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A semiclassical two-dimensional ensemble Monte Carlo simulator is used to perform a physical
microscopic analysis of the kink effect in short-channel InAlAs/InGaAs lattice-matched high
electron mobility transistor@HEMTS). Due to the small band gap of InGaAs, these devices are very
susceptible to suffer impact ionization processes, with the subsequent hole transport in the channel,
both supposedly implicated in the kink effect and easy to be implemented in a Monte Carlo
simulation. The results indicate that for high enougks, holes, generated by impact ionization,

tend to pile up in the channel under the source side of the gate due to the attracting potential caused
by the surface charge at the recess and, mostly, by the gate potential. Due to this pile up of positive
charge, the potential barrier controlling the current through the channel is lowered, so that the
channel is further opened amg increases, leading to the well known kink effect in the current—
voltage characteristics. The microscopic understanding of this phenomenon provides valuable
information to conceive the optimum fabrication process for kink-effect-free HEMTs20@3
American Institute of Physics[DOI: 10.1063/1.1603955

I. INTRODUCTION ers in these devices is monitored by means of a semiclassical
two-dimensional2D) ensemble MC simulator in which both
InAlAs/InGaAs high electron mobility transistors jmpact ionization and hole recombination are included. This
(HEMTs) have proven a record of excellent performance forapproach allows one to determine the origin and magnitude
low-noise high-frequency applicationg microwave and of the kink effect in terms of internal quantitiéike electron
millimeter-wave frequency ranggsand are used as active and hole concentrations and potential profileso that a
devices in high-speed integrated circtitS.However, they complete physical understanding of the kink effect is
have still some drawbacks to be eIiminated, like the kinkachieved’ thus providing some guide”nes to be followed in
effect, i.e., an anomalous increase in the drain curkgrdt  the fabrication process of HEMTs in order to improve their
sufficiently high drain-to-source voltag&ps, which leads  jmmunity to kink effect.
to a reduction in the gain and a rise in the level of noise, thus  The article is organized as follows. In Sec. II, the physi-
limiting the utility of these devices for microwave power cal model is detailed. The main results of our simulations
applications! and their discussion are provided in Sec. lIl. Finally, in Sec.
When reducing the device dimensions to improve thely, we draw the most important conclusions of this work.
frequency range of operation of HEMTSs, very high electric

fields appear in the gate—drain region of the device, which,
jointly with the narrow band gap of InGaAs, makes this de-!l.- PHYSICAL MODEL

vice very susceptible to impact ionization mechanisms. A mentioned before, for the calculations, we make use
Some works suggest that impact ionization and the subsgs o ensemble MC simulator self-consistently coupled with
quent hole dynamic§ointly Wlthltgappmg processgganbe 5 op poisson solver which incorporates all the processes at
responsible for the kink effeét'® However, kink phenom- 6 origin of the kink effect. The structure under analysis is a
ena are not still completely understood, specially in short- 59 nm T-gate recessed HEMFig. 1), and consists of a InP
channel HEMT! substratgnot simulated, a 200 nm 19 5,Al 5 4gAs buffer fol-

Thus, the use of a microscopic approach beyond thg,eq by a 25 nm thick Igs4Ga, 4AS channel, three layers
standard drift-diffusion models typically employed to ana- ¢ Ing.5Al 46AS (a 5 nm spacer, a%102cm 2, s-doped

lyze this effect is highly desirable. The Monte CafMC) layer modeled ®a 5 nmlayer doped aNp=10"cm~3 and
method has been proven to be a very useful tool when deal " 15 m Schottky laygr and, finally, a 10 nm thick
ing with problems where the understanding of the micro-, ' o' A cap layer ND:5>’<1018C”’]—3) The param-

. . . . v 14 . . . . .
scopic behavior of carriers is essenfﬂaﬂ. The aim of this  gtarg for electrons in the involved materials can be found in
work is the development of a physical model for the kinkget 11, while details of the static characteristics and noise

effect in short-channel recessed 4pAlo.4gAS/INos8G&.4AS  pehavior of this device for low applied voltagéia absence
HEMTSs. Toward this end, the microscopic transport of carri-¢ impact ionization can be found in Refs. 12 and 13, in

which the agreement between the results of the simulations
dElectronic mail: a50343@usal.es and the experimental measurements confirm the validity of
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the model. In particular, the value ad.Opted for th? sur.fac IG. 2. Experimentalsee Refs. 16 and 1and simulated impact ionization

charge at the bottom of the recess, which, as explained in thg cticient vs inverse of electric field in Jg.Ga, 17As.

following, may have a significant importance in the kink

effect, iso/q=4.3x10"2cm 2, a value that leads to a good

agreement  between simulated and experimental

measurements.

The impact ionization of electrons, which occurs infhe ~ originating the ionization process remains in thealley. We
valley and leads to the appearance of holes, is included in tHeave verified that the hole impact ionization is negligible for
MC simulations by using the Keldysh approd€iwhere the  the considered applied voltages.
probability per unit time of having an impact ionization ~ With respect to the model used for hole dynamitie
event is given byP(E)=S(E—Ey/Ey)? if E>Ey, and — main aspect of our HEMT simulator in order to include im-
P(E)=0 if E<Ey, E being the electron kinetic energy in pact ionization processgsa typical spherical and nonpara-
theT valley, Ey, is the ionization threshold energy, aBds a  bolic valence-band structure is considered, including three
measure of the softness or hardness of the threskgjénd  sub-bands: HH and light-hold.H) bands, degenerated at
S are considered as adjustable parameters to reproduce tkesO and characterized by a different curvaturekirspace,
ionization coefficientsnumber of impact ionization events and a third split-off hole(SOH) band, in which the band
that occur per unit lengihmeasured in bulk materiaté~*®  warping is accounted for by the use of approximated overlap
Figure 2 shows the experimental and simulated values of thiunctions?° lonized impurity, acoustic, polar, and nonpolar
impact ionization coefficient for x4Ga, 4/As (channel ma- optical phonon scattering mechanisms are considered for
terial) as a function of the inverse of the electric field. Thereholes?>?! The hole physical parameters used in the simula-
is a large dispersion in the experimental measurements antipns are reported in Table I. They have been obtained by
moreover, for moderate electric field80—150 kV/cm), at  interpolating between the values of the corresponding binary
which the device usually works, no measurements are availnaterials>~2*Another important process that is necessary to
able. In our simulations, we will consider the two sets oftake into account for a proper analysis of the kink effect is
parameters reported in Fig. E,=0.86eV, S=10%s 1, hole recombinatiod® Toward this end, we use a simple
and E,=0.8eV, S=2x10"%s 1. The agreement of the model in which hole recombination is considered to take
simulated ionization coefficients with the experimental datgplace with a characteristic timeg,. (i.e., with a probability
is reasonable in both cases. Even if the first set of parameteligr,.). We will perform simulations withr,.. ranging be-
is more realistic and fits better the experimental values, wéween 0.01 and 1.0 ns, in order to study its influence on the
will mainly use the second case, since the central processirignk properties. The value of,.. constitutes a severe limita-
unit (CPU) time required to reduce the uncertainty of thetion for the simulation time, since hole recombination is the
results is more affordable because of the larger number gfrocess with the longest characteristic time among those in-
ionization events taking place in the devices. From each imvolved in the system under analysis. Thus, simulation times
pact ionization occurrence, an electron in fhealley and a  of at least several timesg,; are required to achieve correct
hole in the heavy-holéHH) band emerge, while the electron stationary results.

TABLE I. Physical parameters of holes ingleyGa, 4/As and Iny 5,Al g 4gAS.

Parameter 155G & 47AS Ny 5Al g 4gAS

GAP (eV) 0.75 1.45
Optical deformation potential (¥0eV?/m?) 5.75 2.6
Acoustic deformation potentideV) 4,95 4,95

HH LH SOH HH LH SOH
Effective mass (fiym) 0.4828 0.0479 0.1358 0.7012 0.2002 0.2072
Nonparabolicity(1/eV) 1.2 0.9 0.8 1.05 1.0 0.68
Energy level from HH(eV) 0.0 0.0 0.15 0.0 0.0 0.15
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FIG. 3. Output characteristics amgd versusVgg curves of the HEMT for

E=0.86 €V, S=102s 1, andr.=1.0ns. FIG. 4. Output characteristics atgd versusVgg curves of the HEMT for

En=0.8eV,S=2x10"s"%, and 7,,=0.1ns.

lll. RESULTS For the realistic values d&,, S, and .., considered in

Figure 3 shows the HEMT output characteristics in pres+ig. 3, the simulated time for every point of the—V s and
ence and absence of impact ionization y=0.86eV and |g5—Vgs curves is 5.0 ns, which requires a very long CPU
S=10"s"1, and considering,,.=1.0ns as in Refs. 4 and 8 time. Thus, E;,=0.8eV and S=2x10's™!, providing
(quite realistic parametersA notable increase ofy takes  higher(but still reasonablevalues for the impact ionization
place starting from a value &fyg high enough for the onset coefficient [Fig. 2], jointly with a shorter recombination
of impact ionization. This value 0¥ is larger the higher time, will be used in the following to achieve affordable
Vs is, while the increase dfy is lower. This behavior is in  computation times. Figure 4 shows the output characteristics
agreement with the experimental measurements of kinkand thel g versusVgg curves when this impact ionization
effect? and it is consistent with the lower gate—drain field coefficient and a recombination time of 0.1 fie counter-
that appears in the device for fix&hs whenVggincreases, balance the effect of the higher ionization coefficjeate
which leads to lower electron energy and, thus, lower impactonsidered. The qualitative behavior of the kink is similar to
ionization rate. In Fig. @), the characteristic “bell” shape in that shown in Fig. 3, but the effect is stronger, as evidenced
the I ¢ versusVgg curves, signature of impact ionization in by the more pronounced increaselgf. Under these condi-
field effect transistors, can be obsen/éd.The gate current, tions, when the kink is more explicit, it is easier to detect the
being due to holes generated by impact ionization in theorigin of this effect and analyze it in detall, as it is our aim.
channel able to reach this terminal, shows this behavior as la is important to remark that Gunn oscillatioriwith fre-
result of the interplay between the higher concentration anduencies above 100 GHare found for the highest values of
the lower energy of electrons in the channel appearing whelN g and Vg reported in Figs. 3 and 4, where the values
Vgsincreases. At low/ g, the number of electrons crossing shown forly are the result of a long enough time average.
the channel is low due to the action of the gétee channel MC simulations provide an insight into the microscopic
is pinched off, while for highVgg, the gate-to-drain poten- processes taking place inside the devices, in terms of which
tial is lower (and thus also the kinetic energy of electrpns the kink effect can be explained. Initially, the influence of
than for intermediat®/ 5. In both situations, the impact ion- 7. will be analyzed. For this sake, we will focus our atten-
ization events and, consequently, the number of holes thdton on the simulations performed with the impact ionization
reach the gate, decrease with respect to the range of intermparametersE,,=0.8 eV andS=2x10"s™!, for which an
diate Vgg, for which |5 takes the highest values. We must appreciable kink effect is observed even for low values of
point out that gate current due to electron tunneling is notr. (in the more realistic case of Fig. 3, the kink is signifi-
considered in our model. Thus, if a comparisonl gfwith  cant only forr,..=1.0 ns). Figure 5 shows the profiles along
experimental measurements is to be made, the gate electrtime channel of several internal quantities of interest for the
tunnel current should be added to the values plotted in Figdias pointVps=3.0V, Vgs=—0.3V, and three values of
3(b) and 4b) corresponding just to the hole contribution.  7,..(1.0 ns, 0.1 ns, and 0.01)nFhe results in the absence of
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FIG. 6. (a) Potential andb) electric-field profiles along the channel at 5 nm
from the spacer in presence and absence of impact ionizatiorV gr
=3.0V,Vgs=—0.3V,E,=0.8eV,S=2X10"?s1, andr,=0.1ns. The
position of the gate and the recess is also indicated. The inge}l details
the lowest values of the potential.

Electron Energy (eV)

generated by impact ionization is very low so as to provide a
significant contribution td . Moreover, few holes reach the
source contact because, as explained before, they tend to pile
up under the source side of the gate, and recombine before
reaching the source. The effect previously explained is more
pronounced the longer, IS, since, even if the number of
FIG. 5. Profiles along the channel @& Hole sheet densityinset, output ~ IMmpact ionization events is practically the same, the hole pile
characteristics fovgs= —0.3), (b) impact ionization events per unit ime up is larger due to the longer time it takes holes to recombine
f‘/”d de%”;(\‘;) ‘;'edg’g e\’;e?Y(;Lig‘;"?? Shedetdifensni’ fO'I'Ds= 3-: V., [Fig. 5@)], which leads to a stronger kink-related increase of
Tﬁg posit'ion ’of ?fge datz a’nd the recesss i’s 2?50 irlmd(iecrzz?ed\./a S e o [II’.ISGI Flg.' %a)]. .In view of this reSU|t.' one way of en-
hancing the immunity of HEMTSs to the kink effect could be
the use of some technological process in order to intention-
impact ionization are also shown for comparison. As ob-ally decreaser,. (for example, by locally introducing de-
served in Fig. B), the impact ionization events occur in the fects under the gateHowever, this process has to be care-
drain side of the channel, since the electric field in this refully controlled to avoid a reduction of; below the transit
gion and, consequently, the electron enefig. 5(c)], are  time of the electrons under the gdt the order of 1.0 ps
higher. Figure &) shows that, apart from a few holes that since this would lead to a deterioration of electron mobility
reach the gate and source electrodes, most of the holes geamd population in the channel, thus degrading the perfor-
erated by impact ionization cross the channel and pile upnance of the HEMTSs.
under the source side of the gateithout reaching the To illustrate in more detail the role played by the hole
Schottky layer because of the energy barrier present in thgile up at the gate-to-source side of the channel, Fig. 6 pre-
valence band at the heterojunctioThis accumulation of sents the potential profilgFig. 6(@] and the electric field
holes appears due to the attracting force of the gate potentialong the channel at 5 nm from the spafi€ig. 6(b)] for a
(principally) and of the negative surface charge at the recesdias ofVps=3.0V, Vgs= —0.3V, with 7,,=0.1ns, in the
The increase off, can be explained as a consequence of thicases of simulations with and without impact ionization. Fig-
pile up of positive charge, which lowers the potential barrierure §b) shows that impact ionization events take place just
that controls the current through the channel, so that thevhere the maximum electric field appears, at the drain side
channel is further opened, with the consequent increase iof the recess. For this reason, the kink effect is commonly
the electron densitjFig. 5(d)] and drain current. The rise of avoided(in fact, shifted to higher biasing®y enlarging the
I 5 is essentially due to this enhancement in the electron flovdrain recess length, which leads to a lower electric field in
through the channel, since the number of electrons/holethat region.

Sheet Electron Density (10'% cm™)

0.0 0.2 0.4 0.6 08 1.0

Y Dimension (um)
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In the presence of impact ionization, the energy barrier v m

controlling the passage of electrons through the channel de- — ;
creases in the position of the hole pile [fig. 5a)] due to L@ A

the presence of the positive charge accumulation. As a con-
sequence, more electrons coming from the source have
enough energy to surpass the barrier and cross the channel,
thus contributing to the enhancement of the drain current.
Note that even if the difference in the potential barrier is very
small, just of the order okgT/q [inset Fig. &a)], it is
enough to produce a significant variation in the number of
thermal carriers coming from the source able to pass over the
barrier. Additionally, due to the strong increase of the elec-
tron density in the drain side of the chanfElg. 5d)], the
potential profile becomes smoother in this portion of the
channel, so that the electric field is distributed more uni-
formly along the gate—drain region with respect to the case
of absence of impact ionization. This effect is more pro-
nounced the higheft,. is. Indeed, with the increase @f,.,

both the electron energy and the number of impact ionization
mechanisms are lower under the drain side of the recess but
higher in the region near the drain cont&Eigs. 5b) and
5(c)].

Reference 8 relates the increasd gfto a lower source
access resistance due to the presence of lfaieselectrons
under the source part of the recess. Even if such an effect is
observed in our resul{$igs. 5a) and 5d)], our explanation
of the kink effect coincides with that of Ref. 4, confirming
that the decrease of source resistance cannot be solely re-
sponsible for the kink effect.

Figure 7 shows the same profiles as those of Fig. 5 for
the case oVps=3.0V, 7,=0.1ns, and several values of
Vgs- As shown in Fig. ), the number of impact ionization
mechanisms decreases wheégs is increased from-0.3 V
to —0.15 V, since the maximum electron energy is lower Y Dimension (pm)

[Fig. 7(c)] due to the lower gate-to-drain potential. More- _ Lo
FIG. 7. Profiles along the channel df) Hole sheet densityb) impact

over, the hole pile up is smaller, as Obse_rved 'n_Fl@)’7_ ionization events per unit time and depth) electron total energy, anl)
because of both the lower number of impact ionizationglectron sheet density fovps=3V, E;=0.8eV, S=2x1012s L, 7.,

events and the weaker attraction of the gate potential, while0.1ns, and different values &f/gs. The position of the gate and the
the recess influence is similar in the two cases. As a conséecess is also indicated.

guence, the kink-related opening of the chariég. 7(d)]

and the associated increasd gf(Fig. 4) are less pronounced

for Vgs=—0.15V than forVes= —0.3V. ForVgs=0.0V the source side of the recefsig. 7(a)]. In this case, the
and Vss=0.3V, current oscillations emerge due to Gunnamount of surface charge present at the recess is decisive for
effect in the gate—drain region, and the qualitative behaviothe kink behaviof. This fact suggests that the passivation of
of electron transport is different. Under these biasing condithe recess surface can be of interest when trying to reduce
tions, a high-electric field domain is moving in the region the kink effect for open channel conditions.

between the gate and the drain. In this case, impact ioniza-

tion mechanisms take place in the whole gate—drain regio

especially near the drajrrig. 7(b)], where the high electric- 'lv. concLusions

field domain takes the highest values when leaving the struc- We have presented a microscopic analysis of kink effect
ture. Therefore, when increasinfs to 0.0 V, the onset of in  short-channel recessed (H3Alg4gAS/INg 58G8 4AS
Gunn oscillations provokes a sudden increase of impact ionHEMTs based on MC simulations. The results allow to in-
ization mechanisms, and also a larger pile up of holes undeerpret the effect in terms of the pile up of hol@enerated

the source side of the gate and the recess, which leads tobg impact ionization in the gate-drain regjoin the source-
stronger kink effect than fovs= —0.15V (even if the gate-  gate side of the channel. This hole pile up takes place mainly
to-drain potential is lowgr Finally, for Vgog=0.3V, the at- under the gate for low values &fgs, while for higherVgg
tracting effect of the gate is weaker. As a result, the recesthe attraction of the surface charge at the recess becomes also
influence becomes notably more significant than that of thémportant as compared with that related to the gate. The
gate potential and the hole pile up occurs principally undepositive charge due to the accumulation of holes contributes

V=030V

N. Ionization Events (10'7 s'm™') Sheet Hole Density (10" cm’?)

Electron Energy (eV)

Sheet Electron Density (10'2 cm)
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