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Abstract— We present on-wafer measurements of microwave
noise temperature and S-parameters of InP pseudomorphic high
electron mobility transistors (pHEMTSs) over various drain-source
voltages (Vps) and physical temperatures (7,,). From these
data, we extract the small signal model (SSM) and drain noise
temperature 7y at each Vps and T},,. We find that T, follows
a non-linear trend with both Vps and 7},. The observed trends
are consistent with a recent drain noise model [1], [2], where
Tq originates from the sum of a thermal noise, attributed to
physical temperature of electrons (7%;) in the channel; and
real-space transfer (RST) noise, attributed to thermionic emission
of electrons from the channel to the barrier. Using this model,
we find that at the bias that minimizes the noise temperature,
RST accounts for ~ 50% of 7, at 300 K and ~ 30 % at 40 K.
Possible improvements in noise performance in pHEMTs if RST
were suppressed are discussed.

Keywords — Cryogenics, drain noise, InP HEMTs, Low noise
amplifiers, real-space transfer

I. INTRODUCTION

High electron mobility transistors based on InP are widely
used in low noise amplifiers operating in the microwave
and millimeter-wave frequencies [3], [4], [5], [6], [7], [8].
Despite their widespread adoption and record microwave
noise performance [5], [9], the physical mechanism of the
dominating noise source, drain noise, is still a topic of
investigation [10], [2], [11]. Prior explanations for drain noise
include the suppressed shot noise theory [10], [12]. The theory
makes predictions such as a temperature-independent output
noise power, but other works have found the predictions to
be inconsistent with experimental observations [11], [1], [13].
Recently, a physical model of drain noise was proposed [1]
in which drain noise was attributed to a thermal component
associated to the physical temperature of electrons (7%;) in the
channel and a component due to RST of electrons from the
channel to the barrier (I'rs7) [2]. This model was able to
account for the observed dependence of Ty on Vpg and Tjp,
for GaAs mHEMTs. [1]

In this paper, we extend the characterization of Ty reported
previously for GaAs mHEMTs [13] to InP pHEMTs. We
present the on-wafer characterization of the microwave noise
(T50) at a generator impedance of 50 Q and S-parameters of
InP pHEMTS over a range of Vpg and T},. From the data, we
develop SSM and noise models that yield 7}; at each Vpg and
T),1,. We find that Tj; exhibits a nonlinear dependence on Vpg
and T}, with the trends being consistent with those reported
for GaAs mHEMTs [1]. Using the model, we find that, at the
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Fig. 1. S—parameters measurements of InP pHEMTSs from 1—18 GHz for
Vps in the range 0.2-0.8 V, at T}, = 40 K (a) and T}, = 300 K (b). Vs
was kept constant at 12.9 mV (a) and -10 mV (b).

bias which minimizes 75y, RST accounts for ~ 30 % of T} at
Tpn = 40 K and ~ 50 % at T},;, = 300 K. The model indicates
that a suppression of RST noise, for example by improving the
electron confinement in the quantum well, could lead to the
reduction of minimum noise temperature (7;,,;,,) by ~ 25%
and ~ 15% at 300 K and 40 K, respectively.

II. DEVICE CHARACTERIZATION AND MODELLING

The S-parameters and the microwave noise of InP
pHEMTs (Diramics, pH-100, 4F50, gate length L, = 100
nm) were measured using a cryogenic probe station (CPS)
similar to [13]. A hybrid SSM extraction was used. First,
the parasitics were determined from open and short structure
characterization [14]. The parasitic gate resistances ([24)
provided by the manufacturer at 15 K and 300 K were
used, as it was not possible to extract the values from
the open/short structures. The R, at intermediate T),;, were
determined by linear interpolation of the provided values. After
de-embedding the parasitics, the intrinsic parameters were
determined through direct extraction and then optimization
in Keysight ADS following [13], [15], [14], [16]. Once
the SSM was established, 7; was determined by fitting the
measured and modeled T5q [17], [18], [13]. The modelled
noise parameters were extracted automatically with Keysight
ADS from the SSM and noise models.
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III. EXPERIMENTAL RESULTS

The S—parameters of discrete InP pHEMTs were
measured on-wafer over a range of Vpg from 0.1 — 0.8 V
and constant Vgg of 12.9 mV and -10 mV at 40 K and 300
K, respectively. The Vs were selected so that at Vpg = 0.8
V, the difference between Vg and threshold voltage (V;;,) was
94 mV, following the study for the GaAs mHEMTs [1]. Fig. 1
shows the measured S—parameter at 40 K (Fig. 1a) and 300 K
(Fig. 1b). At a given T}y, So1 and Sa» exhibit a clear variation
with Vpg while S1; and S12 show a smaller but observable
dependence.

Figs. 2a and 2b show the small signal transconductance
(gm) and drain conductance (g45) versus Vpg at 40 K and 300
K, respectively. g,, increases with Vpg at both T}, however,
at 40 K and Vpg = 0.5 V, a maximum of ~ 1200 mS-mm’!
is achieved. At higher Vpg, a decrease of ~ 200 mS-mm is
observed. gqs decreases with increasing Vpg at each T}, but
plateaus for Vps 2 0.4 V and Ty, = 300 K. In Fig. 2¢, gm,
and gg, are plotted versus T}, at constant Vpg = 0.6 V and
Ips = 10 mA. Both quantities are observed to decrease with
increasing T},,. Similar values and trends of g, and gqs with
Vbs and T}, have been observed previously in [11].

Figs. 3a and 3b show T5g versus Vpg at 40 K and 300 K,
respectively. The Vg at each temperature were kept constant
at the same values as for the S—parameter measurements.
Similar trends of T5q with Vpg are observed at both T,
and the minimum value of 75 is reached at ~ 0.7 V. The
measured 75 is determined by both the device minimum noise
temperature and the mismatch (Mj,,) between the optimum
noise impedance (Z,) and 50 2. Understanding the observed
T trends requires accounting for the Mg, or alternatively
studying 7.,;, which is independent of Mj,. T).;, was
determined using Keysight ADS once the SSM and noise
models were established, and the result is plotted in Figs. 3a
and 3b. T},;, follows similar but less pronounced trends with
Vps as the measured T57. The modelled M, is found to
exhibit a weak dependence on Vpg for Vpgs < 0.8 V and
T, = 300 K and therefore cannot account fully for the trends
of T5o with Vpg. The increase of T},,;, and T5q for Vpg < 0.4
V is explained by low g, and high g4s at low bias, while the
increase for Vpgs > 0.6 V is attributed to an increase in Ty
with Vpg as discussed below. At T}, =40 K and Vpg > 0.7
V, the rise in T3 is attributed to M,,.

In Fig. 3c, the T5¢ and modeled 7,,,;,, are plotted at 6 GHz
versus 1,5, and Vpg = 0.6 V, Iz = 10 mA. At this bias, both
T50 and T}y, exhibit weak dependence on Ty, for Ty, < 100
K, while at higher T},;, they increase linearly. Similar trends of
Tso have been observed previously for GaAs mHEMTs [13]
and InP pHEMTs [19].

Figs. 4a and 4b show the extracted Ty versus Vpg at Ty,
of 40 K and 300 K, respectively. The Ty were extracted by
fitting the modeled and measured 75, and therefore account
for My, . Reference [1] modelled drain noise as the sum of a
thermal and RST component:

Tqg =T+ Trsr(Ter) (nH

17

1250 PO S 250
~~ A ~_~
— 1000 A :_9 1200
g X =
g 7501 a r150 g
wnn X wnn
£ 500 x 1 100 £

X 0
& 250 € lso 3§
40 K
0 ‘ ‘ ‘ — 0
0.0 0.2 0.4 0.6 0.8
Drain-Source Voltage (V)
(a)
1250 250
o
-—IT\IOOO* L A A 1200
A
§ 7501 x 150 §
%) A 2
E 5001 * 100 §
X X ")
& 250 e I P
300 K
0 ‘ ‘ ‘ -
0.0 0.2 0.4 0.6 0.8 0
Drain-Source Voltage (V)
(b)

1250 rOm— 250
410001 s 12005
| A 9 |E
E 7501 < 4150 g
75} 7]
g 5001 x 9« 100 g
T 1 & L
en 250 - 50 &

0 ‘ ‘ ; : ; -0
0 50 100 150 200 250 300

Physical Temperature (K)
(c)

Fig. 2. Small signal gy, (y-left axis) and gg4s (y-right axis) versus Vpg at
Tpn of 40 K (a) and 300 K (b). gm and gqs versus Ty, is shown in (c) at
VDS =0.6 V and IDS =10 mA.

where Trsr(Te) o< exp[—(AE. —q(Vas — Vin))/kpTel,
with AE, the conduction band offset, ¢ the electric charge
and kg the Boltzmann constant. Given the extracted T}, the
solution of (1) at each Vpg yields T;. We perform this
calculation to determine 7T,.; and Tgrsr at each Vpg and
T),p; the results are shown in Figs. 4a and 4b. T, rises with
increasing Vpg; however, the rate of increase is reduced once
Te; reaches ~ 750 K. Similar trends of thermal noise in the
channel with Vpg have been observed in [20]. The Trgr
is small but a contributing part of Ty for Vpg < 04V,
while the rapid increase of Trgr at higher voltages indicates
that RST becomes significant noise mechanism accounting
for ~ 40 % and ~ 70% of T; at Vps = 0.8 V and 40 K
and 300 K, respectively. The gate leakage currents remained
below -0.5 pA/mm at all Vps < 0.8 V and therefore shot
noise was not contributing factor in 7y. Additionally, Sso
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Fig. 3. Measured T5q (circles) and modeled T3,y (triangles) at 6 GHz,
versus Vpg at Ty, of 40 K (a) and 300 K (b) and constant Vg g of 12.9 mV
and -10 mV, respectively, and versus T}, (c) at constant Vps = 0.6 V and
Ips = 10 mA.

remained capacitive [21] for all Vpg < 0.8 V while the output
conductance did not show any hump for Vpg < 0.8 V [22],
suggesting that impact ionization effects could be neglected.
Fig. 4c shows the drain noise current power spectrum density
(iqn) as a function of T at constant Vpg = 0.6 V and
Ips = 10 mA. A rise of ig, with T}, is consistent with
previous reports [11], [1]. At Vps = 0.6 V and Ips = 10
mA, the M, does not vary with T, and therefore the rise
of Ty and T),;, with increasing T}, is driven by igy,.

IV. DISCUSSION

We have found that the 759 of InP pHEMTSs varies
non-linearly with Vpg and T}, and that these trends cannot
be explained by variations in mismatch with these parameters.
Instead, the observations can be explained by an output drain
noise power that varies with Vpg and T};,. These dependencies
are inconsistent with the predictions of the suppressed shot
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Fig. 4. Extracted T,y and T¢; versus Vpg at Ty, of 40 K (a) and 300 K (b).
T,; is derived from the extracted T based on [1, (1)]. The drain noise current
spectral power versus T, is shown in (c) at Vps = 0.6 V, Ips = 10 mA.

noise theory but can be accounted for by the findings of [1]
in which T,; was attributed to thermal and RST contributions.

In that work, the study of 7; in GaAs mHEMTs indicated
that RST was negligible at T, < 100 K, while it accounted
for over 50% of T} at T}, of 300 K. The observed trends of
Ty with Vpg in the present work are in qualitative agreement
with [1]. However, there are notable differences: the 7T, of
InP pHEMTs (Figs. 4a, 4b) rise with increasing Vpg and
plateau for Vpg between ~ 0.4 V and ~ 0.6 V, followed
by rapid increase at higher Vpg. In comparison the T} for
GaAs mHEMTs[1] rise gradually with Vpg. Additionally, at
Tpn, = 300 K and Vpg < 0.8 V, T, takes smaller values for
InP pHEMTsS, varying from ~ 500— ~ 3000 K, compared
to ~ 700— ~ 3500 K for GaAs mHEMTs. The lack of
available data regarding the channel and barrier composition
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of the devices complicates the interpretation and comparison
of the results in terms of the RST process at present.

Finally, we discuss possible improvements to T},,;, which
could be achieved if RST noise were suppressed. Replacing
T, with T,; in our noise model indicates that 7;,;, would
improve by ~ 15% at 40 K and ~ 25% at 300 K and Vpg =
0.6 V. Our study sets the stage for future work in which the
effect of quantum confinement on drain noise is systematically
explored.

V. CONCLUSION

We have investigated the on-wafer microwave noise T5q
and S—parameters of InP pHEMTSs over a range of Vpg and
T, From these data, we have extracted T at each Vpg and
Tpn, allowing for the noise mismatch at the various conditions
to be accounted for using the noise model. We observed that
T,; exhibited nonlinear trends with Vpg and T},;, which agree
qualitatively with reported trends of T; for GaAs mHEMTs
[1]. The results support a recently proposed model of drain
noise where Ty originates from the sum of thermal and RST
noise. We modeled the effect of the suppression of the RST
component of Ty on T,,;, and found that an improvement
of ~ 25% in T,,;, at room temperature can be expected if
RST noise were suppressed, e.g. by improved quantum well
confinement.
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