Dynamics of the Kink Effect in InAlAs/InGaAs HEMTs

TuP22

A. N. Ernst, M. H. Somerville, and J. A. del Alamo

Massachusetts Institute of Technology, Cambridge, MA 02139

Abstract

We have carried out pulsed measurements of the kink effect in InAlAs/InGaAs on InP HEMTs with nanosecond
resolution. Our measurements show that the kink turns on first the higher Vpgs is. The rate at which the kink
builds-up is seen to increase with both Vps and Vg s. In general, the kink’s characteristic time constant strongly
depends on Vpg and Vigs. Values between 50 ns and 100 us have been measured in a single device. These data
should be instrumental in formulating a hypothesis for the physical origin of the kink.

I. Introduction

InAlAs/InGaAs high electron mobility transistors
(HEMTs) show significant promise for low-noise
and high-power millimeter-wave applications. A
significant anomaly in their behavior is the kink-
effect, a sudden rise in drain current at a certain
drain-to-source voltage that results in high drain
conductance and g, compression, leading to re-
duced voltage gain and poor linearity. The phys-
ical origin of the kink is an issue of considerable
contention at this time. Conventional wisdom has
attributed the kink effect to traps or their interac-
tion with high-fields or impact ionization (II) [1]-
[3]. Recently, simulations [4] as well as light emis-
sion, channel-engineering and body contact exper-
iments [5]-[7] have suggested a link between im-
pact ionization and the kink. Indeed, measurements
showing direct correlation between II and the kink
have been presented [8]. Several models involving
IT have been proposed including pure II [9], an SOI-
like mechanism [7], hole trap charging {10}, and con-
ductivity modulation of the source [11]-[12].

A new perspective on this problem can be ob-
tained by studying the dynamics of the kink under
pulsed operation. Besides providing insight about
the origin of the kink, pulsed characterization has
been proven to be a good predictor of large-signal
high-frequency performance [13]. In this work we
have carried out the first experimental time-domain
study of the kink effect in InAlAs/InGaAs on InP
HEMTs with nanosecond resolution.

I1. Experimental

We have designed a pulsed I-V setup able to mea-
sure drain response transients with nanosecond res-
olution. The setup is illustrated in fig. 1 and works
as follows: the drain is biased via a DC power sup-
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Figure 1: Pulsed I-V setup used in this work.

ply (Vpp) and a load resistance, Ry, (R;, = 50 ).
The current drawn by the transistor is evaluated
by measuring the voltage at the drain through the
R /Ry voltage divider, which is required to protect
the T&H due to its limited maximum input voltage.
The gate is pulsed from threshold to the desired
gate-to-source voltage, Vgg, by a dual pulsed gen-
erator (PG). The 10 dB attenuator is used to min-
imize reflections due to impedance mismatch be-
tween the 50 {2 environment presented by the cables
and the gate. After a programmable delay (Ty) from
the gate pulse, a second pulse is sent to a track-and-
hold amplifier (T&H). When triggered, the T&H
holds constant the voltage read at node Vi at the
instant of the trigger. This allows a voltmeter to
read Vv when triggered by the PG. The relative
delays between the pulses sent from the PG to the
gate, T&H, and voltmeter are independently pro-
grammable and have nanosecond resolution. Once
Vn(Tq) is known, Vps(Ty) and Ip(Ty) are easily
calculated. The whole schematic is implemented
in a specially designed high-speed board to mini-
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Figure 2: Schematic cross-section of InAlAs/ In-
GaAs single-heterostructure HEMT wused in this
work.
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Figure 3: Pulsed I-V set-up validation: pulsed I'V
curves for Ty ~ 500 ps (crossed-lines) are compared
with DC HP-4145B I-V curves (full lines). Good
agreement is observed.

mize wire inductance, crosstalk, and ground bounc-
ing. Measurements are carried out “on-wafer” using
coplanar microwave probes. All components have a
bandwidth of at least 4 GHz. All measurements
have been carried out at room temperature.

In order to trace the whole Ip — Vpg plane, for
given Vgs and Ty, Vpp is swept in incremental steps
from 0V to Vpp maz, where Vop maz is kept below
the off-state breakdown voltage. This procedure is
then repeated for several values of Vigs. For each
Vbp — Ves pair, Ty samples between 5 ns 500 us
are acquired.

As a vehicle for this study we used a lattice-
matched, MBE-grown, InAlAs/InGaAs HEMT
schematically illustrated in fig. 2. The layer struc-
ture consists of a 2550 A InGaAs buffer, a 200 A
InGaAs channel, a 300 A pseudo-insulator, and a 70
A InGaAs cap. A delta-doped electron supply layer
located 30 A above the channel yields a sheet carrier
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Figure 4: Pulsed I-V curves for varying delay times,
T4. No kink is seen below Ty = 10 ns. For a given
Vas, the larger Vps, the earlier the kink turns on
and the faster it saturates.

concentration of 3.6 x 10'% cm™2. Fabrication con-
sists of device isolation via a mesa etch with sidewall
recess, a PECVD SigNy layer for liftoff assistance,
Au/Ge ohmic contacts, a selective gate recess, and
Pt/Ti/Au gates and interconnects [8, 12]. Devices
with gate lengths 1.2 pm and 2 pm were character-
ized. The devices exhibit Ip mae = 700 mA/mm,
9m,peak — 540 mS/mrn, and BVDS(off) ~5V.

The setup was validated by measuring pulsed I-
V characteristics for relatively long T (T4 ~ 500
us) and comparing them with DC characteristics
obtained using an HP-4145B. Good agreement was
observed as shown in fig. 3.

III. Results and Discussion

Pulsed I-V characteristics of an L, = 1.2 um
device for 8 ns < T3 < 10 pus are shown in
Fig. 4 for a wide range of Vps and Vgg. Two
observations can be made: ¢) there is no kink
for short Ty (below 10 ns); %) the kink turns-
on first and rises faster the higher Vpg is. Sim-
ilar results are obtained for Ly, = 2 um devices.
These observations are consistent with reports in
the literature on output conductance measurements
of both InAlAs/InGaAs/InP HEMTs [3] and In-
AlAs/InGaAs/InAlAs MESFETs [14] in which no
kink is observed at high frequencies despite its
prominence at DC.

To further analyze our results, we have defined a
“kink” current as follows:

Alp(Tq) =
Ip(T4) = Up.prex(Ta) + 94(VDs — Vpsprer)] (1)

where Ip prek, VDS prek, and gq are respectively the
“pre-kink” drain current, drain-to-source voltage,
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Figure 5: AIp as a function of Ty for different val-
ues of Vps but constant Vis.
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Figure 6: Alp as a function of Ty for different val-
ues of Vg but constant Vpg.

and saturation output conductance, and Vpg sqt <
Vps,prer < Vps. In other words, Alp is the
drain current exceeding the “pre-kink” saturation
drain current after output conductance compensa-
tion. Note that, as seen in fig. 4, Ip prex is slightly
time dependent. The origin of this is not known.
Eq. 1 accounts for this effect.

We plot in fig. 5 Alp as a function of Ty for dif-
ferent values of Vpg (Vs = -0.9 V). Some peculiar
features of the kink can be observed: Alp increases
with Vpg but seems to saturate for sufficient large
values of Vpg. This is the standard DC behavior
of the kink [8, 12]. Dynamically, the rate at which
AlIp builds up with time is faster the higher Vpg is.
Interestingly, the kink’s saturation also gets sharper
for increasing Vps.

Let us now examine the characteristics of the kink
dynamics for different values of Vizs and constant
Vbs (Vps = 2.1 V). The following features can be
observed: i) the DC magnitude of Alp increases
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Figure 7: Tyow, the time it takes for the kink to
reach 90% of its final DC value, as a function of
Vg for different values of Vgs.

as Vgs increases above threshold. i:) For -0.9 V
< Vgs £-0.7V, the DC magnitude of Alp is about
the same. #%5) The kink saturates faster the higher
Vas is.

The above results show that the kink’s character-
istic time constant is strongly dependent on both
Vps and Vgg. This can be seen in a more quanti-
tative way by examining the rise time of the kink,
Togy,, which we define as the time for Alp to rise to
90% of its final DC value. Tyoy is plotted in fig. 7 as
a function of Vpg for different values of Vigs. Tooy
is found to be a strong function of Vg and Vpg for
Vba € 28 V. For Vgg = -0.7 V, for example, Tyoy
drops by three decades, from ~ 100 us down to ~
50 ns, as Vp¢ increases from 1.7 to 2.8 V. Inter-
estingly, Tooy;, becomes rather independent of Vpe
for Vpe > 2.8 V. Note also that Tyqy, is smaller for
constant Vpg but increasing values of Vgs. Clearly,
the dynamics of the kink are not characterized by
a single time constant that is independent of Vps
and Vgs.

The data presented in this work should be instru-
mented in formulating a hypothesis for the physical
origin of the kink effect in InAlAs/InGaAs HEMTs.

IV. Conclusions

In summary, we have carried out for the first time
pulsed measurements of the kink dynamics of In-
AlAs/InGaAs on InP HEMTs in the nanosecond
regime. Our measurements show that the kink’s
characteristic time constant is characterized by two
regimes: for small values of V¢, it decreases expo-
nentially with Vp; on the other hand, for large val-
ues of Vpg, it becomes independent of Vpg. Time
constants between 50 ns and 100 ps have been ob-
served.
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