increased with spacer thickness. The noise of the LNAs biased at the optimum point at 5 K decreased with the
spacer thickness in the frequency band as shown in Fig. 6 where the LNA with 5 nm spacer InP HEMTSs exhibited
the lowest Te,avg of 1.3 K. The reduction of noise is correlated with an observed increase in electron mobilities,
indicating that 2DEG charge carriers experience less scattering from the delta doping plane with thicker spacer.
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Fig. 1. Schematic of InP HEMT epitaxial layers with three

different spacer thickness used in this work.
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Fig. 2. The measurement data of the three structures without cap
layers. The sheet carrier concentration at 300 K (green dashed line)
and electron mobility at both 5 K (blue circle solid line) and 300 K
(red star solid line) versus spacer thickness.
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Fig. 3. Simulated band structure and 2DEG electron density for
spacer thickness of 1nm (blue solid), 3 nm (red dashed) and 5 nm
(green dash-dot). The & doping was adjusted according to the
measured Hall mobility at 5 K.
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Fig. 5. Gate current of the 100 nm gate-length InP HEMT with

spacer thickness of 1 nm (blue solid), 3 nm (red dashed) and 5 nm

(green dash-dot) at5 K. Vps =0.1—0.9 V in steps of 0.2 V.
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Fig. 6. The measured gain and noise temperature of three-stage
4-8 GHz hybrid LNAs integrated with the 100 nm InP HEMT with
spacer thickness of 1 nm (blue solid), 3 nm (red dashed) and 5 nm
(green dash-dot) at the ambient temperature of 5 K. The optimum
noise bias for all LNAs was Vp = 0.7 V and Ip = 18 mA.
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Influence of Spacer Thickness on the Noise
Performance in InP HEMTs
for Cryogenic LNAs

Junjie Li

Johan Bergsten™, Niklas Wadefalk™, and Jan Grahn

Abstract—InP  high electron mobility transistors
(InP HEMTSs) with different spacer thickness 1 to 7 nm in
the InAlAs-InGaAs heterostructure have been fabricated
and characterized at 5 K with respect to electrical dc
and rf properties. The InP HEMT noise performance was
extracted from gain and noise measurements of a hybrid
low-noise amplifier (LNA) at 5 K equipped with discrete
transistors. When biased for optimal noise operation,
the LNA using 5 nm spacer thickness InP HEMTs achieved
the lowest average noise temperature of 1.4 K at 4-8 GHz.
The InP HEMT channel noise was estimated from the drain
noise temperature which confirmed the minimum in noise
temperature for the 5 nm spacer thickness InP HEMT. It is
suggested that the spacer thickness acts to control the
degree of real-space transfer of electrons from the channel
to the barrier responsible for the observed noise variation
in the cryogenic InP HEMTs.

Index Terms— Cryogenic, InP HEMT, low-noise amplifier,
noise, spacer thickness.

|. INTRODUCTION
HE InP high electron mobility transistor (InP HEMT) is
the workhorse device for the design of the cryogenic low
noise amplifier (LNA) which offers the lowest noise tempera-
ture among all semiconductor-based circuits [1]. Applications
are found in microwave and mm-wave receivers for radio
astronomy and space communication [2]. At present, there is
a rapid development of electronic devices used in quantum
computing systems [3]. The cryogenic InP HEMT LNA has
here become instrumental for the readout of microwave qubits
at the 4 K stage [4], [5]. To further improve the qubit readout,
the noise properties at low temperature for the InP HEMT are
crucial.
It is well known that engineering of the InP HEMT epi-
taxial structure plays a decisive role for the device electrical
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Barrier | Spacer
Ing 53Gay 47As Cap 20 nm (nm) | (nm)
InP Etch stop 4 nm 8 1

Ing 5,Al, 4gAs Barrier

Ing 5,Al; 4sAS Spacer

6 3
4 5
2 7

&-doped layer

Ing 65Gag 35As Channel 15 nm

Fig. 1. Schematic of epitaxial stack used in HEMT fabrication. The table
shows the investigated variation in spacer (and barrier) thickness.

performance [6] and this becomes even more critical under
cryogenic operation [5]. Previous work demonstrated that the
carrier concentration and the scattering of carriers in the
HEMT channel were highly dependent on the location of the
planar doping layer in relation to the heterojunction [7], [8].
Hence the choice of spacer thickness is expected to modify
the properties of the two-dimensional electron gas (2DEG)
which in turn is essential for the HEMT noise performance.
To the authors knowledge, this has not been reported for the
HEMT operating under the temperature conditions used in
cryogenic LNAs.

In this study, we report on the optimum spacer thickness in
the InAlAs-InGaAs heterojunction for lowest channel noise in
the cryogenic InP HEMT LNA. The results suggest that the
noise can be related to the amount of real-space transfer of
electrons between channel and barrier in the InP HEMT.

Il. DEVICE TECHNOLOGY

The epitaxial layers were grown by molecular beam epitaxy
on 3-inch diameter InP substrates. Starting from the bottom,
the epitaxial stack consisted of a 500 nm thick Ing 52 Alp.48As
buffer and a 15 nm pseudomorphic IngesGag3sAs channel
layer. Fig. 1 shows a schematic of the InP HEMT epitaxial
layers above the buffer. By growing an Ing s5,Alp48As layer
with a Si d-doped plane on top of the channel, a heterojunction
with a 2DEG was formed. The spacer thickness was the
distance between the top of the channel and the J-doped layer.
Four different samples with spacer thickness d) of 1, 3, 5 and
7 nm were grown. The ¢ doping level was calibrated to keep
the sheet carrier concentration at a constant value of 2.5 x
10'2 cm=2 for all four structures. The IngspAlg4gAs barrier
thickness above the d-doped layer was adjusted accordingly so

For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 2. Drain current versus drain voltage of InP HEMT with spacer
thickness of 1 (blue solid), 3 (red dashed), 5 (green solid-circle)
and 7 nm (yellow dash-dot) at 5 K.

that the total thickness of the barrier and spacer layer was 9 nm
for all four structures, see table insert in Fig. 1(a). To improve
etching selectivity for the subsequent cap layer, a 4 nm thick
InP etch stop layer was grown on the barrier [9]. The InP etch
stop layer also served to passivate material-related defects in
the gate recess region [10]. The epitaxial stack was finalized
by growing a 20 nm thick n* Ings53Gag47As cap layer.

The measured Hall electron mobility at 5 K for epitaxial
structures without cap layer was 17,000, 39,000, 53,000 and
54,000 cmz/Vs for structures with dg, = 1, 3, 5 and 7 nm,
respectively. The sheet carrier concentration at 5 K showed
only a +£10% dependence on spacer thickness.

InP HEMTs using epitaxial structures with different dy),
were fabricated simultaneously employing the technology
described in [2]. The transistor gate length and gate width
were 100 nm and 4x50 pm, respectively.

I1l. RESULTS

InP HEMTs with different spacer thicknesses were elec-
trically characterized on-wafer at 5 K. The drain current
versus drain voltage curves in Fig. 2 showed expected output
behavior with no obvious kink effect previously reported for
cryogenic InP HEMTs [2]. This is attributed to the efficient
suppression of surface traps in the gate-recess region by the
InP etch stop layer [9]. In saturation, all transistors displayed
similar current driving ability except for InP HEMTs with
dsp = 1 nm where the drain current was lower. This was
expected due to the relatively low Hall electron mobility and
high sheet resistance at 5 K for dsp, = 1 nm.

The gate current I, of the InP HEMTs with different spacer
thickness is plotted in Fig. 3. All devices exhibited low gate
current leakage <1 4 A/mm with no impact ionization in the
gate bias range between 0 and +0.2 V and drain-source bias
lower than 0.5 V. Under such bias conditions, the InP HEMT
is close to its optimum low-noise region. The amount of gate
leakage shown in Fig. 3 is not expected to degrade the noise
temperature in the LNA [11]. From the drain current versus
gate voltage characteristics, the subthreshold swing (SS) at
Vas = 0.1 V was calculated to be 24, 20, 12 and 13 mV/dec
for dgp, = 1, 3, 5 and 7 nm, respectively. The SS levels for

Gate Current [pA/mm]
o uth o Ut © uth © W

.
o9
S

-0.2 0 0.2 0.4 0.6
Gate Voltage [V]

Fig. 8. Gate current versus gate voltage of InP HEMT with spacer
thickness of 1 (blue solid), 3 (red dashed), 5 (green solid-circle)
and 7 nm (yellow dash-dot) at 5 K. V4 =0 -1V in steps of 0.25 V.

dsp = 5 nm is among the lowest reported for a field-effect
transistor yet beyond the theoretical Boltzmann limit [12].

It was observed from the drain current versus gate voltage
that the threshold voltage V;;, varied with dy,. For dsp = 1, 3,
5 and 7 nm, the V;; was —0.2, —0.1, 0.1 V and 0 V, respec-
tively. This was expected because V;; depends on the location
of the d-doped layer and the doping concentration [13]. With
increased dsp and decreased J doping level, the V;;, will show a
positive shift and vice versa. Hence, there will be a maximum
in Vi, here at 5 nm, when the spacer thickness was increased
from 1 to 7 nm and the ¢ doping concentration was increased
to keep the sheet carrier concentration in the channel constant.

Since the noise level of the InP HEMT at cryogenic tem-
perature is too low to be accurately estimated from probed
measurements [14], chips were diced into discrete InP HEMTs
which were mounted in three-stage 4-8 GHz hybrid LNAs.
By measuring the gain and noise of the amplifier at 5 K, the
cryogenic transistor noise was possible to extract employing a
methodology described in [14], [15]. All measurements were
performed at the bias point for lowest amplifier noise using
the same attenuator. As a result, the noise difference between
the LNAs could be attributed to the noise difference for the
InP HEMTs with different spacer thickness.

As seen in Fig. 4(a), the amplifier experimental data
at 5 K revealed differences between the LNAs based on InP
HEMTs with varying spacer thickness. All LNAs exhibited
similar gain of around 40 dB which in turn meant high
accuracy for the noise measurements. The noise temperature
of the LNAs decreased with increased ds, from 1 to 5 nm
for InP HEMTs. Considering the relative differences in
noise in Fig. 4(a), the LNA with 5 nm spacer InP HEMTs
exhibited the lowest average noise temperature 7, g of 1.4 K
at 4-8 GHz. The noise level is on a par with the best result
previously reported for this frequency band [2]. The T¢ 4vg
of LNAs with d;, = 1, 3 and 7 nm was 1.9, 1.7 and 1.6 K,
respectively. The optimum noise bias for the LNA was Vpg =
051V, Ip = 12.0 mA for d;, = 5 nm and Vpg = 0.61 V,
Ip = 9.0 mA for d;, = 7 nm. These biases were smaller
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Fig. 4. (a) The measured gain (solid) and noise temperature (dashed)
of three-stage 4-8 GHz hybrid LNAs integrated with the InP HEMT with
dsp =1 (blue), 3 (red), 5 (green) and 7 nm (yellow) at the optimum noise
bias of each LNA at 5 K. (b) The T, as function of spacer thickness
extracted at optimum noise bias for the InP HEMT at 5 K.

than Vps = 0.75V, Ip = 18.0 mA for dgp = 1 nm and Vpg
=0.73 V, Ip = 16.8 mA for ds, = 3 nm. The corresponding
optimum noise bias for the InP HEMTs was Vy; = 0475V,
I; = 30 mA/mm for d;p = 1 nm, Vyg = 0475V, Iy =
28 mA/mm for dy, = 3 nm, Vg4 = 0325 V,
I; = 20 mA/mm for dg = 5 nm and Vgs = 0475V,
I; = 15 mA/mm for ds, = 7 nm.

The noise generated in the HEMT was quantified by the
drain noise temperature Ty [16]. The T; was extracted by
comparing the measured gain and noise of the LNA with
simulations [2] based on an equivalent small-signal HEMT
model using the measured S-parameters [17]. The intrinsic
small-signal parameters for the investigated InP HEMTs dis-
played similar values which is reasonable since they had
identical geometries. The 7, of the InP HEMT extracted at
its optimal noise bias are presented in Fig. 4(b). The error
bars in 7, were estimated from the noise simulations through
the frequency band 4-8 GHz. It is observed that Ty shows
a minimum for InP HEMT with 5 nm spacer thickness.
Even though the error bars in Fig. 4(b) are large in absolute
numbers, the relative change in 7, suggests that noise in the
transistor channel depends upon the spacer thickness of the
cryogenic InP HEMT.

IV. DISCUSSION

The high-frequency noise in the InP HEMT is connected to
the degree of carrier fluctuations in the 2DEG channel. This
will lead to a distribution in electrons velocities related to the
noise spectrum of the InP HEMT [18]. The cryogenic InP
HEMT is here well suited to probe the amount of noise since
the intrinsic channel constitutes the dominant noise source in
the full device [2]. Dopants serve as efficient scattering for
electrons at spacer thicknesses below 5 nm as seen in the
reduction of mobility. While the scattering mechanism of the
2DEG can be of several physical origins, impurities scattering
is supposed to be significant at cryogenic temperature [19]
which is consistent with the measured Hall mobility. Normally,
one strives for a high-mobility channel for reducing noise in
the HEMT as guided by well-known semi-empirical noise
expressions such as the Fukui equation [20]. However, the
channel electrons in the investigated InP HEMTs are expected
to move at saturated velocity [21]. The Hall mobility reflects
the average transport of the 2DEG at low electrical field and

—

0.6 0.8 1 1.2 14 0 2 4 6 8
Drain Voltage [V] Spacer thickness [nm]

(@

Fig. 5. (a) The drain current at 5 K for InP HEMT with dsp = 1 (blue
solid), 3 (red dashed), 5 (green solid-circle) and 7 nm (yellow dash-dot),
Vgs = 1.14 V. (b) The overdrive voltage Vpy = Vgs — Vi at optimum
noise gate bias for the INP HEMT versus dsp at 5 K.

thus gives limited information on the expected noise level in
the intrinsic InP HEMT at low temperature.

A recent theoretical study predicts that real-space trans-
fer (RST) in the InP HEMTSs is an important source for
microwave drain noise [23]. RST is the emission of 2DEG
carriers from the channel into the barrier prior to val-
ley transfer [24]. RST noise has earlier been proposed for
GaAs HEMTs [26] and InAlAs/InGaAs/InAlAs/InP quantum
wells [27]. A well-known manifestation of RST in HEMTs
is negative differential resistance (NDR) in the / — V output
curves at elevated gate voltage [25]. This is indeed observed
(Fig. 5(a)) for our InP HEMTs at 5 K for ds, = 1 and 3 nm.
The absence of NDR for ds, = 5 and 7 nm is due to the
higher V;;, of the InP HEMTs. Note that the NDR in Fig. 5(a)
is far beyond the low-noise bias of the InP HEMT. RST may
however also occur at low-bias operation and be detectable
as increased noise in the HEMT [23], [26]. In Reference [23],
it is proposed that the fraction of the electron transfer from the
channel to barrier in a HEMT is determined by the conduction
band offset AE. and gate bias V,;. However, a HEMT at a
gate bias below V;, cannot have any RST. When comparing
different devices, it is the overdrive voltage Voy = Vg5 — Vi
which controls the fraction of transferred electrons. If RST is
responsible for noise in the HEMTs, with A E,. the same for all
the structures, the noise must be minimized for the lowest Voy
at the optimum noise bias. This is confirmed in Fig. 5(b) where
the Voy shows a clear minimum for ds, = 5 nm which is the
InP HEMT with lowest 7, (Fig. 4). We therefore hypothesize
that the channel noise probed by 7, is due to RST in the
intrinsic InP HEMT at low temperature.

V. CONCLUSION

The channel noise estimated by 7, of the cryogenic InP
HEMTSs has been studied using a spacer thickness variation
from 1 to 7 nm in the InAlAs-InGaAs heterostructure. It was
found that the 7y versus ds, exhibited a clear minimum
at 5 nm. The electron mobility was a poor noise indicator.
The correlation between 7y and Voy at the optimum noise
bias with ds, suggests that RST noise can be important in
cryogenic InP HEMTs. The result in this study shows the
significance for epitaxial optimization of the HEMT for use
in LNAs for quantum computing and will help to reduce the
minimum noise temperature in the 4 K readout even further.
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Abstract — 4 - 8 GHz low-noise amplifiers (LNAs) based on
InP high electron mobility transistors (InP HEMTs) with different
spacer thickness in the InAlAs-InGaAs heterostructure were
fabricated and characterized at 5 K. A variation in the lowest
average noise temperature of the LNA was observed with spacer
thickness. We here report that the subthreshold swing (SS) at 5 K
for the HEMT exhibited similar dependence with spacer thickness
as the lowest average noise temperature of the LNA. This suggests
that low-temperature characterization of SS for the HEMT can be
used as a rapid assessment of anticipated noise performance in the
cryogenic HEMT LNA.

Index Terms — Cryogenic, InP HEMT, low-noise amplifier,
noise, subthreshold swing

I. INTRODUCTION

The InP high electron mobility transistor (InP HEMT)
offering the lowest noise temperature for the cryogenic low
noise amplifier (LNA) are highly demanded in applications of
microwave and mm-wave receivers for radio astronomy, space
communication, and, more recently, in quantum computing [1].
Since the noise performance of the HEMT at low temperature
cannot be measured directly on-wafer with high accuracy, the
dc parameter \/Id_s /Ggm 1s often used as a guide for predicting
the optimum noise bias between various devices [2]. The
\/E / gm originates from the Pospieszalski empirical model for
the HEMT and is particularly useful for noise assessment of
cryogenic transistors. Here we report on the subthreshold swing
(SS) of the InP HEMT as an alternative rapid indicator of its rf
noise performance at cryogenic temperature. We have
fabricated cryogenic 4-8 GHz InP HEMTs LNAs with different
spacer thickness in the InAlAs-InGaAs heterostructure. The
measured differences in average noise temperature between the
cryogenic HEMT LNAs were found to correlate well with the
measured SS of the HEMTs at the same temperature.

II. DEVICE TECHNOLOGY

The InP HEMTs were made from epitaxial structures
described in Ref. [3] which is shown in the inset of Fig.1. The
spacer thickness d,, i.e. the distance between the top of the
InGaAs channel and the 6-doped plane in the InAlAs, varied

between 1, 3, 5 and 7 nm. The total thickness of the barrier (the
InAlAs layer above the 5-doped layer) and the spacer layer was
9 nm for all structures.

InP HEMTs using epitaxial layers with different dg, were
fabricated simultaneously employing the device process
described in Ref. [4]. The transistor gate length and gate width
were 100 nm and 4x50 pum, respectively. Fig. 1 shows a cross-
sectional scanning transmission electron microscopy (STEM)
image of the gate region for a finalized InP HEMT (dy, =3 nm).
The STEM image reveals a well-controlled symmetric recess
with 125 nm distance at each side of the 100 nm long T-shaped
gate. Furthermore, the in-diffusion of Pt beneath the gate,
defining the gate-to-channel distance, is clearly observed [4].

III. RESULTS

The dc characteristics of the InP HEMTs were characterized
on-wafer at 5 K. The drain current /; and gate current /; of the
InP HEMTs with different spacer thickness all showed
expected behavior [3]. The drain current versus gate voltage in
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Fig. 1. STEM image of the 100 nm-length gate of the InP HEMT
with dyp = 3 nm. The inset: epitaxial stack of the InP HEMT.



TABLEI
INTRINSIC SMALL-SIGNAL MODELLING PARAMETERS AT THE OPTIMUM NOISE BIAS FOR THE INP HEMTS AT 5 K

dyp (nm) Ces (fF) Cou (fF) Cus (FF) 8us (mS) gmi (mS) R; () R;:(Q)
1 115 44 60 19 210 21 1
3 119 47 56 19 213 22 1.2
5 114 47 56 18 199 21 1.3
7 112 39 52 13 174 22 1.2
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Fig. 2. Drain current versus gate voltage. Vas=0.1 — 0.9 V in steps Fig. 3', The transconductance versus gate voltage. V=02 -
0f0.2 V. Temperature was 5 K. 0.8 Vin steps of 0.2 V. Temperature was 5 K.
log scale is plotted in Fig. 2. The SS at Vg = 0.1 V showed that \ 8
InP HEMTs with dy, = 1 and 3 nm have higher SS of 24 and 20 ‘\‘
mV/dec compared with dy, = 5 and 7 nm with SS of 12 and 13 401 v <
mV/dec, respectively. The latter values of SS are among the 9(' _dS =1 nm 16 o
lowest reported for a field-effect transistor yet still much 30 ‘\‘\‘ _d p=3 am %
beyond the theoretical Boltzmann limit (k37/¢)In10 at these low = \‘\‘\ sp 4 g
temperatures [5]. £ ol % AN —d,,=5nm £
Fig. 3 presents the transconductance of the InP HEMTs with O \\1, dsp=7 nm [
different spacer thickness at Vg = 0.2 — 0.8 V in steps of 0.2 V. "\:\ P 9 3
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The InP HEMT with dg, = 3 nm exhibited the highest peak 101 ‘“gz_';';_"‘:':;f::f_._,_,_,. 2
transconductance at 5 K which is consistent with its higher
current driving capacity at elevated drain and gate [3]. Fig. 3 0 , , , 0
also demonstrates the variation in threshold voltage Vi [3]. The 2 4 6 8 10
intrinsic small-signal parameters for the investigated InP Frequency [GHZz]
HEMTs at the optimum noise bias were extracted and are
presented in Table I. The extraction was based on an equivalent Fig. 4. The measured gain (solid) and noise temperature (dashed) of

small-signal HEMT model using the measured S-parameters
[6]. It is observed that the various InP HEMTs displayed similar
small-signal values which was reasonable since they had
identical geometries.

Four three-stage 4-8 GHz hybrid LNAs were assembled
using the InP HEMTs with different spacer thickness [7]. The
gain and noise of the amplifiers were measured at 5 K [8]. When
biased at Vps= 0.7 V, Ip=15.0 mA, LNAs with dy, = 5 and 7
nm of the InP HEMTs exhibited higher gain and lower noise
than LNAs with dy, = 1 and 3 nm as shown in Fig. 4. To find
the lowest noise for each LNA, we measured the noise with
sweeping drain current and voltage. Fig. 5 depicts the average
noise temperature 7, of the LNAs at different biases. The

three-stage 4-8 GHz hybrid LNAs integrated with the InP HEMT with
dsp=1 (blue), 3 (red), 5 (green) and 7 nm (yellow) at bias of Vps=0.7
V, Ip=15.0 mA. Temperature was 5 K.

lowest Taye of LNA with dy, = 1, 3, 5 and 7 nm were 1.9, 1.7,
1.4 and 1.6 K, respectively. The optimum noise biases for the
LNA were Vps=0.75 V, Ip =18.0 mA for dy, = 1 nm, Vps=0.73
V, Ip=16.8 mA for dy, = 3 nm, Vps=0.51 V, Ip=12.0 mA for d,
=5 and Vps=0.61 V, Ip =9.0 mA for dy, = 7 nm, respectively
[31

In Fig. 6, the HEMT LNA average noise temperature,
\/E /9m , and SS are plotted versus spacer thickness, all
measured at 5 K. The \/E /gm in Fig. 6(b) does not show a
fully consistent relation with the average noise temperature in



ES

Noise temperature [K]
N w

0 10 20 30 40 50
Drain current [mA]
Fig. 5.  The average noise temperature Tayg of LNAs integrated with
the InP HEMT with ds= 1 (blue), 3 (red), 5 (green) and 7 nm (yellow)
versus LNA drain current Ip at drain bias of V4=0.325 V and 0.475 V.
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Fig. 6. (a) The Tuvg (red) of the LNAs extracted at optimum noise
bias. (b) \/ 145/ gm (green) at optimum noise bias of the InP HEMTs.
(c) SS (blue) of the InP HEMTs extracted at Vas=0.1 V. All curves in
(a), (b) and (c) as a function of spacer thickness at 5 K.

Fig. 6(a). In contrast, the SS in Fig. 6(c) demonstrates an
excellent correspondence with the measured noise in the HEMT
LNAs. SS reflects the ability to switch off the transistor. A
lower SS means a higher g,/I; ratio which is important for the
noise properties. At this low temperature, it is expected that SS
is independent of temperature and depends on a band tail energy
parameter and a body-effect coefficient [5]. One explanation of
our data is that the SS in Fig. 6(c) captures the amount of
scattering for the 2DEG carriers as a function of position of the
6-doped plane in the HEMT reflecting the rf noise performance
of the LNA. Hence the SS measurement at low temperature
might be able to serve as an efficient tool to identify the best
InP HEMT for the cryogenic LNA.

IV. CONCLUSION

The Ty of the cryogenic LNAs has been studied using InP
HEMTSs with a spacer thickness variation from 1 to 7 nm in the
InAlAs-InGaAs heterostructure. It was found that the LNA
with 5 nm spacer InP HEMT exhibited a clear minimum in

noise with T, = 1.4 K. The similarity between the dependance
of Tuye (at optimum noise bias) and SS (at low drain voltage)
with dy, suggests that SS serves as an indicator for the expected
rf noise variation in the cryogenic HEMT LNA.
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