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Investigation of noise properties in
the InP HEMT for LNAs in qubit amplification:
Effects from channel indium content

Junjie Li, Graduate Student Member, IEEE, Johan Bergsten,
Arsalan Pourkabirian, Member, IEEE, Jan Grahn, Senior Member, IEEE

Abstract—The InP high-electron-mobility transistor (HEMT)
is employed in cryogenic low-noise amplifiers (LNAs) for the
readout of faint microwave signals in quantum computing. The
performance of such LNAs is ultimately limited by the properties
of the active InyGa;_xAs channel in the InP HEMT. In this
study, we have investigated the noise performance of 100-nm gate-
length InP HEMTSs used in cryogenic LNAs for amplification of
qubits. The channel indium content in the InP HEMTs was 53,
60 and 70%. Hall measurements of the epitaxial materials and
dc characterization of the InP HEMTs confirmed the superior
transport properties of the channel structures. An indirect
method involving an LNA and small-signal noise modeling was
used for extracting the channel noise with high accuracy. Under
noise-optimized bias, we observed that the 60% indium channel
InP HEMT exhibited the lowest drain noise temperature. The
difference in LNA noise temperature among InP HEMTs became
more pronounced with decreasing drain voltage and current. An
average noise temperature and average gain of 3.3 K and 21
dB, respectively, for a 4-8 GHz three-stage hybrid cryogenic
LNA using 60% indium channel InP HEMTs was measured
at a dc power consumption of 108 yW. To the best of the
authors’ knowledge, this is a new state-of-the-art for a C-band
LNA operating below 1 mW. The higher drain noise temperature
observed for 53 and 70% indium channels InP HEMTSs can be
attributed to a combination of thermal noise in the channel
and real-space transfer of electrons from the channel to the
barrier. This report gives experimental evidence of an optimum
channel indium content in the InP HEMT used in LNAs for qubit
amplification.

Index Terms—Drain noise temperature, InP high-electron-
mobility transistor (HEMT), indium channel, low-noise amplifier
(LNA), qubit amplification.

I. INTRODUCTION

The cryogenic InP high-electron-mobility transistor
(HEMT) low-noise amplifiers (LNAs) are today used in
amplification of qubits at 4 K in the 4-8 GHz band [1],
[2]. Since the power of the qubit is extremely small, the
signal-to-noise ratio of the LNA must be highest possible. In
the InP HEMT, the In,Ga;_,As channel plays a decisive
role in the final noise properties of the HEMT LNAs [3],
[4]. The well-known Fukui equation stipulates that the higher
transconductance g, for the HEMT, the lower the noise
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figure [5]. Since g, is directly related to the velocity of the
charge carriers [6], the obvious material parameter to increase
for lower noise is the mobility of the channel electrons in the
HEMT. The electron mobility in the two-dimensional electron
gas (2DEG) of In,Gaj;_xAs channel is well-known to
increase with its indium content [7]. However, several recent
reports have shown that increasing electron mobility by higher
channel indium content in the InP HEMT does not necessarily
guarantee noise reduction. For example, [8] showed that an
InP HEMT with a higher indium channel (5 nm InAs inset)
exhibited higher noise than 2 nm InAs inset channel at room
temperature. Additionally, [3] reported that an LNA with
x = 80% channel InP HEMT experienced nearly twice the
amount of noise compared to x = 65% at 4 K, despite similar
noise level for the LNAs at room temperature [3]. A study
by Heinz et al. [4] indicated that a single In,Gaj;_xAs
channel with x = 80% in cryogenic metamorphic HEMT
LNAs achieved the lowest noise among studied channel
structures within the 8-18 GHz frequency range. The same
study revealed that a composite Ing §Gag 2 As/Ing 53Gag 47 As
channel displayed a larger noise reduction upon cooling than
a Ing g5Gag.35As/Ing 53Gag 47 As channel, resulting in nearly
identical noise temperatures for both structures within the
same frequency range at 10 K. To conclude, recent reports of
InP HEMTs with various channel indium content suggest a
non-trivial dependence with respect to final noise properties
of the HEMT and LNA. This calls for careful calibration
of the parameter z, ¢.e. the channel indium content, for the
lowest noise in the InP HEMT LNA.

In this paper, we report the first investigation of noise
properties at 5 K for the 100-nm gate-length InP HEMTs
where channel indium content was varied with x = 53, 60 and
70%. It was found that x = 60% was the optimum channel
indium content. A physical explanation for the optimum is
discussed involving thermal noise and real-space transfer of
electrons in the 2DEG of the InP HEMT. Since the transistor
noise was extracted in the 4-8 GHz range at 5 K, the results
here are of direct relevance for the choice of the InP HEMT
in cryogenic LNAs used for the processing of qubits.

II. HEMT CHANNEL DESIGN

Three different indium levels x = 53, 60 and 70% in the ac-
tive In,Gaj_,As channel of the InP HEMT were investigated
in this study [9]. To compensate for the different amount of
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Ing 53Gag 4,As Cap 20 nm

Ing 5,Al 45As Barrier 4 nm

G-Joplng plane
Ing 5,Al, 45As Spacer 5 nm

In,Ga, ,As Channel

Ing 5,Aly 45As Buffer 500 nm

Fig. 1. Schematic of InP HEMT epitaxial layers with channel indium content
x = 53%, 60% and 70%.
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Fig. 2. The p versus temperature from 5 K to 300 K for 53% (light green
solid), 60% (dark green dashed) and 70% (blue dash-dot) indium channel
without cap layers.

strain in the channel, the thickness was 15, 20 and 10 nm for x
= 53, 60 and 70%, respectively. While 53% corresponded to a
lattice-matched HEMT, 60% and 70% meant strained channels
still below their critical thickness. Simulations showed that
the 2DEG was confined to the InAlAs-InGaAs interface [10].
Since the transistor was operated at a low drain current for low
noise operation, the difference in channel thickness should not
affect the device noise results for the InP HEMTs investigated
here. Apart from the channel, the epitaxial structures for the
three InP HEMTs were identical. See Fig. 1 for details of the
epitaxial layers used for InP HEMT fabrication [11].

The electron sheet carrier concentration ngy, for all channels
was 2.5 x 102 cm™2 with less than 10% variation, as
determined by Hall measurements. While the ny; remained
constant with temperature, the Hall electron mobility p in the
channel increased with reduced temperature and higher chan-
nel indium content, as shown in Fig. 2. The increase in p with
indium concentration was higher at lower temperatures. Below
50 K, the increase in mobility flattened out. Around 5 K, the
w1 ended up at 28,000, 48,000 and 89,000 em? /V's for 53, 60
and 70% indium channel, respectively. Such mobility numbers
confirm the high quality of the active channel materials used
for the InP HEMTs [3], [12].

III. RESULTS

InP HEMTs with a gate length of 100 nm and a gate width
of 4x50 pum were fabricated using the method detailed in Refs.
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Fig. 3. The I4-V,s characteristics of the 100 nm gate length InP HEMT using
4 x 50 pm gate-width layout with channel indium content of 53% (light green
solid), 60% (dark green dashed) and 70% (blue dash-dot) at 5 K. The open
rectangle around V;5=0.5 V highlights the low-noise bias region used for the
HEMTs. For X53, Vys=0.20, 0.21 and 0.22 V. For X60 and X70, V,s=0.24,
0.25 and 0.26 V.
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Fig. 4. The I4-Vys and transconductance of the 100 nm gate length InP
HEMT using 4 x 50 pum gate-width layout with channel indium of 53%
(light green solid), 60% (dark green dashed) and 70% (blue dash-dot) at 5 K.
V4s=0.4, 0.5 and 0.55 V.

[13] and [14]. Fig. 3 displays the output dc characteristics at 5
K for the InP HEMTs with 53% (X53), 60% (X60) and 70%
(X70) channel indium content. The lowest-noise bias region
for the InP HEMTs, illustrated with an open rectangle in Fig.
3, corresponded to a drain current I; ~ 15 mA/mm and a drain
voltage V5 ~ 0.5 V [14]. To achieve the same I, for different
devices, the gate voltage Vs must be varied. Fig. 4 illustrates
the Iy and g,, as a function of Vy, at 5 K. It is observed
that the threshold voltage V;p is 0.10 V, 0.16 V and 0.14 V
for X53, X60 and X70, respectively. It is worth noting that
the g,, curve for X70 is the highest and narrowest among the
three InP HEMTs. This indicates that X70 has the highest gain
and cutoff frequency [6], [8]. Compared with X53 and X60,
the X70 reveals the steepest increase in g, versus Vg, which
results in the smallest value of \/T4s/g,, at the optimum low-
noise bias (with 0.20, 0.21 and 0.16 /V - mm/S for X53,
X60 and X70, respectively). According to [15], this signifies
that X70 will have the lowest noise among the three devices in
Fig. 4. As will be shown below, this conclusion is not correct.

A valid noise comparison between InP HEMTs at cryogenic
temperature depends on high accuracy in the noise measure-
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ment. We selected an indirect method using a hybrid 4-8 GHz
three-stage LNA mounted with discrete InP HEMTs [16], [17].
This procedure yields more than 10 times higher accuracy
in HEMT noise estimation than an on-wafer measurement
involving device probing in a cryostat [18], [19]. The noise
of the InP HEMT was measured in the LNA by the Y-factor
method using a cold attenuator at 5 K [16], [17]. Provided the
LNA gain was higher than 40 dB, the absolute measurement
uncertainty for the LNA average noise temperature Ty g4
was determined to be less than 0.3 K [18]. The measurement
repeatability was estimated to be better than 0.05 K.

Fig. 5 displays the gain and noise temperature 7T of the
three LNAs at 5 K equipped with InP HEMTs X53, X60 and
X70. All LNAs were noise-optimized at an LNA drain voltage
Vps = 0.7 V and drain current Ip = 11 mA. The LNA with
X70 exhibited the highest gain of 45 dB whereas the LNAs
with X53 and X60 showed 41 dB gain. Such high values
meant high precision in the noise measurements. The Ty .4
measured 1.4 K (noise figure (NF) = 0.021 dB) for the LNA
with X53 and 1.2 K (NF = 0.018 dB) for both X60 and X70
LNAs. Despite its higher gain, the LNA with X70 did not end
up in reduced T, 40y compared to the LNA with X60. This
indicates that the X70 InP HEMTs have higher noise power
than X60.

The noise measurement procedure described in [16] made it
possible to extract the noise temperature of the first-stage InP
HEMT in the LNA. In Fig. 6, it is observed that the first-stage
noise temperature of X70 is slightly higher than X60 (0.02 K).
Such small differences in noise between the InP HEMTs can
be studied by plotting the Ty 4,4 and average gain G 4,4 versus
the LNA DC power Ppc = Vpgs X Ip; See Fig. 7. To ensure
TN ,qvg remained at its minimum number for all Ppc, the Vi,
bias was kept nearly constant with values of 0.2 V, 0.25 V,
and 0.25 V for X53, X60, and X70, respectively. In Fig. 7a,
the Ty qvg of X60 is lower than X70 for reduced Ppc values
thus confirming the observation in noise temperature for the
first stage in Fig. 6. Furthermore, this coincides with a reduced
gain difference between X60 and X70 at Ppc lower than 1
mW (Fig. 7b). The LNA with X53 showed lower gain and
higher noise compared to the LNAs with X60 and X70 in
Fig. 7. In comparison to the 4-8 GHz LNA result at 300 W
reported in [20], the best T 404 in Fig. 7a was 0.9 K lower
with the same G,y = 23 dB. The LNA equipped with X60
demonstrated a Ty q0g = 3.3 K (NF = 0.049 dB) and G4ug =
21 dB at a Ppc of 108 pW. To our knowledge, this is a new
state-of-the-art noise and gain for a C-band LNA operating
below 1 mW.

The drain noise temperature 7y of the InP HEMT is an
empirical model parameter derived from the LNA noise mea-
surement in Fig. 5 [21], [22]. The model requires extraction of
the intrinsic parameters in the InP HEMT. This is achieved by
a small-signal model (SSM) approach based on S-parameter
data for the InP HEMT recorded on-wafer in a probe station
[21], [23]. The SSM data was taken at the same temperature
(5 K) as used for the LNA measurement in Fig. 5. In the SSM,
the gate current I, was treated as a frequency-independent shot
noise source. The gate noise temperature T, was set to 10 K,
considering the self-heating effect in the HEMT [24]. The T}
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Fig. 5. The measured gain (solid) and noise temperature (dashed) of three-
stage 4-8 GHz hybrid LNAs integrated with the 100 nm InP HEMT with
channel indium content of 53% (light green), 60% (dark green) and 70%
(blue) at an ambient temperature of 5 K. The optimum noise bias for all
LNAs was Vpg =0.7 V and Ip= 11 mA.
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Fig. 6. The first-stage noise temperature extracted from the three-stage
InP HEMT LNAs as a function of channel indium content at an ambient
temperature of 5 K.

can be determined by fitting the measured and simulated 7.
Fig. 8 depicts the extracted Ty at the lowest noise bias for the
InP HEMT together with the i versus channel indium content
at 5 K. Even though the extraction of T; normally is associated
with an inaccuracy of up to £ 100 K, Fig. 8 shows a minimum
in Tz versus channel indium content. In contrast, © showed an
almost linear increase. Compared to X60, the X70 was 20%
higher in T, at the optimum noise bias. We conclude that
for lowest Ty, there seems to be an optimum channel indium
content not corresponding to its highest electron mobility.

With knowledge of the three-stage amplifier circuit, the Vg,
and I; of the InP HEMT can be calculated from the Vpg and
Ip (determining Ppc) of the LNA. In Fig. 9, Ty is plotted
versus Vs for InP HEMTs X53, X60 and X70. As expected,
an increase in Ty with Vj, is observed for all devices [25].
The X60 shows a lower Ty than X53 and X70 over the whole
bias range in Vj,. Additionally, the drain noise of the 70%
indium channel is similar to that of the 53% channel at high
Vas. At lowest Vg, the X70 becomes even higher in 7 than
the X53.
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Fig. 7. (a) The average noise temperature and (b) the average gain as a function of dc power dissipation Ppc for InP HEMT LNAs with 53% (light green
solid), 60% (dark green dashed) and 70% (blue dash-dot) indium channel at 5 K.
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Fig. 8. The drain noise temperature Tj; (dark green line to the left axis)
extracted at optimum noise bias of Vpg = 0.7 V and Ip = 11 mA and Hall
electron mobility p (light green line to the right axis) of the InP HEMT as a
function of channel indium content at 5 K.
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Fig. 9. Ty as a function of V5 for InP HEMT with 53% (light green solid),
60% (dark green dashed) and 70% (blue dash-dot) indium channel at 5 K.

IV. DISCUSSION

To analyze the various noise contributions in the LNA,
we used a circuit simulator based upon an established small-
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signal noise model for the HEMT [22]. The simulations were
carried out for InP HEMTs with different channel indium
content. To evaluate the individual contribution from each
noise source, all noise sources but for the studied one were
set to zero. Fig. 10 illustrates the relative contribution for
each noise source at optimum noise bias in the HEMT LNA
at 6 GHz. All simulations were performed at 5 K. The
bar chart in Fig. 10 reveals that several circuit elements
including matching network, gate resistance 7, and intrinsic
gate-source resistance R;, marginally contribute to the total
cryogenic LNA noise. As expected, the high indium content
X70 generates a relatively high shot noise contribution in
the LNA due to a higher I, [26]. However, I, contribution
to the total noise is not dominant. Conversely, the intrinsic
channel output conductance gq4s; stands out as the primary
factor for the total LNA noise temperature which highlights
the importance of channel noise in the InP HEMT. As a result,
Ty, i.e. the equivalent noise temperature for ggs [22], is the
most representative parameter for the noise level of the InP
HEMT used in cryogenic LNAs at microwave frequencies.

The higher T; for 70% indium channel HEMT than 60%
seen in Fig. 8 cannot be ascribed to impact ionization. While
richer indium channels normally experience stronger impact
ionization, its occurrence is highly unlikely in the low-noise
bias region [3], [27]. Moreover, impact ionization is typically
accompanied by a significant increase in gate current [26]. In
this study, the I, remained below 0.1 pA at all biases. The
extraction of Ty already accounted for the I, by modeling it
as shot noise; The 6% difference in shot noise between X70
and X60 does not explain the 20% difference observed in Tj.

The T, is associated with the level of channel carrier
fluctuations. The noise in the HEMT channel is normally
attributed to thermal noise and excess noise [28]. It has been
reported that the real-space transfer (RST) noise constitutes a
dominant contribution to the excess noise for the cryogenic InP
HEMT at high bias [11], [28], [29]. In contrast, the thermal
noise is present across the entire electrical field range. The
thermal noise in the channel is proportional to kg7 g450 Where
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Fig. 11. The output conductance extrapolated at zero Vg versus channel
indium content at the Vs used for noise extraction.

kp is the Boltzmann constant, 7" is the lattice temperature and
gdso is the output conductance at zero drain bias [30]. In Fig.
11, g4s0, extrapolated from data in Fig. 3, is plotted for X53,
X60 and X70 InP HEMTs. We note that g450 displays an
agreement with the 7T; behavior for different channel indium
content at low Vy, in Fig. 9.

The RST noise in the InP HEMT depends on the conduc-
tion band offset AFE,. between channel and barrier, and the
overdrive voltage V,, = Vy; — V4, of the transistor [11], [29].
The AE,. experiences a rapid increase of 0.12 eV from X53
to X60 as illustrated in the right y-axis of Fig. 12. At the
same time, V,, exhibits a minimum for X60, see left y-axis
in Fig. 12. The AFE, and V,, predicts a higher RST noise
contribution for X53 than for X60 and X70 at high V,; See
the steeper increase with Vs for X53 in Fig. 9. At low Vg, the
thermal noise starts to dominate and the 7,; of X53 becomes
even lower than for X70. At all biases, X60 has the lowest
total channel noise.

V. CONCLUSION

We have characterized the noise for cryogenic InP HEMTSs
where the channel noise dominates the total noise behavior.
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Fig. 12. The overdrive voltage at the optimum noise gate bias and the
conduction band offset as a function of the channel indium content.

InP HEMTs with channel indium content from 53 to 70%
were investigated. The corresponding 4-8 GHz cryogenic InP
HEMT LNAs exhibited similar noise at high Pp¢. For reduced
Ppc, the LNA with X60 demonstrated lower noise than X53
and X70. The higher Ty of X53 and X70 was explained
by a noise model for the channel in the HEMT taking the
thermal and RST noise contributions into account. The results
showed that the 60% indium channel is the best choice for
the InP HEMT in low-noise and low-power cryogenic LNAs
at microwave frequencies. An average noise temperature of 3.3
K was measured for a 4-8 GHz cryogenic LNA at 108 pW
dc power. The results in this study are of significance for the
selection of InP HEMTs in LNAs used in qubit amplification.
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