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Abstract—A systematic study of impact ionization in pseudo- Schottky barrier is carried out by thermionic field emission
morphic high electron mobility transistors (PHEMTSs) has been (TFE) or tunneling.
carried out using temperature-dependent electrical measurements Both impact ionization and transport across the barrier relate

as well as modeling for optimizing the power performance of the Lo S . .
devices through the best layout parameters. A measurement proce- to the electric field distribution in the PHEMT active region-

dure makes it possible to define a safe transistor operation region channel and Schottky layer. Since impact ionization is inversely
is proposed. Impact ionization in the channel is parameterized by proportional to the bandgap [10], the channel is the weakest
specific gate current and voltage values. Temperature-dependent point of the PHEMT. This is because the channel bandgap has
measurements are shown to provide distinction between the im- to be lower than the Schottky layer bandgap to provide good

pact ionization current and the thermionic field emission current. ) oy o
A methodology for defining an optimum vertical structure and a electron confinement within the channel [11]. In addition, good

lateral layout for a given application and operational conditions transport properties are associated with narrow bandgap mate-
is developed. Empirical models for optimum lateral layout for a rial. Therefore, the maximal magnitude of the electric field in the

power application were developed based on a statistical "Device channel controls the impact ionization process, while the TFE is
Zoo” approach. The results point to an optimal gate-to-drain dis- ¢ nrolled mostly by the electric field in the Schottky layer. The
tance for minimum impact ionization current. . h .. . .
electric field magnitude and distribution in the channel, under

constant bias voltages, can be varied by altering the lateral and
vertical geometry of PHEMT.

This paper aims at optimizing power PHEMT performance.
|. INTRODUCTION This is done by defining a safe PHEMT measurement method-

RECISE measurements and modeling of the on-stdli#9y, which unambiguously separates between the TFE and
Pand off-state breakdown voltages in the pseudomorprEpaCt ionization processes; parameterizing the impact ioniza-
utl'gon process for modeling; and developing an empirical model

high electron mobility transistor (PHEMT) are needed d )
to its importance in power applications. Information abmﬂfthe breakdown. The latter takes into account the effects of the

electrical breakdown is crucial for improvement of its poweYe'tical and lateral device geometry, as well as the doping level,
device performance since the breakdown limits the maximuff (he breakdown at a given channel bandgap. ,
transistor output power [1]-[3]. A number of works, published Since several geometrical parameters and their interaction

during the last decade [4]-[7], proposed various measuremippact the breakdown, a statistical approach has been used to

methods and analytical models for the breakdown phenoHF—rive an empirical breakdown model. Details of the experi-

enon. However, the design of a PHEMT with a predictabl@emal setup and statistical method, used in the research, are
break'down voltr;lge remains a challenge reported in Section Il. The methodology, adopted for this study,

The breakdown in PHEMTs is a complex phenomenoi? presented in Section. lll. In this section, we prove that the
dependent both on the geometry of the transistor and on main physical processes, responsible for breakdown, can

material properties of the initial wafer epitaxial layers. ThE€ Separated. We also explain how the impact ionization can be

breakdown manifests itself in a rapid increase of the gﬁ@rameterized. The results, discussion and empirical models of
current [8]. From the physical point of view, this current ris@"€akdown are presented in Section V.
reflects either carrier generation processes occurring within
the channel, or carrier transport, across the Schottky barrier, as II. EXPERIMENTAL
well as both effects simultaneously. Carrier generation may be .
due to, e.g., impact ionization, which is the main generation” 0-25 um gate power PHEMT was used as the basic ele-
process responsible for the breakdown [7], [9], Poole—FrenkBent for this res_ea_rch._ Fig. 1 shows a typl_cal cross section of
effect, or thermal generation [10] whereas transport across f#¢h @ PHEMT indicating the key geometrical layout parame-
ters. They areL4,-source-drain distancé,,,-source-gate dis-
. . ) ) taéﬁce,Lsr-source—recess distandg,-recess width, and ,-gate
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Lsd TABLE |
Five KEY LAYOUT PARAMETER RANGES FOR THE
16-DevICE DEVICE ZOO MATRIX

Vi

v

L [um] Lar[um]  §{ Lgg [um] | Ly [um] L [pm]
3+65 02+1.7 0.5+ 5 0.1+02 1.7+5

DY
'InGaAs channel|

i ,(AlGaAs Alg = 0.1 mA/mm

e

—>

Id mAmm

Fig. 1. Schematic diagram of the double-recessed PHEMT used. Source-drain
distance(Lg,), source-gate distancel.,), source-recess distancé .. ), 10— )

recess width(W..), gate length(L,), and gate foot-channel distance
Schottky layer thicknes&D ) are indicated. Their ranges of numerical values
are given in Table I. 0
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The vertical structure was determined by both varying the 6.0 T &l &0 180
AlGaAs Schottky layer thickness$;, from 18 nm to 26 nm vd, v
and the carrier sheet densitys-from 3 x 102 cm™2 to
3.6 x 10'2 cm~—2. The latter was measured by the wafer SuF5:__ig. 2. Drain current(Id) as a function of drain voltagel'ds) at
. . different constant gate currents from0.12 mA/mm to—1.02 mA/mm with
pllers, IQE’ Inc., using Hall measurements. To model the effec .1 mA/mm steps. Arrow shows the direction B§ decrease. Rightmost
of the vertical geometry and doping level on the breakdown cantour (g = —1.02 mA/mm) limits the PHEMT safe operation region.
device matrix, comprising 14 identical devices, was defined. It
is referred to as the “uniform matrix.” The uniform matrix was
defined at five different sites on the same mask set, to enable
control of the process stability. Identical uniform matrices were The common parameter, which characterizes the breakdown,
repeated on six wafers, grown with various ns dhd is the breakdown voltagé’b). A variety of criteria are used for
The lateral geometrical parameters and their interactions ha&xracting the breakdown voltage values. A straightforward one
a complex effect on the breakdown. Therefore, the Design Wpuld be a sharp rise of the current, at a voltage corresponding
Experiment (DoE) approach [12], [13] has been used to develpthe breakdown voltage. However, reaching this point results
the breakdown model. The DoE method makes it possible itb device degradation or burnout. Thus, indirect methods of
design a device matrix with different lateral geometrical pararfreakdown voltage measurements have been proposed. Mostly,
eters, such that correlations between the geometrical paraifiey use the following physical assumptions [7], [9]:
ters and measured electrical characteristics can be statisticalljl) generation processes are responsible for the breakdown;
established. 2) part of the generated carriers flow through the gate
The device matrix was designed by a two-level factorial DOE ~ causing an increase of the gate curreiits—which
and consisted of 16 different devices with various combinations  can be used as a “fingerprint” of the generation in the
of lateral layout parameters. The matrix is referred to as a “De-  channel.
vice Zoo.” The variables for the Device Zoo were based on aOur research also uses these assumptions. For complete
combination of the key lateral layout parameters of the baselineeakdown characterization, we used a three-terminal mea-
0.25 mm power PHEMT. The Device Zoo was designed sushrement, where drain-source voltagé«s was changed
that the modeled electrical characteristics of the matrix woufcbm 5 V to 16 V with 0.25 V steps, at each of which the
take into account the main effects and all the two-factor-interagrain current—d and gate current+4y were measured for
tion effects. For modeling purposes, two different Device Zogate-source voltaget~s between 0.5 V and-4 V (with
matrices, DZ-1 and DZ-2, as well as a uniform matrix were d€-.25 V steps). This measurement makes it possible to simul-
fined on a mask set and fabricated on all six wafers under teneously determine all four basic transistor characteristics
search. The layout parameters and dimension ranges are frarrents and voltages at gate and drain) and then obtain dif-
sented in Table I. ferent cross sections for analysis. Fig. 2 shd@ss a function
All measurements used a HP 4551B semiconductor analypé/ ds in the form of constantg contours, similar to the pre-
and RF probes. The statistical analysis of the data was carrgsghtation proposed in [7] to trace the transistor breakdown. The
out using SAS software (JMP 4.0). The Medici 1999.4 softwagate current—£g changes from-0.12 mA/mm-1.02 mA/mm
was used for simulation of the electric field in the PHEMT. with —0.1 mA/mm steps. The arrow shows the direction

I1l. M EASUREMENTS MODEL, AND PARAMETRIZATION
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constant, which depends on the device designis the ion-
of o008 R 1 ization energy,I’ is the temperaturel/p¢; is the voltage be-
T al e ,0“‘\. /e ] tween gate and drain, aridr is the threshold voltage of the
g A .,' % \Af/ transistor. The impact ionization rate exponentially increases
< Ll 1 / \o\/ j with increasing electric field between gate and drain and with
E » L decreasing temperature. The salient point of the equation is the
= 5t l ./ _ temperature dependence of the impact ionization current.
/ The TFE induced gate curreifrrg) is the sum of the
4}t j g i thermionic emission(Irg) and the tunnelingr) currents.
) _3- _2- _1- 0- : The expression fofr g is given by [10]
Vgs [V
e IVl ITFE:ITE-I-IT:A'T2'6Xp<—q.q)3>exp<ﬂ>
Fig. 3. Gate currentlg) as a function of gate-source voltag®gs) at kT kT
different constant drain voltage$:ds = 6 V (full squares), 10 V (open P
circles), 12 V (triangles), 15 V (full circles), and for PHEMTs on W2. +K'- T/ fs(V)-P(E)-(1- fa)dE (3a)
0

of Ig decrease. The unsafe operation range can be eagjlerel, » andI; are the thermionic emission current and tun-
identified USing this presentation. For this particular PHEM-F]e“ng current, respective|@B is the Schottky barrier he|ght'
F|g 2 shows that it is the area to the I’Ight of the curve fq5(E) is the tunne"ng probab”'% andK’ are material coef-
Ig9 < —1.02 mA/mm, which corresponds to operating voltagefcients while fs and f,; are the Fermi-Dirac distribution func-
higher than 9.5 V. tions for the semiconductor and the metal, respectively. At given
To explore the physics of the breakdown and its correlatigfperation conditions, the TFE induced currentincreases with in-
with geometrical parameters, another cross section, this tig}@asing temperature, while the impact ionization current shows
Ig (Vgs) at constand/ds was taken. Fig. 3 shows seveldl the opposite behavior because of thd’) dependence.
versusVgs curves, at several valuesBfls: 6 V (squares), 10V Returning to Fig. 3, we note thifty| sharply increases around
(open circles), 12 V (triangles), and 15 V (full circles). Whiley 55 ~. —1 V. This can be related to impact ionization [7]. Be-
the gate-source voltage is ramped up fre V to 0.5V, the yween—1 Vv and—2 V, I displays a negative differential re-
gate current shows a Schottky diode behavior at drain-soukietance region, reflecting a decrease in the carrier density. The
voltages below 6 V. Analysis of the forward part of the curveg|iowing current increase with increasiig | is supposed to
shows that the gate diode has a 0.7 eV Schottky barrier and gefdue to TFE.
ideality factor, which are in agreement with a benchmark [14]. since theory shows that impact ionization induced current
For Vds above 6 V, a characteristic current peak occurs in thg\d TEE have opposite temperature behavior, [10], [15], the two
vicinity of Vgs ~ —1 V. The complicated shape of thg—V gs  effects may be separated by temperature dependent measure-
curve seems to be the result of an interplay between two physig@dnts. Thus, we performed temperature-dependent measure-
processes, TFE and impact ionization [7], [9]. ments of the gate current in devices from a uniform matrix to
The TFE current and impact ionization current have differegi erimentally examine the above hypothesis. The uniform ma-
temperature dependence. The impactionization current depeggiSwas measured on two wafers, W1 and W2, which differ by
on the generation rate and the operation conditions. Undekneir Schottky layer thicknesB, and carrier sheet density.
usual operation conditions, the temperature dependence of thg|| 14 uniform matrix devices show similafg versusV gs
impact ionization current is dictated by the temperature depefirrves within any single vertical structure, while they differ
dence ofe. This dependence has the opposite sign of the Thfgm one structure to another. Fig. 4(a) shows typieatV gs
temperature dependence. Thus, this different dependence ®g¥e at two different temperatures: room temperature (full cir-
be used for distinguishing between the impact ionization a@ﬂas) and 60°C (triangles) for W1 vertical structure. Thigy
TFE current contributions. To understand the temperature cd@f' s) curve can be divided into two regions: the current peak
pendence of each process, we need to explore the physic$e@fion—from 0.4 V to—0.5 V, where|I¢| decreases with tem-
both TFE and impact ionization currents. perature; and the tail region from0.5 V to —2.4 V, where
When the electric field in a semiconductor is increased aboM@g| increases with temperature. Therefore, two parameters have
a certain value, the carriers gain sufficient energy to excite el@gsen selected to explore the temperature dependenciythe
tron-hole pairs by impact ionization. The dependence of the ir(Vgs) curve: the height of the current pedls; , which occurs
pact ionization induced current on the electric field and the teraﬂ/gs = Vgs;, and a characteristic value of the second current

perature can be written as [7], [10], [15] increase, which igg (Vgs = —2 V)—Ig». The curve for W2
Iy —aALIp Q) has similar features, but valueshjl, Ig>, andVsgy, are dif-
_TE, ferent. The values are presented in Table II.
a = Aexp <ﬁ> (2) Fig. 4(b) shows the current valuég, (full symbols) and/ ¢-
DG — VT

(open symbols) as a function of temperature for the two vertical
wherel;; is the impact-ionization-induced currentjs the im-  structures—W?1 (circles) and W2 (squares). In the case of W1,
pact ionization rate[ is the drain current) L is the length of |1g¢,| decreases from0.37 mA/mm to—0.04 mA/mm with in-

the high field region at the gate end of the drainis a scaling creasing temperature, indicating that this region is dominated
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similar behavior to that of W1. Henc®gs;, is sensitive to the
Schottky layer thickness and to the carrier sheet density and
therefore, to the electric field distribution. It is interesting to
note that for W2/ g2 shows a negative temperature dependence
from RT to 100°C and positive temperature dependence at
temperatures above 10C. Apparently, the impact ionization
contribution dominates in the tail region for this specific
vertical structure at temperatures up to @ while TFE
becomes significant at higher temperatures.

In general, the current peak position and height reflect the im-
pact ionization process in the PHEMT and are sensitive to the
bothV'ds andV ¢gs, which form an electric field in the channel
and Schottky layer. On other hand, the electric field distribution
in the channel and Schottky layer is a function of the PHEMT
lateral geometry and vertical design. Therefore, takigg| and
Vgsy as the current peak parameters, it is possible to empiri-
cally model the influence of the PHEMT geometry on impact
ionization and relate the former to a safe operation region. The
values of|Ig;| andVgs,, reflect the physical processes in the
PHEMT. Vgs;, characterize¥ gs (at a givenV ds), for which
the electric field in the channel reaches a valuge-causing
maximum impact ionization current.

According to (1), the impact ionization current depends on
Ip anda. Ip is defined by channel electron concentration
and electron drift velocity. Then is controlled by gate voltage
while v is controlled by theVds. For less negativd gs, I,
is high because of high. However, the electric field at the
gate end of the drain is low that results in lower impact ion-
ization current. On the other hand, a large negdiiya results
in high « and lowern and/p that cause low impact ionization

Fig. 4. (a) Gate currertl/g) as a function of gate-source voltag€gs) at . . L
room temperature (full circles) and at 6 (triangles) for PHEMTs fabricated Current. Thereforglg; [, maximizes for a Certa”? co_mblnatl_on
onW1.Vgs,, Ig: andlg, are parameters. (b) Parameterized gate curfents 0f V gs andV'ds. Hence, the parameters affecting impact ion-

(full symbols) andlg. (open symbols) as a function of temperature for the two, ation form a multidimensional space, comprising lateral and
vertical structures—W1 (circles) and W2 (squares). . . . . .

vertical dimensions of the device as well as bias voltages. To
understand the main dependencies, models, reflecting the influ-
ence of geometry on impact ionization at different bias voltages,

TABLE 1
Ig VERSUS Vgs CURVE PARAMETERS FOR

TwoO DIFFERENT VERTICAL STRUCTURES

have been built. As the DoE has been done for lateral geometry
only, the models for lateral and vertical geometry effect on im-

Ig;, mA/mm Ig;, mA/mm Vgsy, V g ” w
Vi 037 034 004 pact ionization have been developed separately. The empirical
V2 052 142 a1 model, developed fd g;| andVgs;,, characterizes the impact

ionization phenomena in the PHEMT and can be used for opti-
mization of the PHEMT power performance.
by impact ionization. In contraslf g»| increases with temper-
ature from—0.34 mA/mm to—0.57 mA/mm, confirming that
the tail current region is a result of TFE. The reduction/f |
with temperature clearly indicates tlig@; governed by gener- .
ation due to impact ionization [10], [15]. Thus, we can unam/'}' Vertical Model
biguously distinguish between TFE and impact ionization and There are 336 (14 devices 5 sites x 6 wafers) devices
the current peak can serve as a fingerprint of impact ionizatiarith identical layout parameters that have been measured on six
in the channel. Moreove{/g; | relates to the concentration ofwafers with different vertical structures to insure the statistical
carriers, reaching the PHEMT gate, and therefore to the impaeliability of the results and to model the effect of the vertical ge-
ionization rate. In general/ g | is the sum of impact ioniza- ometry onimpactionization. The vertical structures differ by the
tion and TFE currents, but as was shown in Figs. 3 and 4(a), tlectron sheet density, = 3+3.6-10'2 cm~2 and the Schottky
TFE current contributiomithe current peak regionis negligible. layer thicknes9); = 18 + 26 nm. The pinch-off voltage—p
Thus, we can usf g: | as a monitoring parameter to explore thand saturation current at zero source-drain biégss correlate
correlation between device geometry and impact ionization. for all six structures with correlation coefficients of no less than
For the second structure W2, the current peak position8-9. Such high coefficients indicate high consistency of the ex-
V gs;, differs by almost 1 V, while the peak heighy; shows a periment and absence of measurement artifacts.

IV. EMPIRICAL IMPACT |ONIZATION MODELS
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Measurements and parameterization of fpg(V gs) curve 02
have been done according to the scheme described in the pre- 004
vious section. Threég (V ¢s) cross sections at constdntls =
8, 10, and 12 V were taken. The Schottky layer thickness and
carrier sheet density are representatives of the device vertical
structure. The actual value of the Schottky layer thickness is dif- 08+
ficult to extract, since it is defined by nonselective wet etching 2.081
during the double-recess process and controlled by the current. o,
Therefore,Idss is selected as a natural representative of the
Schottky layer thickness.

A stepwise regression approach [16] has been used for the A4
modeling. It is an empirical technique, providing selection of a 164
parameter or term for a model requiring little theoretical insight. 48 g e e
For a regressor term to be considered in the model it has to have A8 18 -4 42 10 08 08 04 02 0 2
a significance probability value of 0.25 at least. Vospredted. ¥
The general form of the equation describing the effect of the (@
model terms [dss andn, in our case) on the modeled param- e T . : r
eters Vgs, andlIgq, in our case) is given by 1'4 i g :
0=Ag+Y Ay Put Y Bu-Pu-Pn (3D) = 1ol 6 ]
" o é 08} ]
where® is the modeled parametd?,, and P,,, are the model = 0.6r 1
terms and4,, andB,, are correlation coefficients. 20 04r 1
Three models for threE ds values of 8, 10, and 12 V for each 02t ]
value ofV gs;, and|I g1 | have been built, witlidss andn as the 00r__ . . . .
model terms. The models show a very good agreement with the 8 o 10 1 12
measured’ gs;, in 80+ 90% of the devices [see Fig. 5(a)], i.e., Vds [V]
they reflect well the dependence of this parameter on the model (b)

terms. However, the model does not|fiy; | with a high level Fig. 5. (a) Predicted/gs, values as a function of actualgs, values
of confidence. The difference between the models/fgrand measured for all the investigated structures. Line shows best linear fit.
; ; (b) Impact ionization current/ ¢, | as a function of drain-source voltagé&is
l‘)/gtSh deliron;trattss that the vertical geometry dominiligs, for 16 Device Zoo devices of DZ-1. Solid curve is an exponential fitting.
ut weakly affectdg;.

TheV gs;, models show a similar behavior biys;, as a func-

tion of Idss andn for all threeV ds values and are explained TABLE Il
by Idss andng only, without any interactions. The expression VERTICAL MODEL COEFFICIENTS FORTHREE V' ds VALUES
of the model is given by
Vds=8V Vds =10V Vds=12V
Vs, = A, + Ay - Idss + As - . (4) ATV o 4 5
. . Ay, [107-V-mm/mA] -6 2 4
The coefficients of the model are presented in Table 1. Ao, (107 Vo] 3 7 :

The main effect oV gs, is caused by dss. According to the
model,|V gs;| increases with increasinglss. This is because
higher|Vgs| is needed for reaching. in the channel due to
the decrease of the electric field for largey, corresponding to
higherIdss. The effect ofldss on Vgsy, is stronger than that Thelg (Vg¢s) measurements for lateral modeling have been
of ns. Increasingn, causes a decrease |6fgs;| because the done on two Device Zoo matrices DZ-1 and DZ-2. To verify that
electric field in the channel increases with. thelg, andV gs,, distributions are affected by layout parameter

Thus, the vertical structure parameters define operating cafmanges rather than manufacturing process variations, the sta-
ditions, in which the breakdown most probably occurs. In thestical distributions off g; andV ¢s;, have been checked. Each
extreme cases of the model, PHEMTSs fabricated on a structdistribution has been extracted frofy (V' ¢gs) measurements
with Idss ~ 220 mA/mm andn, ~ 3 x 102 cm~2 will experi- on uniform and Device Zoo matrices under similar conditions,
ence impact ionization in the on-state, while PHEMTSs definezhch containing 14 PHEMTSs. The mean values and standard de-
on a structure withfdss ~ 400 mA/mm andn, ~ 3 x 10'2 viations are presented in Table IV. For the uniform matrix, devi-
cm~2 will be burned in the off-state at the sami@s. Since the ations from the mean value are 9% fay; and 11% forV gsy,,
two extreme structures have the samend different/dss, the which are normal for a stable manufacturing process of HEMT
resulting modeled differences Ings;, indicate the dependence[17]. For the Device Zoo matrices, the deviations from ihe
of the latter on the Schottky layer thickneBs. mean values are higher for both matrices under study while there

B. Lateral Model
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TABLE IV 13 = T Y T Y v T
MEAN VALUE AND STANDARD DEVIATION OF V¢s, AND Ig; O
FOR UNIFORM AND DEVICE ZOO MATRICES 12+ O %E_P.
7
Uniform DZ-1 DZ-2 11F -
Mean Value Vgs;, —
-0.84 -1 -0.87
" z vop 3% ]
Standard deviation ) B ] A
for Vgsy, % i 0 H g 9k T
Mean Value Ig, R R . o
(mA/mm] 0.06 0.05 0.09 sl & ]
Standard deviation Q8
for Ig;, % ? 20 20 7 N N N s N N L
-3.5 -3.0 -2.5 2.0 -1.5 -1.0 -0.5 0.0 0.5
In|L
TABLE V | gll
LATERAL MODEL COEFFICIENTS
Fig. 6. Drain-source voltag€ds as a function ofn |I¢, | as predicted by the
Matrix | Ag Ay [Ay [um™] [A; [pm™] [A; [pm™] [Bys By [um?] model. Each cluster of points relates to a diffefénts: 8 V (open circles), 10 V
v [am] (triangles), and 12 V (squares).
DZ-1 4.1 (076 |24 -0.88 -1.77 35 5.81
Pz2 |45 |08 |38 076|156 ]33 1446 from the impact ionization point of view there is an optimal po-

sition of the gate relate to the drain. Whegy, is about 1.6qum,

. . . . L, an be vary between 0;4Am and 0.2um without affecting the
is practically no deviation foV ¢s;, (i.e., less than the measure- ¢ o T Ith h 181 th
ment step, 0.04 V) for DZ-1 and for DZ-2. This indicates th impact ionization induced current. It has been shown [18] that

S thahere | imal di from th he drain, which
Igl strongly depends on the lateral geometry, WheEé_@.SL is q ere iIs an optlma distance from the gate to the draln, wnic

. o . ; grovides maximum output power.
not. This observation is in agreement with the theoretical co “The existence of the optimal gate position has a physical
siderations in Section 1l and verifies that onlly; monitors the P g P phy

. G explanation, supported by numerical simulations of the elec-
effects of the layout parameters on impact ionization. tric field in the channel. Simulations performed by Dietial
Fig. 5(b) showgIg;| as a function ofV’ds for DZ-1. Each ' P y '

. . ] show that under certain conditions the electric field in the
circle represents a measurement of a single PHEMT. The s .
e channel has two peaks—one at source side of the gate and an-
curve represents a calculated exponential fitting/af | as a

function ofds. The exponential dependence of the impact ior?—ther atthe drain side. the channel region length, where the elec-
ization inducga currenﬂ on the a pIied voltage show% b tﬁreiC field s higher tharf., AL is the distance where impact ion-
bp 9 y iz%tion occurs [see (1)], because the InGaAs (small band gap)

measurements is according to (2). The data scattering reflecn . ; o .
. S L channel is the weakest place from impact ionization point of
the influence of layout variation off¢;|. To study this influ-

. . . . vilew. According to the simulation resultd . can be situated
ence, a stepwise regression modeling was performed. A single . . i
y between gate and drain or can consist of two parts: be-
model forln |/g,| was constructed for DZ-1 and DZ-2 for thetween ate and drain and between gate and source. In a HEMT
three values o’ ds = 8, 10, and 12 V, together with the lateral g 9 )

layout distances. The expression of the model is given by with a central gateA L is the distance between gate and drain.
' As the gate is shifted toward the sourc®/. decreases until
In|Igi| = Ao+ Ay - Vds + Ay - L, + Az - Lgs + Boas the(;iistance bletwe_er]l glztg anhd sorl]Jrce blerc]:prr?es s?mgll_enough to
produce an electric field in the channel higher thaa, i.e.,
Ly~ Las+As-Lag+ Bsa- Ly - Lag- (5) the second region oA L. This point is the optimal gate posi-

The coefficients of the model are presented in Table V. Thi®n. Obviously, this position depends both on the drain-gate dis-
model is in agreement of 98% with the measuief ;| with  tance and the gate length under the same bias conditions. Our
Vds as the only parameter, making it the most significant modapproach allows defining quantitatively the impact of the gate
term. It is also in agreement with (1). distance and the gate length on the optimal gate position for any

Fig. 6 showsV ds, as predicted by the complete model [(5)]given vertical HEMT epi-structure. the coefficients of interac-
as a function of the measuréd|Ig;| for each PHEMT. The tion betweenL,; andLg,, andL,q andL, reflect the extent of
shift of each predicted’ds from its measured value (8, 10,the interplay between drain-gate and drain-source distances and
12 V) shows the influence of the layout parameters (which abetween the drain-gate distance and the gate length, respectively
different for each device) dm |7g; |. The results indicate a gain (see Table V).
about a volt in breakdown voltage by variation of the layout We obtainL,; = 1.6 um as the optimal distance for the given
parameters. vertical structure, however, the set of measurements and mod-

BesidesV ds, there are also the lateral geometrical parametling proposed in this paper can be used as a tool for optimal
ters of the modell,, L,q4, andL,4s. The modeling shows that layout parameters definition for any vertical structure, applica-
the term for the interaction betwedn;, and L4, is the most tion and operation conditions.
significant geometrical term of the model for any given matrix. The correlation coefficient between the measuied| and
Modeling DZ-1 and DZ-2 shows the same trend, with slightlthe predicted values is 99%. Thg and L,. show minor ef-
different coefficients. Analysis of the model equation shows thgcts of the model and slightly affect the impact ionization cur-
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rent within given layout parameters. Therefore, figures of meri{12] G. E. P. Box, W. J. Hunter, and J. S. Hunt8tatistics for Experi-

other than the breakdown voltage may be considered for decj-_ ments New York: Wiley, 1978. _ _
[13] H. G. Henry and K. M. Renaldo, “A designed experiment for the op-

sion about their dimensions within given ranges. timization of PHEMT layout and profile,” ifProc. GaAs MANTECH
1998, pp. 195-198.
V. CONCLUSIONS [14] M. Eizenberg, M. Heiblum, M. Nathan, N. Braslau, and P. Mooney,

“Barrier-heights and electrical properties of intimate metal-AlGaAs
In summary, we have presented a systematic study of im- | iunctiﬁnsv"ﬂ- Appl. '?hySiCSVOLdGL no. 4, pp. 151?—22 ZEbi #5 1987.
T . . : M. Shur, Physics of Semiconductor Device€Englewood Cliffs, NJ:
pact |_0n|zat|on in PHEMT, using the mapping measuremer} Prentice-Hall, 1990, pp. 185-194.
technique. Temperature-dependent measurements show that iffe] A. J. Miller, Subset Selection in RegressiorLondon, U.K.: Chapman
pact ionization is responsible for the characteristic current pealin gHKa”' 1990-t | “Phvsical mechanisms limiting th acturi
. . Krupeninet al,, “Physical mechanisms limiting the manufacturing
atlg VeI’SUSVg.s Curve'_ A large n_umber of Caref_“' measur_e uniformity of millimeter-wave power INPHEMT ,JEEE Trans. Electron
ments on specially designed Device Zoo and uniform matrices  Dpevices vol. 47, pp. 15601565, 2000.
allow exploring the effect of both lateral and vertical PHEMT [18] W. Marzetzet al, “High performance double recessed AlGaAs/InGaAs

geometry as well as electron sheet density on impact ioniza- EEQEMJPS {%gg“_'%ogﬁave power applications,” iRroc. 27th EuMC

tion. Using the Device Zoo approach, empirical models for thg19] D. Dieciet al, “Electric-field-related reliability of AIGaAs/GaAs power

impact ionization dependence on device geometry and sheet HFETs: Bias dependence and correlation with breakdolEE Trans.
- : . Electron Devicesvol. 48, p. 1929, 2001.

density were developed. The vertical model shows that impact

ionization can occur in both the on-state and off-state of the

PHEMT, depending on the initial wafer vertical design. Con-

m.jl of .the lateral IayOUt paramgters enables deS|gn|ng PHEM?—aSmara Baksht (S'02) was born in Tomsk, Russia. She received the B.Sc.

with high output power and high breakdown voltages. We b@rgg7) and M.Sc. (1999) degrees in physics from the Tomsk State University.
lieve that the Device Zoo approach presented above can serv&hass currently pursuing the Ph.D. in electrical engineering at Tel Aviv Univer-

an effective tool to adjust the layout parameters of given HEMY; Tel Aviv, Israel.

. L . Her research interests includes design, fabrication, and modeling of Ill-V de-
epi-structures for any system or application requirements.  yices for high-power high-frequency applications.
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