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A Physical Model for the Kink Effect in
INAIAs/INnGaAs HEMT's

Mark H. Somerville, Alexander Ernst, and Jesus A. del Ala®enior Member, IEEE

Abstract—We present a new model for the the kink effect in In-  ization generated holes play a significant role in the kink. Addi-
AlAs/InGaAs HEMT's. The model suggests that the kink is due tjonally, simulations show that the kink disappears if the impact
to a threshold voltage shift which arises from a hole pile-up in the ionization mechanism is turned off in the simulator [3], [4], [15].

extrinsic source and an ensuing charging of the surface and/or the Finall h ted sid t t tablishi
buffer-substrate interface. The model captures the many of the ob- Inally, we have reported sidegate measurements establishing a

served behaviors of the kink, including the kink's dependence on direct relationship between impact ionization and the kink [16],
bias, time, temperature, illumination, and device structure. Using [17], as well as transient measurements showing that the time
the model, we have developed a simple equivalent circuit, which constants associated with the kink are strongly correlated with
reproduced well the kink's dc characteristics, its time evolution in the impact ionization rate [18].

the nanosecond range, and its dependence on illumination.

Index Terms—HEMT, InAlAs, InGaAs, kink effect.

These results have led to a number of kink models that in-
voke impactionization, including hole trap charging beneath the
gate in the insulator and in the buffer [19]; pure impact ioniza-
l. INTRODUCTION tion [20], [21], source resistance reduction [3], [4], [22]; and

HERE is continuing interest in the origin and ConseSOI-type floating body effects [23], [24]. While each of these
. . N Is gi insight into the kink, d tel lai
qguences of the kink effect in InAlAs/InGaAs HEMTsmOdeSgIVe SO0me INSIgntInto the Kink, hone adequately exprain

[1][5]. The kink is associated with reduced gain and excea" of the kink's behavior. In particular, any model for the kink

. . . Riust explain;
noise at high frequencies, and may be related to on-state o
» kink's peculiar bias dependence; [16];

breakdown and premature burnout [6]. . | e

Conventional wisdom suggests that traps are responsible for® KInk's dependence on illumination [1], [2]; _
the kink in InAlAs/InGaAs devices. In these models, high fields * elationship between impact ionization and the kink [17];
at the drain end of the device change the charge state of traps in’ kink's d_ynamlc behavior (parncularl_y the b|gs-dependence
the buffer or in the insulator [7]. This leads to a shift in threshold of th? tlmg constants assocated with the kink) [18];
voltage, hence a rise in drain current. Several reports appear to” relat|onsh|ps_ betwegn the kink and the recess (for ex-
support such a theory: kink suppression through the careful con- 2MPle, why is the kink strengthened as the width of the
trol of growth suggests that traps may be responsible [7], [8]. Re-  SOurce-side recess is increased?) [22], [25]
cent work has argued that the frequency dependence, transient KiNk's dependence on aging and surface treatments [35],
response, and illumination dependence of the kink are consis- [26].
tent with a trap hypothesis as well [1], [9]. We have recently carried out a several studies of the kink, in-

However, there is a substantial body of evidence indicatifgding dc characterization [16], sidegate measurements [17],
that impact ionization is in some way associated with the kinRnd large-signal transient measurements with nanosecond res-
It has been reported that the kink is suppressed as the band@sion [18]. In this work, we have combined the results of
of the channel is increased [10]_[12] It has also been Sho\f\hese measurements, as well as new measurements of the kink's
that devices biased in the kink region show significant lighemperature and illumination dependence, to develop a compre-
emission [12], another clear signature of impact ionization ftensive picture of the kink. We show that all our experimental
the channel. The well-known relationship between impact iofesults can be explained by an impact-ionization based model
ization and the kink in silicon-on-insulator (SOI) MOSFET'svhere hole pile-up at the source shifts the threshold voltage of
[13] motivated one group successfully to use a source-contactgl device. This has allowed us to develop the first dynamic
p-layer beneath the channel for kink suppression in InAlAs/Ithysical model and a complete equivalent circuit for the kink
GaAs HEMT's [14]; this result seems to imply that impact-ionin INAIAs/InGaAs HEMT's.

Manuscript received August 31, 1999; revised January 4, 2000. This work Il. PHYSICAL MODEL FOR THEKINK
was supported in part by Raytheon Company, the Joint Services Electronics ) )
Program under Contract DAAH04-95-1-0038, a JSEP Fellowship, and a Pres-Several attempts to explain the kink based on some sort of

idential Young Investigator Award from the National Science Foundation (9%g|e accumulation in the source have been made. We have pre-

7305-ECS). The review of this paper was arranged by Editor K. M. Lau. . | d del i hich hol | in th
M. H. Somerville is with the Deptartment of Physics and Astronomy, Vass¥fOusly suggested a model in whic oles accumulate in the

College, Poughkeepsie, NY 12604 USA (e-mail: masomerville@vassar.edughannel beneath the recessed region of the source [16]. Suemitsu
A. Alexander is with McKinsey and Company, Mexico City, Mexico. et al.have postulated a similar mechanism based on suppression
J. A. del Alamo is with the Department of Electrical Enginering and Computer]c h . due hol lation in th 3

Science, Massachusetts Institute of Technology, Cambridge, MA 02139 us®f the source resistance due hole accumulation in the source [3],

Publisher Item Identifier S 0018-9383(00)03399-2. [4]. Although Suemitsu's work provides physical insight into the

0018-9383/00$10.00 © 2000 IEEE



SOMERVILLE et al: KINK EFFECT IN InAlAs/InGaAs HEMTS 923

origins of the kink, the expressions he derives are complicat
and depend on precise knowledge of fields and hole concent
tions throughout the device. More importantly, we believe th:
Rs reduction is not sufficient to explain the kink effect, espe
cially in high performance devices and close to threshold, whe
there is little voltage drop on the extrinsic source. Some oth
effect must be present.

The starting point for our model is the idea that althoug
source resistance reduction models seem problematic, it see
likely that hole accumulation in the source is somehow respo
sible for the kink. This assumption is based on significant expe
imental evidence suggesting the importance of both holes a
the extrinsic source in the kink effect. Recent reports of ligh
emission from the extrinsic source [27] show clearly that a lar¢
number of impact-ionization generated holes in a normally-0|
erating HEMT actually accumulate in the extrinsic source. Kin
suppression by means of a buried source-contacted p-layer [Z
[14] further motivate us to explore further the possible signifi
cance of holes and the source in the kink effect, as do expy,
imental results showing the impact of the surface on the kir
[26]. Can an accumulation of holes in the extrinsic source ha
some effecbther thanreducingRs?

Careful consideration of the electrostatics and band config
ration suggest a possible explanation for the kink. To simplif bs
the problem, we present in Fig. 1 an idealized device cross-sc. _
tion. For simplicity, we assume that there is no cap or recess . . - . .

. - Fig. 1. Postulated kink mechanism. (a) Simplified device cross-section used
present. We further assume Fermi level pinning at the Surf%gthe model. (b) Energy bands within the extrinsic source adjacent to the gate
and at the buffer-substrate interface, and infinite recombinatiasa function of time. (c) Drain current characteristics as a function of time.
velocity at the ohmics. Because the vertical dimensions of the
problem are much smaller than the horizontal dimensions,
initially impose the condition of quasineutrality in the vertic |
dimension—in other words, we require that the charge in a
vertical “slice” of the device add to zero. At timte= 0, we
assume that the device is biased at some valué-gfabove

|

v

<
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§le current continues until the hole quasi-Fermi level is nearly

at. This is a fair approximation, given that the holes should be

i better communication with the surface than the electrons (as
evidenced by the dominance of hole currentinwhen the de-

hreshold. and blv high val b h vice is biased above the kink [17]). Note that the time for the
thresho , an at Some reasonably high va Uk (a ngt € holes to equilibrate with the surface and substrate-buffer inter-
value at which the kink would appear). Now, we examine ho

the kink evol funct ftime if i t ionization is i Yice will be significantly longer than the time to reach steady
€ Kink evo Vef’ asa un(i lon ot time T impact 1onizalion 1S Mgy ate in the channel, since they have to overcome a sizable en-
stantaneously “turned on” far> 0 (see Fig. 1).

_ : . . _ ergy barrier.

lAt ¢ n 0 (no_lmﬁ)act |on|z(';]1t|on), cons%ertr;er::onducnon band 5t coyrse, as holes reach the surface and the buffer-substrate
along the vertical cub on the source side of the gate. Vertica, o tace  the charge at these locations changes. Vertical
quasineutrality is satisfied by the requirement that the 'On'z%asineutrality requires that this charge be imaged by addi-
dopant Charge’ the surface gharge, and the chqrge at the §udal electrons in the channel. This requirement raises the
strate-buffer interface add to image the electrons in the channgl, o, quasi-Fermi level and the potential of the channel
When impact ionization beging > 0), holes are generatedg o mitsy has suggested that since the Fermi level is pinned at

on the high-field drain end of the gate. These holes flow bagk, ¢\ rface, the potential of the channel relative to the surface
through the channel toward the source, where they accumulﬁ.}ﬁSt approximately change by [3], [4]

in the channel and recombine [16], [3]. A steady-state hole dis-

tribution in the channels achieved in a time on the order of kT po+ 7'

the hole transit time through the channel plus the recombina- Viink = g 1n<—> : 1)

tion time7 in InGaAs—around 1 nS. Vertical quasineutrality is

achieved through a minor increase in the electron concentratibtere py is the “pre-kink” hole concentration in the extrisic

as we expect the number of holes in the channel to be small rehannel, ang’ is the excess hole concentration there. A similar

ative to the number of electrons. argument holds with respect to the buffer. Note that this expres-
Although the holes at = 7 are in steady state within thesion suggests thatthe hole quasi-Fermilevelisflat at steady state,

channel, they are not in steady state vertically. Indeed, the haled that the electron concentration has not changed by more

quasi-Fermi level must bend in order to maintain Fermi pinnirthan 10-20%. These are both reasonable assumptions. Note

at the surface and the buffer. This will result in a small hole cuthat although the electron gas is degenerate, a Boltzmann-type

rent to the surface and buffer [3], [4]. Let us assume that thislationship remains appropriate for the holes.

Po
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In a real device, of course, the channel potential will chang
only by a fraction ofVy;,. This is because surface pinning
should only be significant in the uncapped recess region; two
mensional effects thus imply that the sizélgf,, will decrease
as the length of the recess on the source side is reduced. S
an effect has been observed in simulations [4]. However, (
does capture the key dependencies of the channel potential
should depend logarithmically on the number of holes inside t
channel in the extrinsic source.

Clearly this increase in channel potential, and ensuit
change in electron concentration will result in &g reduction,
as Suemitsu has argued [3], [4]. However, we believe tl
more important effect is the change in the channel potentiau
beneath the source end of the galbe vertical quasineutrality Fig. 2. Proposed large-signal transient kink equivalent circuit model. The
approximation made above ignores this effect, but of courgeqdel consists of an impact ionization current source, a channel diode with
any change in electron concentration and channel potenf)Saureton uter and s capactance Tvee g praeters e eeced
in the region beside the gate necessarily implies a changecdfacitance of the channel with respect to the surface and the substrate. Also
electron concentration and channel potential beneath the gétguded (in gray) is a bias-independent photogeneration cutfgat, which
This, in effect, changes thenreshold voltageof the device. describes the illumination dependence of the kink, as discussed in the text.
Thus, the transistor will experience additional drive through:

7 (vBA IDeXp[‘/i_
DS ~

b

S-sat

SZ — TVkink

ol l

the change in channel potential, and thus the additional drive
Alp = gmoViink (2) provided by the hole pile-up.
The bias dependence of the current source is determined ac-
whereAlp is the “kink current”, that is, the increasedp over  cording to the classical description of impact ionization. At a
its “pre-kink” value,lpo. Again, two-dimensional (2-D) effects given temperature the ionization rate is proportional to the ex-
imply that this effect will be weaker than (1) suggests, but thsonential of the inverse of the field in the high field region, as we
functional dependence should not be modified. have verified with the sidegate measurement [17], [30]. Further-
Note that since impact ionization is occurring, the drain Cumore, we expect that the number of excess holes in the extrinsic
rent should also rise due to the generated electrons and hodggirce to be directly proportional to the amount of impact ion-

However, we have previously established that the impact iozation. Thus, the current source representing the holes is given
ization current is low relative to the magnitude of the kink curpy

rent [17]; we therefore neglect th®/, contribution from pure

impact ionization. For the same reason, we also do not include Lot = Al exp< —-B ) ©)
any linear threshold shift due to holes within the intrinsic device e Vbs — Vbs-sat
[28].

L . : . whereA and B are temperature-dependent constants.

Before proceeding, it is worth noting that this modedjigal- L e . .
o . . o To minimize the number of fitting parameters, the diode is
itatively consistent with the kink's strange structural dependen- . . )

. . . : iven a saturation current of unityo( = 1 mA/mm). The final
cies. If indeed charging of surface states or interface states’is . .
. L2 . arameter is the normalized channel-surface/channel-substrate
responsible for the kink, it is clear that changes in growth [ . : . . .
. . - capacitance. It is worthwhile noting thathe absolute magni-
or surface treatments [26] might suppress the kink by relaxin ; o
tides ofd andC haveno physical meaningsince they are only

Fermi level pinning [3], [4]. Similarly, the two-dimensional ef'measured with respect to the arbitrary choice of 1 mA/mm for
fects discussed above help us to understand why the kink£ & diode saturation current

creases with the width of the recess—pinning will only occur . . S .
. . . . ._Note that this equivalent circuit ignores the 2-D issues men-
in the region where the InGaAs cap is removed; the longer this .
S . L |Cfned above. To include such effects, one could make the de-

region is, the closer the device comes to the simplified mode .

pendent voltage source proportional to, rather than equal to, the
presented above. .

voltage across the capacitor. However, we have found that the
addition of another fitting parameter to account for such effects
is not necessary, as adjustmentAwfprovides sufficient flexi-

Using the picture presented above, we have formulatedity to account for such effects.

a simple, physically-based equivalent circuit that uses threelt must be emphasized that the form of this model is almost
bias-independent parameters to model both the transient &ehtical to that of SOI models [29]. This should not be sur-
DC behavior of the kink, shown in Fig. 2. The model includeprising, given that in both cases the kink results from similar
a current source, which represents the hole pileup provided fiilyysics—impact ionization, hole accumulation, and a Boltz-
impact ionization. The current source feeds a parallel diode aménn-type relationship relating potential to hole accumulation.
capacitor, which represent the charging of the surface andfois important to note, though, that the detailed physical ori-
buffer-substrate interface states by the hole current. Finallygas of the kink in the two models are significantly different—in
dependent voltage source in series with the source is controlfettially-depleted SOI, the kink arises from forward biasing the
by the voltage across the capacitor; this voltage represestairce-body junction [29], whereas in this model, the kink is a

I1l. EQUIVALENT CIRCUIT MODEL
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result of hole accumulation in the extrinsic source and thee 10— ———F T 7T T 1
suing modification of the channel potential and electron conce | T =100K
tration beneath the source end of the gate. While this differer
has no impact on the form of the model, it is an important col _
sideration when one attempts to engineer away the kink—if t €
£
kink is due to a floating body effect, one might try to suppress 2
by introducing an additional barrier in the valence band bene: £
the channel, or by increasing the resistivity of the buffer. On tt g
other hand, if hole pile-up in the extrinsic source causes the kir £
approaches such as passivating the surface in the source gat 3
gion (thereby relaxing Fermilevel pinning) or introducing a hol =
barrier in the insulator might be more appropriate. = 20 L

80 -

60 -

40 F4Vas

IV. RESULTS

i 1 1 1 L

In order to test our model we have used lattice-matche %2 o3 o4 o5 o6 07 08 03 10
MBE-grown, HEMT’s fabricated at MIT as a vehicle for this (v e
study [16], [18]. We examine devices with relatively long
gate lengths ke = 0.6 um to Lg = 2 pm). Due to the Fig. 3. Low temperatureZ{ = 100 K) kink magnitude versug/(Vps —
high aspect ratio of these devices, no significant short chanmgl-...). Note the linear behavior for ali;s values.L¢ = 0.8 pm.
effects are observed, and the kink is expected to be relatively
uncontaminated by such nonidealities. Indeed, no substant 50 i T " T " T
change in the qualitative behavior of the kink is observe | — Measured Al, T=280K]
betweenlLs = 0.6 um andLg = 2.0 pm. As we discuss later, | ------ Prediction from 1,
we believe our conclusions hold for shorter gate length device aor
as well, although performing the analysis in the presence (g
short channel effects is substantially more challenging. o
For comparison of the model with our experiments, we hav g

ps ~ DS sat)

A/m
w

extracted the pre-kink currenf;o and kink currentAlp, as IE“
follows. For a given value o¥gs, Ipo is defined adp atthe 2 2
point of minimum output conductance. Onkg, is determined, 3
Alp is simply given by x

< 10

Alp(Vps, Vas) = Ip(Vps, Vas) — Ipo(Vas).  (4)

Note that this definitiormssumethat the output conductance in
the saturation regime is purely kink-related; in shorter device: ©
one would have to include a short-channel term as well.

2 3 4 5
Drain-Gate Voltage (V)

e

A. DC Behavior
. ) ) . Fig. 4. Comparison of the kink curremy7 ,, with the kink predicted by the
Before considering the detailed results of the equivalent chidegate current.; = 2 ym, 7" = 280 K.

cuit, we undertake a simple first-order analysis of our model, to
demonstrate the consistency of the model with previously ob/(Vps — Vps-sat) for all Vs values. Indeed, as we show in
served kink behaviors. We note first that at dc, from (1)—(3), thire following sections, (5) does a good job of describing the dc

kink current can be described by the function behavior of the kink in terms of output characteristics and output
kT B conductance for a wide variety of bias conditions.
Alp = gno——— ln|:1 + Alp exp<7):| . (5) The direct relationship between the sidegate current and im-
q Vbs — Vbs-sat pact ionization generation rate [30] implies that the kink should

Thus, when the hole accumulation is large with respect to the predicted by the sidegate current. In particular,

pre-kink hole concentration, the exponential term dominates, so kpT

that at largel/pg values, Alp =~ Imo =~ In(1+ Dlsc) (7)
_71. (6) with D abias-independent constant that scales the sidegate cur-
Vbs = Vbs-sat rent. In order to test this, we have simultaneously measured the
To examine this behavior, we plot in Fig. 3 the magnitude d&ink and the sidegate current. Fig. 4 compares the kink predicted
the kink versusl/(Vhs — Vps-sat). Here we have measuredby the sidegate currentin this model with the measured kink cur-
the kink at low temperature, since the more pronounced loent; as can be seen, the agreement is excellent. Note that only
temperature kink facilitates more accurate extraction. As carsingle, bias-independent valueldfis used for the entire data

be seen, the kink exhibits the expected linear dependenceset

AIl’) |large Vpg X
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Fig. 6. Pulsed-V curves measured at three different times. No kink is seen
Fig. 5. Temperature dependence of the kink. Data is shown for 100 K, 2&®en the device is first turned on. The kink currefit ,, turns on fastest at
K, and 350 K. The “pre-kink” drain currenf,q, and kink magnitudeA /5,  high values ofi’bs. Also shown are results from the equivalent circuit model
are shown for the low-temperature data. Note that since the threshold voltagewn in Fig. 1. Only three bias-independent constants are required to fit the
varies with temperature, it is not appropriate to compare the current magnituéliesk for all the times considered.
at different temperatures—one should comparé, instead. Also shown
are results of the dc model, using different valuesdofind B at different

temperatures. seen, on short time scales the kink is almost nonexistent; it then
builds first at higher drain voltages, and finally at lower drain
B. Temperature Dependence voltages. This behavior is consistent with reports that the kink

does not appear in high-frequency small signal measurements of
Before considering the detailed dynamic behavior of the kinkutput conductance [31]. As can be seen, the output character-
we briefly examine the kink's behavior as a function of tempeistics predicted by the model agree closely with those measured
ature, summarized in Fig. 5. Devices were measured betweRroughout the measured domain, capturing both the initial rise
100 K and 350 K. As has been previously observed [9], [31], th# the kink at highVps, and its subsequent saturation. Partic-
kink becomes more sharply defined at low temperatures, andlarly important to note is the fact that even relatively close to
most disappears at high temperatures, but the qualitative shapeshold, {p < 50 mA/mm), the kink is significant. Such an
and the bias dependence of the kink do not change with tempeffect is predicted by the equivalent circuit model.
ature (in this figure, the change in the pre-kink current for low To more rigorously test the model, we plot in Fig. 7 the kink
Vps is due to a shift ink’ with temperature). This leads us toputput conductance, defined as the derivative of the predicted
believe that the underlying physics of the kink is the same at Iqghk current with respect to the drain-source voltage, together
temperature as at high temperature. with the actual output conductance for this device, measured at
Supporting this conclusion is the fact that at the equivalefiese three different times. Note that no other source of output
circuit model describes the dc behavior well over a wide ranggnductance has been introduced in the model. As can be seen,
of temperatures through appropriate choiced ahdB. Ingen-  the measured output conductance exhibits a strong time-depen-
eral, modeling the kink at lower temperatures calls for usingent dispersion; similar effects have previously been attributed
higher values of4, due to the strong temperature dependengg traps [9]. The hole pile-up model accurately follows this dis-
of the background hole concentratign, as well as the tem- persjon ing,, without appealing to any particular trap charac-
perature dependence of impact ionization in INGaAs [32].  teristics (other than Fermi level pinning). Indeed, the model pre-
dicts g, throughout the saturation region.
C. Transient Behavior A final test of the moqel's dynamic behavior is to examine
the kink as a function of time (Fig. 8). Here we have plotted the
The transient behavior of the kink is also consistent with oextracted kink current (following the extraction method above)
model. Fig. 6 plots the measured and predicted large signal trand the modeled kink current for different combination¥p§
sient behavior of the kink. These measurements were perfornegediVs. As can be seen, the model works very well, predicting
using a carefully designed pulsed current—voltdgé) setup on the shape, magnitude, and timing of the transient kink both at
an MBE-grown InAlAs/InGaAs single heterostructure HEMTarger drain voltages, where the kink is a relatively fast phenom-
with Lg = 1.2 pm [18]. The measurement consists of pulsingnon, and at smaller drain voltages, where the kink rises much
the device from the off-state to the on-state along &296ad more slowly. Indeed, the model now explains the previously ob-
line, and measuring the resulting terminal voltages and currestsved dependence of kink rise time on impact ionization rate
as afunction of time. The figure shows the resulting output chdf-8]. We believe that the slow transient in the range may be
acteristics at three times (8 nsec, 60 ns, an@.20 As can be due to self-heating.
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Fig. 8. Kink current as a function of time for different bias conditions, with
predictions of the model. At each value ©§;s, data is displayed foVps =
1.1V,1.6V,and2.1 V. AsinFigs.6 and 7A = 1,B = 4 V,andC =

7 pFim. T =300 K.
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Fig. 9. Output characteristics measured with different levels of illumination

e b' : (T' = 220 K). The kink disappears as light intensity is increased.
B0 - — e -0 T
-0- -0- - g0 5 oo Ol By
o - ~ . . . . . .
05 1'0 : 1'5 : 2'0 : 2'5 : ”30 more,the pre-kink current rises under illumination, while the
Drain-Source Voltage (V) post-kink current changes very little. This effect has been at-

tributed both to photon-induced emptying of trap levels [1],
4 and modeled § &) as well as changes in the pre-kink hole concentration due to
Fig. 7. Measured and modeled output conductance fer8 ns,t = 60 ns, u ;
andt = 20y s. Different lines correspond to different valuesifs. 7' = K. phOto generation [,19]’ [2] i i
Our model predicts that such optically-generated holes will
haveexactly the same effect as holes generated by impact ion-

ization—they will accumulate in the extrinsic source, and grad-
Recent work on the kink has focused in part on its illumibally modify the potential of the channel, yielding a threshold

nation dependence [19], [1], [2]. The kink is known to be suproltage shift as well as a small decrease in the source resistance
pressed when the device is illuminated, as shown in Fig. 9. Hexe suggested by Suemitsu [3], [4]. In order to examine this, we
we have measured one of our device's output characterisfidst in Fig. 10 the pre-kink¥ps = 0.5 V) transconductance
and transfer characteristics under different levels of illuminatias a function of illumination intensity. As can be seen, there is

with white light at7” =220 K, where the kink is better defined.indeed a shift in the pre-kink threshold voltage, as well as a pos-
As can be seen, under illumination the kink weakens. Furthesible drop inr,.

D. lllumination
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in the extrinsic sourcel’ =220 K.
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0k Theory [ AV, = - KT/q In(1+E gom) ] |
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-10 F R
< 0
E 2 | .
<" Drain-Source Voltage (V)
<
-30 9 Fig. 12. Measured and modeled output conductance with and without
illumination. Under illumination, the model explains the output conductance
using the same fitting parameters with the addition of a bias-independent hole
40 Lk generation termI’ =220 K.
L 1 L " 1 L 1 L 1
0 2 4 6 8 rate. Fig. 11 uses the results of these measurements to plot the
Photo-generation Rate (A.U.) change in the threshold voltage as a function of the optical gen-

eration rate. As can be seen, the shifflip is well-described
Fig. 11. Shift in pre-kinkV as a function of optical generation rate, ashy (8). Recently Takanashi et al. have reported similar results
determined by reverse gate current. The device exhibits-ashift that is 1 measuring the threshold voltage shift as a function of optical
logarithmic in the number of optically generated holEs=220 K. . -
power using a monochromatic light source [2].
. L Given these results, it should be possible to model the kink
shift shou_ld be_log_anthmm N poth with and without illumination simply by adding a bias-in-
us, under illumination, we eXp‘a%tpendent current generator to our equivalent circuit model (see
kT Fig. 1), where the value of the current is proportional to the op-

AVp = =Viank = == = (1 + Egop) ®) fical generation rate. Fig. 12 plots the measured and modeled
where g, is the optical generation rate add is a constant _outpl_Jt cpnductance _for both dark_ gnd relatively _high-intensity
relating the generation rate to the hole concentration in the didmination. Impressively, the addition of such a circuit element
trinsic source. allows us to model both the light and dark kink output conduc-

To clarify this dependence, we have determined the relatit'ceusing identical impact ionization parametetise only pa-
optical generation rate in the device by measuring the differerf@neter that is changed is the bias-independent optical genera-
between the reverse gate currenvat = —0.8 V under illu- Uon rate.
mination and the dark reverse gate current under the same bias
condition. This measurement was performed at the same tifne SOrt Gate Lengths
as the transfer characteristics; the change in gate current is a®\lthough our model appears to work well at the long gate
sumed to be directly proportional to the change in the generatiemgths considered here, it is important to address the issue of

According to the model, th&;
the number of excess holes. Th
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underestimate the total output conductance by a constant. This is
not surprising, as one would expect short channel effects to play
a significant role in this device. Finally, at positi¥g;s values,

the peak ing, is apparently obscured by the transition from the
linear region to the saturation region, but the behavigyatill
appears consistent with @mbinationof the kink effect and
short channel effects. This suggests that in state-of-the-art de-
vices, the kink may in fact be a major source of output conduc-
tance even at positivid;s values, but is not visible on the output
characteristics because of the soft transition from the linear re-
gion to the saturation region.

V. SUMMARY AND CONCLUSIONS

We have presented a new model for the kink effect in In-
AlAs/InGaAs HEMTS. Our model suggests that the kink arises
from a process in which impact ionization generated holes travel
from the drain-gate region through the intrinsic device and pile

Fig. 13. Output characteristics for InAlAs/InGaAs double heterostructuigp in the extrinsic source. This hole pileup leads to a hole current

HEMT with short gate lengthl{

\ rt gal = 0.2 um). Note the apparent disappearancq, the s rface and/or the buffer-substrate interface, which in turn
of the kink at highVs values.

150
v % | Measured Predicted
1 B —e— V  =-04V
¥ Sl —v— V=01V
\ Vo —— V , =+0.3V
.‘ s
100 \ . i

Drain Conductance (mS/mm)

Drain-Source Voitage (V)

changes the charge in these locations. As a result, the channel
potential and electron concentration are raised, resulting in a
shift in threshold voltage and extra gate drive to the transistor.

Our model leads to a simple equivalent circuit model descrip-
tion of the kink effect in these devices and in state-of-the-art
deep submicron HEMT’s. The model includes transient effects,
uses only three bias-independent parameters, and works well for
a wide range of biases and time scales. The model also helps
explain the kink's structural, illumination, and temperature de-
pendencies.
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