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Abstract—\We assess the impact of nonlinear electronic trans- The questions concerning the electronic transport become
port and, in particular, of real space transfer (RST) on device crucial as gate-lengths approach the sub-100 nm range [8]
performance for advanced IlI/V high electron mobility transistors and high field transport phenomena are enhanced. These

(HEMTs) using the device simulator MINIMOS-NT. In this fi tb lored b vtical dels. At i
context, we discuss dc and RF performance issues for pseudomor-ques lons cannot be explored by analytical models. In-

phic AlGaAs/InGaAs/GaAs HEMTs that are especially relevant Stances a more complex device simulator such as the particle
for gate-lengths of about 150 nm. All results are compared to simulator DAMOCLES [9] was used to confirm, e.g., the

and found to be consistent with experimental data for devices interdependences of real space transfer and velocity overshoot,
processed in two different foundries. which are found by MINIMOS-NT. The paper is organized
Index Terms—Electron emission, equivalent circuits, MOD- as follows: Section Il gives a brief overview of the impact of
FETs, semiconductor heterojunctions, simulation, simulation relevant electronic transport issues on HEMT performance.
software, thermionic emission. Section 1Il describes how these aspects are included into the
two-dimensional device simulation of MINIMOS-NT and
|. INTRODUCTION Monte Carlo simulations. In Section IV results are given with

I N RECENT years high electron mobility transistorsfocuson nonlinear transport as highlighted by these results.

(HEMTSs) have been developed with respect to low noise,
power, and mm-wave MMIC applications and find increasing IIl. TRANSPORTISSUES TOHEMT PERFORMANCE

interest in standard processes on an industrial scale. It isas a significant figure of merit, Fig. 1 shows the product of
the purpose of this paper to show the correlation betweggrrent gain cut-off frequency and gate-lengdihx I, as a func-
electronic transport and device performance of HEMTs. Thign of gate-lengtti, taken from literature (see also [10]) for
is accomplished by the application of the device simulat@aAs based MESFETS, pseudomorphic AlGaAs/InGaAs/GaAs
MINIMOS-NT which is capable of dealing with the concurrenHEMTSs, and InAlAs/InGaAs HEMTs on InP substrate. The
effects of real space transfer (RST), k-space transfer (KSTihes represent the product that we consider to be realistic for
and velocity overshoot. The theoretical understanding obtainggdate-length of, = 150 nm for the given technology, and that,
supports the device design for relevant markets, e.g., for log@htrary to simplified models, is not constant. From the perspec-
multipoint distribution systems (LMDS) in the Ka-band or thgjye of transport we observe two basic issues:
automotive collision avoidance radar in the W-band.

Many questions have been raised regarding HEMT perfor-

mance [1]-{3], and can be answered by our simulations. We , e increasing importance of the (parasitic) environment

base our investigation_on the ach_ievements of HEMT perfor-  ¢ihe channel for decreasing gate-length, especially below
mance reported by various foundries, e.g., [4]-[7]. 1. = 100 nm.

. . . . . g
MINIMOS-NT1s capaple ofl|nk|_ng the physps of hetero-m-_l_? assess the reasons for the speed advantage of high indium
terfaces to the small-signal equivalent circuit elements thg

explain device performance bevond classical HEMT theOrcontent in the active region, a detailed review of factors that in-
P P y Nuence FET performance is presented in [11]. Yet, even with

regard to publications which present a very conservative view
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& INAIASINGaAS/InP HEMT rier mobilities, and energy relaxation times depending on lat-
= Zg o AlGaAs/InGaAs/GaAs PHEMT tice and carrier temperatures, and the material composition [21],
3 5| ° GaAsMESFET [22]. We use material composition dependent models for the
é o4 [ . ternary semiconductorsGa, . As and AL{Gall_yAs [22] t'hat
= oof g — calculate the values from the corresponding binary semiconduc-
% 20t N . tors GaAs, InAs, and AlAs. This allows efficient simulation of
%,J’ 181 N . = complicated material structures. For aligning the band energies
5 16} e . of the IIl/V materials we assumed a 60 : 40 distribution of the
141+ o o . ;
x offsets valence band: conduction band. The model proves that
~+ 12l oD o—— o . X : . .
b . o it is possible for industrial standard devices to precisely model
8 4 s different transistors not only within one technology [19], but to
000 005 040 045 Os0 o2 030 use just one set of parameters for different technologies. Only
gate-lenght |, [um] geometry, doping, ohmic contacting, and parameters such as ef-

fective Schottky barrier heights are varied, that are confirmed
Fig. 1. Overview of the product current gain cut-off frequenty and by independent measurements.
gate-length, as a function of gate-length.

_ _ _ B. Modeling the Overshoot and the Real Space Transfer within
and above in bulk materials, these extracted saturation velagle Hydrodynamic Model

ties (even in |9 53Ga 47As) are generally lower thar)? cm/s, . L .
e.g., [15]. We conclude from these and various other observst\-ve'cmIty overshoot modeling is performed using the concept

tions [11], that an effective mean carrier velocity prevails above t.h € carner temperaftufEn dependenF energy relaxation times

the saturated bulk velocity, which contradicts simplified analy{:” in the hydrodynamlc_model as outlln_ed in [23]. The model of
ical models. This work can show for realistic devices that for t Qe channel mterfaces_ Is of parncular !mpo_rtance for .HEMTS’
definition of this effective value the interdependence of RST a éi't also for other devices with heterojunctions. The interface

KST has to be taken into account, since RST is a limiting factg(t)nd'tlonS are then given by the following eguatlons which de-
for overshoot phenomena [11]. note the extension of a model reported previously [21]. The car-

When investigating the gate-source bias dependence of g)eﬁr curre_ntden&_tﬁm and the energy flux density,,; through
eterojunction interface are modeled as follows:

tractedS-parameters of pseudomorphic AlGaAs/InGaAs/Gas
HEMTs [16], [17] defined the term modulation efficiency. It de- m}
scribes the ability of the gate contact to modulate the drain cur- Snz +2 <kBTn2Un2(Tn2)”2 - kpThrvn1 (Tha)m
rent without modulating immobile or low-velocity charge in the AEo — 0Eq N
AlGaAs barrier. Thus, modulation efficiency is another way of - exp <_W>> =0 Q)
quantifying the occurrence of RST from the channel into the Al- Binl
GaAs barrier with limited transport properties.

In [18] Monte Carlo simulations demonstrated RST as a lim- 1
iting factor for AIGaAs/GaAs HEMT device performance. We Sp2 = Sp1 + p (AEc — 0EC) Ju2(2)
can show the importance of the equilibrium of RST and KST, Jn2 — Jn1 =0,(3)
since this work links both, to insight of the high field trans-
port phenomena on the small-signal performance of AlGaAs/In-
GaAs/GaAs HEMTSs. This connection is very helpful, particu-

*

m
larly as gate-lengths approach the sub-100 nm range. As it is Jn2 — ang <vn2(Tn2)nQ - m—i Un1(Tn1)1
also shown in Fig. 1, the parasitic delay times e.g., in barrier, !
_ _ : : ) AFEc — E¢
semiconductor cap, and ohmic contact gain relatively more im- cexp [ —————— =0 4)
portance [13]. kp - T
[ll. NUMERICAL CALCULATIONS AND MINIMOS-NT
2kpTh1,2
The Poisson equation and moments of the Boltzmann equa- Un1,2(Th1,2) = 77”71*1 ) ®)

tions are solved using the two-dimensional (2-D) device simu-

lator MINIMOS-NT, as described in previous publications e.gwhere

[19]-{21]. The simulation area is split into several segments AE~  conduction band offset;

accounting for the different material properties, and the seg-6E~  the barrier reduction depending on the electric field

ments are connected by interface models. The following chapter E at the interface to account for the field supported
briefly describes critical details relevant to the investigations tunneling effect of hot carriers at the interface;
which follow. T, electron temperature in segment
) kg Boltzmann constant;
A. General Modeling q carrier charge:
Sophisticated models are used to calculate the energy band:} effective mass in segmeit

structure, effective carrier masses, carrier densities of states, care;,, electron tunneling length;
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TABLE | (Ohmic metall
SIMULATION PARAMETERS FOR THEINTERFACE MODEL

(Ohmic metall

GaAs cap GaAs cap
Material Xoun o, |
; P 5 7 AlGaAs barrier AlGaAs barrier
N-1ng 5549 75 nm
G InGaAs channel InGaAs channel
p-Aly2GapsAs
Aly0GagsAs/GaAs 3 nm 1 Fig. 2. Dirgct (Case |, left) and indirect (Case |, right) contacting of the channel
by the ohmic contacts.
0.80 0.806 0.835 )
o . 2.0 y (Um
E, .1 electric field orthogonal to the interface; =18 BCIB
o conduction band edge form factor; %14 uhla Source
Vi emission velocity. g]%
o, andé Ec are modeled with respect to the material systerg 98f | [ |
. . - . C Z2oal H L ] +—> 7
the doping, and especially thedoping near the interface. Inthisz g3 | g .. . .. "“I'E‘i‘;ﬁ' Blcls
classical concept to describe a highly quantum mechanical Si 97555657062 055 0.64 0.5 x Gate
ation the reductiofi Ec: is modeled by [24], [25] and references _29—or== Lo ulh |a
. > d M . .
: °,1,6 N A
therein ;1,4 ulhla .- «—> l IA
g 1.2 e
qE o171, Eortr, >0 5 10 .
6Ec — orth un EO’I 2 < i (6) ;0,8 Draln
0 orth = 0 3 0.6 . %
Lo
Starting from the Wentzel-Kramers—Brillouin approximatiol 0;9_79 060051052063 {,‘,'24 0.85
«, IS @ general, material dependent function which basical L 050 0,806 0535 y [um]

accounts for the dependence of the tunneling probability on

the band gap discontinuity [24]. From simulations of examplé$. 3. Comparison of electron kinetic energy distributions on the source and

[25] the following set of parameters was found to be useful. THEAN for an Ab.2sGay.7sAs/ing s Gay. - As HEMT of I, = 250 nm.

values obtained for.,,, are of the order of the distance of the

interface to§-doping, which typically amounts to 5 nm. Thisfield distribution is strongly influenced by the ohmic contact sit-

reflects the fact that the conduction band edge indfped uation: In Case I, the channel is directly contacted and RST rep-

HEMT has its minimum in thé-doping plane. resents a loss of carriers into the barrier and buffer only. The
The values given in Table | are used to model the interfac@¥deling of Case | is performed by extending the contact down

in the AIGaAs/InGaAs/GaAs material system. Other interfacég the channel. In Case Il RST occurs under the gate and is the

e.g., for the InGaAs/InAlAs material system, were also sim@nly means of current transport from the channel to the drain

lated successfully using this model with a different set of pararontact.

eters, includingy,, # 1. We stress the strong interdependence

of the interface model and the overshoot modeling, which wis Semiconductor Insulator Interfaces

carefully controlled, see also [11]. The efficientimplementation Given barrier layers with thicknesses of 15 nm and below

of the model (with respect to CPU time) into the hydrodynamigie occurrence of real space transfer leads to current transport

simulation is crucial for obtaining results for steady state anglose to the semiconductors—insulator interface especially near

transient simulations. An average bias point can be evaluatgd drain. Thus, special attention was paid to that interface. To

within 40 iteration steps. account for the strong pinning of the Fermi level between the
barrier material AlGa; _,As and the SiN passivation [26] we
C. Contacts used a Shockley—Read—Hall (SRH) recombination model. An

For gate-lengths of, = 150 nm and below it is found that inhomog(_eneous_dis_tributior_l of the trap numiér to model
the discussion of electronic transport strongly depends on i€ Fermilevel pinning at midgap of 0.84 eV above the AlGaAs
effective conduction band edge at the ohmic contact-semicdfilence band-edge in the vicinity of the interface was assumed.
ductor interface as a result of the alloying process into the cpaddition negative interface charges were applied. This model
geometry. The two limiting cases of contacts, possible by usiff2ISo used to account for bulk traps in the 8, . As layers.
alloying processes are shown in Fig. 2. Both situations are cornce the Al concentration was kept below 22%, the DX centers
sistent with scanning electron microscope (SEM) images of tithe bulk have only limited importance for device behavior.
two technologies investigated in this work. In Case | the ohmic ) )
contact alloys through the cap layer and the channel is in cdn- Monte Carlo Simulations
tact with the metal. In Case Il, the ohmic metal does not alloy Fig. 3 shows simulation results obtained by the Monte
through the cap, i.e., the cap/barrier and barrier/channel int&arlo simulator DAMOCLES for an Al.;Gay 75As/In
faces are not modified. Whether additional doping is introducgd Ga, rAs/GaAs HEMT of a gate-lengthy, = 250 nm. On
next to the regular doping depends on the alloying process. Tthe right side of Fig. 3 the geometric structure of the HEMT
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with a 6 nm wide I 3Gay;As channel (Ch) between an 1000
Aly.25Gay 75As barrier (Ba), and a GaAs buffer (Bu) can be e ——
seen. The ohmic contact is assumed to be a mixture of the
two cases shown in Fig. 2. The GaAs cap-AlGaAs barrier
interface is assumed to be alloyed through by the contact
metal, whereas the AlGaAs/InGaAs interface remains intact.
At the metal-semiconductor interfaces a dopind®f’ cm—3

is assumed. Applied bias w&%s =2V andVgs = 0V. The

two figures on the left show the kinetic energies of electrons as
a function the relative y-position, the meaning of which can be 04
seen also on the right. The energy distributions were obtained 0
within two observation boxes visualized on the right with an
x-extension of 30 nm symmetrically placed to the gate contact.

The observation boxes were positioned at a distance of 30 nm

from the gate edges, respectively. Thus, at the drain side of the 1000
gate the electrons pass the complete gate and another 30 nm
of the high field zone, until they enter the observation box.
The spacing of source to gate and gate to drain contact was
250 nm. On the source side the electrons enter the channel via
the barrier gaining kinetic energy. On the drain side the figure
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Measurement

o]

o

[«]
T

I, [mA/mm]
(o]
o
o

= Simulation
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o
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demonstrates the dynamic equilibrium of electrons leaving the 4007 ypaxt T T

channel by real space transfer. Hot electrons are observed in the 200/ : e
channel at the drain side of the gate, where they can undergo

either KST in the channel, or undergo RST mostly into the 0 Liresssssasasss ppappiasARRELRRERRSSEETE]
gate-side barrier loosing kinetic energy, followed by KST in 0 1 2 3 4

the barrier. This shows, as described e.g., in [27], the critical Vos (V]

function of the heterointerfaces, since th'ey deflng the balar}_clg_ 4. Top: Output characteristics of d, _ 150 nm
of RST and KST, and thus the mean carrier velocity. Aly 2Gay sASling 55 Ga rsAsiGaAs  HEMT  of  Technology  A.
Vas = —0.8 --- 1.0V, stepping 0.2 V. Bottom: Output characteristics of a

1, = 140 nm Aly »G& sAs/Ing 25G& 75As/IGaAs HEMT of Technology B.
IV. RESULTS FORDC AND RF PARAMETERS AND DISCUSSION Vo = —0.4 --- 1.0 V, stepping 0.2 V.

To characterize device performance we supply a complete
P PPY P 900 900

set of relevant dc and rf parameters as well as their bias depen-
dence. In the following we present these parameters obtained 800 800
by simulation and measurement for two pseudomorphic HEMT 700} =700
technologies and we discuss the relation to nonlinear trans-g 600 6005
port. Technology A is based on e-beam lithography, whereasg 5001 500 3
Technology B is based on an optical stepper lithography with = 3
SiN sidewall spacers. Gate-lengths of 150 nm are evaluated, 400 2
both technologies represent industrially relevant standards. The 300} 300
ohmic contact situation of Technology A is approximated by 200+ 200
Case |l in Fig. 2, whereas Case Il is applied for Technology B. 100l 100

0 ba8TconaY | | L L | 9
A. DC Results 06 -04 -02 00 02 04 06 08 1.

Vo IV]
Fig. 4(a) shows sets of simulated and measured output curves *

obtained for a HEMT withl, = 150 nm and2 x 60 um gate- Fig.5. Transfer characteristics and dc-transconductantg at= 1.5 V for

width of Technology A. Fig. 4(b) shows sets of simulated antgchnology B af, = 140 nm.

measured output curves obtained for a HEMT with= 140

nm and4 x 40 pxm gate-width of Technology B. The dc capaserved in the simulations. Fig. 5 shows both simulated and mea-
bilities of the simulator including self-heating using a substrasured transfer characteristics oRa< 40 xm HEMT of Tech-
thermal contact af;, = 300K are demonstrated. Special careology B corresponding to Fig. 4(b). In thg, curve the ef-

was taken to obtain realistic thermal boundary conditions. Thect of RST can best be observed ¥gts > 0.2 V. The current
overall good agreement for both technologies with sets of espreads into the barrier with increasiVigs at givenVps due to
periments is a prerequisite for the appropriate prediction of tRST. This effect widens thg,, curve toward highevy; s values,
complete device behavior. The high, and the high drain cur- whereas the value faf,, is reduced. The observation of the
rent density up to 900 mA/mm is characteristic for HEMTs asecond peak is found to be lattice temperature dependent. As a
can be seen in Fig. 4(a). Fig. 4(b) reveals equally good agreanplified explanation we suggest the decreasing of the channel
ment. Note, the negative output conductance that can be depth, which smoothes the transition between the two peaks as
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100+ .
L — J
QO q

—025GHz B0 [ =120 GHz 800 15 20 25 30 '[V?.s 40 45 50 55
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f
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Fig. 6. Simulated (lines) and measures) (S-parameters between 0.25 GHz ) ] )
and 120 GHz for gate-lengfh = 140 nm atVps = 1.5 VandVgs — Vi, =  Fig. 8. Current gain cutoff frequendf- as a function ofps bias forVe s
0.4 V. at ¢ max fOr I, = 140 nm.

T T

120 | ——f, simulated

T ) T

using an 8-element circuit no free parameters are used in this
—o—1, measured 42 1000 comparison. According!y, Fig. 6 show; very_good ggreement,
100+ /o | which serves as a basis for further discussions. Fig. 7 shows
4800 the simulated and measuréi;s bias dependence of the ex-
80| trinsic current-gain cut-off frequendy- and the extrinsic rf,, .
The agreement of the simulations and the values extracted from
S-parameter measurements is good. The most crucial difference
1400 of the HEMT to e.g., MESFETS for circuit design is the rf-gain
[20], which provides a crucial advantage for the HEMT.
In terms of small-signal equivalent circuit elements this is ex-
—=—g,, simulated 1200 pressed essentially by the extringig for a given gate-length.
—0O—g,, measured This results in a highef,,..«, in higher maximum stable gain
o 02 o2  os o8 O MSG, and maximum available gain MAG. The latter can be
Vo V., V] easily seen by the_represe_ntat_ion of MAG/MSG as a functi_on
of small-signal equivalent circuit elements [29] and is a crucial
Fig. 7. Simulated and measurgg and the rfg,,, as a function o/ bias advantage for the use of HEMT's e.g., in medium power ampli-
atVps = 1.5V for a device ofl, = 140 nm. fiers (MPA) in the W-band.
Fig. 8 shows the decay of the current gain cut-off frequency
a function of rising lattice temperature. Further, the observatigh with Vs (both simulation and measurement) for a HEMT
of the second peak depends on the position of the maxigim with I, = 140 nm. For chip design in general, the dependence of
relative to the opening gate diode, in this cas&at = 0.65V.  fr on bias represents one key to optimize devices with respect
If g.»max OCCUrS atVgs too close the opening gate diode, théo small-signal use. However, e.g., for power amplifier design,
two effects cannot be separated. Thus, the interplay of RST argpecially above 20 GHz, the use of devices is restricted both by
KST for a given carrier concentration determings and the the gain, represented lgy, and by the output power available as
saturation currenfp,q.. The particular advantage of HEMT’sa function of bias at the frequency of operation. To assess factors
to be high gain devices is illustrated by the maximunygdgcin  that determine the decay ¢ for moderaté/ps assuming no

. [GHz]

4600

[wuy/sw] 6

40

20

Figs. 4 and 5, respectively. breakdown limitation we have plotted in Fig. 9 the experimen-
tally found dependence of the decéy/Vps on gate-length.
B. RF Results This was done for a variant of Technology A which was exper-

The bias dependence of the small-signal equivalent circuit #pentally available for several gate-lengths. The nonlinear in-
ements was simulated which gives a complete description @gase of the decafr/Vps for small gate-lengths proves the
the device small-signal performance for the bias range underipfluence of short channel effects and explains the advantage of
vestigation. The correspondirfiyparameters can be simulatech higherfr x [, product for small-signal use, which allows the
with MINIMOS-NT using a small-signal excitation at 5 GHzhigh indium channel HEMT to realize the sarfieat a compa-
[28]. The simulateds-parameter results ofzax 30 zm HEMT  rably higher gate-length, e.g., relative to the GaAs MESFET.
are shown in Fig. 6 in comparison to measurements. Using an .
8-element small-signal equivalent circuit topology small-sign&- RF Results and Electronic Transport
equivalent elements are calculated. For the extrinsic comparisorfo explain the bias dependence of the equivalent circuit ele-
to measureds-parameters we use the same (typical) parasiteents the calculated and measuégd, C,q, and rfg,, are pre-
elements as extracted from the measufeparameters. Thus, sented. From the point of view of electronic transport RST is a
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215

120
—m— Simulation Contact Case |
—o— Simulation Contact Case I
110 +
@ 100F
‘_I—
90
80

10 15 20 25 30 35 40 45
Vs [V]

Fig. 11. fr as afunction oV for the two contact cases gt = 140 nm at
Vs fOr ¢ max-

zone is strongly influenced both by the effective drain contacts
and by the SiN/AIGaAs interface. The surface states lead to an
additional depletion of the vicinity of the SiN/AlGaAs interface
due to the Fermi-level pinning.

Cys is located between the channel carrier density and the
gate contact. The correlation of the RST and the bias depen-
dence ofg,,,, Cy, andC,q is given by the electrons leaving the
high field region out of the channel. In [31] experimental evi-
dence is given suggesting that the ultimate performance limits
of HEMTs arise from a combination of real space transfer into
the AlGaAs, followed by k-space transfer within the AlGaAs.
Thereby the mean carrier velocity is significantly reduced. The
argumentation in [31] is mostly focused on thies dependence
at givenVps. The increase id’y, with Vp s can be understood
as follows: the gate-foot and the current density in the channel
form a capacitance with the channel charge as a movable capac-

key to understand these bias dependencies: With increlsing itor plate. If any charge density (as a function of bias) moves
the electrons undergo RST out of the channel and populate @h@ser toward the gate, the capacitarit¢g will increase. With
barrier, where they experience much lower carrier mobility ari$ing Vps the probability for RST generally increases for any
saturation velocity. This is true both for pure dc operation artven band gap discontinuity, ¢, increases at a givers,

for rf operation, when the term modulation efficiency is morgecause the center of the channel side carrier charge moves

appropriate.

Fig. 10 shows the simulated and measutgd andC, as
a function of Vpg. To illustrate the contributions t¢’,4, the
capacitance can be separated in the following terms [30]:

ng (VDS) = ng metallization + ng passivation
+ ng device (VDS) . (7)

closerto the gate. This mechanism can be seen as a dc equivalent
of what was explained within the charge control models with the
term modulation efficiency. Furthermore, the loss of carriers out
of the channel by RST will cause thg, to drop, sincey,,, is pro-
portional to the effective mean carrier velocity. The latter will
decrease if an increasing amount of carriers leaves the channel.
Atthe same time&’,, rises with increasind/p s, generally over-
compensating the decay 6f,4, which explains thef7 decay

The first two contributions in (7) arise from the electric couplingvith rising Vps.

of the gate and drain contact metallization and from the electricThe gate-length dependence of the decreasfagVps
coupling of the gate-contact to the drain-contact cap. Both akown in Fig. 9 can also be explained with the scaling of the
bias independent in a first order approach. The bias dependefezture sizes already shown in Fig. 1: The fields in the high field
of Cyq 0nVps is caused by the increase of the size of the spacegion increase more than linearly with decreasing gate-length
charge zone. This expands with risiig s bias, so that the ca- since applied bias are normally not scaled linearly. This results
pacitanceC,, is reduced, as shown in Fig. 10, both by simulan an increased probability for RST.

tion and measurement results. Two factors define the extensioirig. 11 shows two simulations for a HEMT device to deliver
of the space charge zone. On the one hand a vertically structugg@of of our explanation: the simulation is performed for two
non depleted semiconductor, e.g., anfrdoped cap, stops the absolutely comparable devices, the only difference is the ohmic
extension of the depletion zone, and thus the decrease of theamitact situation, and with it the transport through the interfaces.
pacitance’,4. On the other hand the shape of the space chaf§eth situations demonstrated their importance for industrially
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relevant devices in Technology A and B, respectively. Fig. 11 6]
compares the decay ¢ with rising Vp s at Vg for maximum

gm for the two contact situations shown in Fig. 2. In Case II, for 7]
the indirect contacting, where RST is the only means of cur-
rent transport from channel to drain, the maximum valug;of

is lower, but at the same time the decay withs is smaller
compared to Case Il. In Case I, for the direct contacting of the
channel, RST increases with risifs bias, which results in

a higherfr for low Vps bias, but results in a stronger decay,
which even leads to the crossing of the curves. This demon-
strates that for a device optimized for maximyfgat low Vp s (20]
bias (Case I), the performance limiting factor is RST. These simr11
ulation results confirm a general experience during HEMT opti-
mization on various structures. The simulations further allow to
separate the transport effects from superimposed technologic[é?]
variations. The direct consequences for the small-signal param-
eters support the idea that RST, from the perspective of carri?lr3]
transport, is a determining factor for the HEMT device perfor-
mance and must under no circumstances be neglected when as-
sessing the fundamental limits of HEMT devices. [14]

(8]

[9]

V. SUMMARY
) ) _ ) [15]
By simulations the interplay of nonlinear transport effects

and rf/dc performance in HEMTs has been demonstrated. These
simulations show the function of the hetero-barrier to defing,g,
an equilibrium of real space transfer and k-space transfer. Real
space transfer explains the importance of carrier conﬁneme?{?]
for HEMT device performance at highps bias. Fully opti-
mized devices must be used to evaluate HEMT performance and
a complete set of circuit relevant criteria needs to be include%S]
such as maximum drain currefy ..., transconductance,,,
capacitances, and the bias dependence of the transit frequency
fr. ltwas shown that real space transfer is a determining factd#®l
to understand the bias dependence of the small-signal equiva-
lent circuit elements in a HEMT. [20]
[21]
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