A New Physical Model for the Kink Effect on InAlAs/InGaAs HEMTs
Mark H. Somervillef, Jestis A. del Alamot, and William Hoke}

1 Massachusetts Institute of Technology, Cambridge, MA, U.S.A.; f Raytheon Company, Andover, MA, USA

Abstract

New measurements providing direct evidence linking
the kink effect and impact ionization in InAlAs / InGaAs
HEMTSs are reported. Current kink models are not con-
sistent with our findings. We propose a new mechanism,
barrier-induced hole pile-up at the source, to explain the
kink. The new model is shown to be consistent with both
room temperature and low temperature measurements.
These results allow formulation of a simple equivalent cir-
cuit model of the kink.

Introduction

InAlAs / InGaAs high electron mobility transistors
(HEMTs) show significant promise for low-noise and high-
power millimeter- wave applications. A significant anom-
aly in their behavior is the kink effect, a sudden rise in the
drain current at a certain drain-to-source voltage that re-
sults in high drain conductance and reduced voltage gain.
Conventional wisdom suggests that traps are responsible
for the kink. Most theories incorporating traps suggest
that high fields and/or impact-ionization-generated holes
charge traps either in the buffer [1,2] or in the insulator
[3], leading to a shift in the threshold voltage. Such a the-
ory, while plausible, is of little predictive value because of
the large number of variables involved. It is therefore im-
portant to search for other physical origins of the kink
that might be amenable to simple modeling in these de-
vices.

Recent experiments have provided indirect evidence
linking the kink and impact ionization [4]; however, it re-
mains unclear how the two phenomena are connected. Us-
ing a specially-designed sidegate structure, we have car-
ried out extensive characterization of the kink effect in
a double-heterostructure InAlAs / InGaAs HEMT. Our
measurements provide direct evidence linking the kink
with impact ionization, while at the same time clearly
showing that impact ionization current alone is not re-
sponsible for the kink. Careful analysis leads us to pos-
tulate a new mechanism of barrier-induced hole pile-up at
the source to explain the kink, and to propose a simple
equivalent circuit description of the phenomenon.

Experimental

A cross-section of the MBE-grown, double-heterostruc-
ture HEMT used in this study is presented in fig. 1. The
channel sheet carrier concentration is 3.5 x 10*? cm™2.
Fabrication consists of device isolation via a mesa etch
with a sidewall recess, a PECVD SizNy layer for liftoff
assistance, Au/Ge ohmic contacts, a selective gate recess,
and Pt/Ti/Au gates and interconnects. Devices with gate
lengths between 0.6 pgm and 2 pm were characterized.
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Figure 1: Schematic cross-section of InAlAs/InGaAs double-
heterostructure HEMT used in this work.

A relationship between the kink and impact ioniza-
tion has previously been postulated based on simulation
results [5] as well as light emission and channel- engi-
neering experiments [4]. However, these experiments only
provided an indirect view of impact ionization. By using
a specially designed sidegate structure [6], we have suc-
ceeded in directly tracking impact ionization in the device
without perturbing its behavior. The sidegate structure
consists of an ohmic contact on a 40 um x 15 pm mesa
located 15 pm from the device under test. In the mea-
surement, the sidegate is held at a large negative potential
with respect to the source (Vsg—s = —20 V). This allows
the sidegate to collect a small fraction of the holes gener-
ated by impact ionization, as sketched in the inset of fig.
2. Thus, the sidegate current should approximately track
the impact ionization generation rate. Such behavior is
observed in fig. 2, where the ratio of the net sidegate
current to the drain current is plotted as a function of
1/(Vbs — Vps(sat)) for typical values of Vgs. Through-
out the device’s range of operation, I'sc follows classical
exponential impact ionization behavior. :

Using Isg we can now explore the relationship be-
tween impact ionization and the kink effect. In fig. 3 we
examine Ip and Isg for Vgs = 0 V. The kink is clearly
visible in Ip starting at Vps = 1 V. The onset of the kink
coincides with the appearance of Isg. We have found that
this is the case for other values of Vigs. This is clearly seen
in fig. 4, which shows Ip, I, and Is¢ as a function of Vpe
for different Vgs values. This figure illustrates a number
of key characteristics of the kink: the kink in Ip occurs
approximately at constant Vpg ~ 1.2 V; the size of the

The devices exhibit Ip,,,, = 520 mA/mm, g, =440 kink appears to increase with increasing Vis; and the on-
mS/mm, and BVpgeyss) =8 V. set cf the kink coincides with the appearance of Isg and
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Figure 2: Semilog graph of | Isg—Isgo| /Ip vs. 1/(Vps—
VDs(sat))- The approximately exponential behavior at small
1/(VDs — Vps(saty) confirms the onset of impact ionization.
Vsg_s =—20V, Lg =2 pum, T = 300 K.
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Figure 3: Drain and sidegate current at Vg = 0. Note the
saturation of the kink, in contrast with the exponential growth
of the sidegate current. Lg = 2 pm, T = 280 K.

with a prominent rise in Ig, presumably due to hole col-
lection by the gate. These facts unequivocally establish
the connection between the kink and impact ionization.

Discussion and New Model

Pure impact ionization has been proposed as an expla-
nation for excess output conductance in InAlAs/InGaAs
HEMTs [7]. In this model, additional drain current origi-
nates from the impact ionization generated holes and elec-
trons. Such an explanation of the kink is not consistent
with our experiments. If impact ionization alone were re-
sponsible for the kink, the shape of the kink would closely
track the shape of the sidegate current. However, as seen
in fig. 3, the kink saturates while the sidegate current
grows strongly with Vps. Clearly some other effect must
be at work.

The kink effect in SOI MOSFETsS is known to be a re-
sult of impact ionization generated holes flowing through
the p-type buffer into the n* source [8]. This hole cur-
rent forward biases the buffer-source p-n junction, thereby
providing additional drive to the transistor. While such
an hypothesis may be appropriate in some HEMT designs
[5,9], two facts make this explanation unlikely for current
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Figure 4: Drain, gate, and sidegate currents for different
values of Vgs. The onset of the kink directly corresponds with
the onset of the sidegate current and a significant increase in
gate current. L = 2 pm, 7 = 300 K.

InAlAs/InGaAs HEMT designs. First, the presence of a
significant valence band discontinuity (0.2 eV) between
the channel and the buffer should confine most holes to
the narrow channel. In addition, the fact that the chan-
nel and the buffer are undoped makes a parasitic bipolar
effect less plausible.

Simulation results have recently suggested another pos-
sible explanation for the kink, source resistance reduction
{10]. In this model, holes drift into the low field source-
gate region, where they diffuse and recombine. To main-
tain quasi-neutrality, the electron concentration must be
increased, resulting in reduced source resistance. If this
were the case, the excess current would be of the form

M

where gmo and Ip are “pre-kink” values, and AR is the
drop in source resistance brought about by the hole accu-
mulation. Since |AR| should increase with increasing Ip,
the kink current Alp would be superlinear in Ip accord-
ing to this hypothesis. In order to evaluate this hypothe-
sis, we plot in fig. 5§ the magnitude of the kink, extracted
for constant Vps — Vps(sat) = 3 V, versus Ip. This mea-
surement clearly indicates that the kink has a sublinear
Ip dependence, which is inconsistent with source resis-
tance reduction.

Although simple source resistance reduction does not
appear to explain our results, recent reports of light emis-
sion from the extrinsic source [11] and kink suppression

Alp = gmoIpAR
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Figure 5: Kink magnitude extracted for Vps — Vps(sat) =
3 V at low temperature as a function of Ip. The solid line
theoretical fit is discussed later in the text. Lg = 0.8 pm.

by means of a buried p-layer [9,12] motivate us to explore
further the possible significance of holes in the kink ef-
fect. As the source-resistance reduction model suggests,
holes can drift through the channel and invade the ex-
trinsic source. Particularly effective hole pile-up might
arise if there is a potential barrier at the source. Such a
barrier can occur between the ohmic contact’s n'-region
and the channel, or at the transition between the capped
and uncapped portions. If this is the case, the ohmic drop
in conjunction with the barrier creates a triangular well
where holes can accumulate. Any pile-up of holes reduces
the ohmic drop in the region immediately adjoining the
barrier (Fig. 6). This provides an extra gate drive, Viink,
to the transistor.

A simple first-order analysis of this hypothesis pro-
vides a number of key dependences in the behavior of the
kink that can be tested. An additional drive on the gate
results in increased current:

(2)
The kink voltage is to first order determined by the
excess hole concentration at the barrier:

k
Vkiﬂ.k x _ﬂ ln(w)
q no

AIp = gmoViink

(3)

In the classical description of impact ionization, the
ionization rate is proportional to the exponential of the
inverse of the field in the high field region. The excess
hole concentration at the barrier will be proportional to
the impact ionization generation rate, so

_____1_9___)
Vbs — VDs(saty

P < Limpact o< Ip exp( (4)
where B is a constant. Plugging (4) into (3) and (2), we
obtain

BT —B

In{1 + AIp exp( (5)

k
Alp x -
gmo Vbps — Vps(sat) )
where A is another constant.
In examining (5), we note first that when the hole
accumulation is large with respect to the pre-kink electron
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Figure 6: Postulated kink mechanism. Holes generated by
impact ionization drift into the extrinsic source and accumulate
in the well formed by the barrier and the ohmic drop. The re-
sulting reduction in extrinsic voltage results in increased drive
to the transistor.
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Figure 7: Kink magnitude vs. Vps—Vps(sat)- Lg=0.8 pm.

concentration, the exponential term dominates, so that at

large Vps values,

«— =1
Vbs — Vps(sat)

ALD hiarpevps (©)
Such a dependence is observed in our experiments, as
shown in Fig. 7.

The direct relationship between the sidegate current
and impact ionization generation rate further implies that
the kink should be predicted by the sidegate current. In
particular, from (4) and (5),

kT
Alp gmo—’;— In[l + CIsq] )
with C another constant. We observe this in fig. 8.

Finally, if Vbs — Vps(saty is held constant, the kink

should be a simple function of gmo and Ip:

ksT
Alp « gmo—‘Z—mu + DIp] (8)
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Figure 8: Comparison of the kink current, Alp, with the
kink predicted by the sidegate current. Lg=2 pm, T=280 K.
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Figure 9: Proposed equivalent circuit model. A new ele-
ment with only two bias-independent parameters is required
to model the kink completely.

with D also a constant. Such a dependence explains our
experimental observation of fig. 5.

Equivalent Circuit Model

The understanding provided by this physical model
allows us to build a simple equivalent circuit model de-
scription of the kink. A new model element needs to be
added in series with the intrinsic source of the FET (Fig.
9) that represents the additional drive provided by the
hole pile-up. This element is a voltage source that is con-
trolled by Vpgs and Ip. Only two parameters are required
to fit completely the characteristics of the transistor (Fig.
10). Although the form of this model is very similar to
those used in SOI MOSFETs, the physics at play are sig-
nificantly different.

Conclusions

‘We have postulated a new physical model for the kink
effect in InAlAs/InGaAs HEMTs. The kink arises from
hole pile up at a potential barrier in the source of the
device that brings about a reduction of the ohmic drop
at the source. This results in extra gate drive to the
transistor. Our findings have allowed us to formulate a
simple equivalent model description of the kink effect in
these devices.

The authors wish to thank T. Enoki, Y. Ishii, and
N. Shigekawa of NTT Corporation for useful discussions.
This work was partially supported by Raytheon and JSEP
(DAAH04-95-1-0038).
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Figure 10: Comparison of model predictions for the kink
with measured device characteristics. Lg = 2 pm, T = 280 K.
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