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Optimization of Pseudomorphic HEMT’s
Supported by Numerical Simulations

Helmut Brech, Thomas Grave, Thomas Simlinger, and Siegfried SelbeFadony, IEEE

Abstract—Measurements and simulations of three different
pseudomorphic high electron mobility transistors (PHEMT's) are
presented. The PHEMT's possess the same epitaxial structure but
different geometrical properties. For the simulations, the generic
device simulator MINIMOS-NT is employed. This simulator is GaAs-Cap
not restricted to planar device surfaces but is able to model
complex surface topologies including the effect of passivating |-
dielectric layers. Mixed hydrodynamic and drift-diffusion sim-
ulations are demonstrated. They include the DC characteristics | Al,»Ga,,,As-Supply
as well as the bias-dependent gate capacitances. Thus, bias1 Doping 3.5°10%m?
dependent current-gain cutoff frequgnmesfr can be cal;ulated. Al,,.Ga,As-Spacer
The results compare very well with the values obtained by
small-signal parameter extractions from S-parameter measure- | |n .Ga,,As-Channel
ments. Although a single consistent set of parameters is used ' '
for the simulations of all three devices, their characteristics are
reproduced with an accuracy to our knowledge not reported | GaAs-Buffer
before. Therefore, the DC and RF properties of PHEMT'’s with
geometries significantly different from the measured devices can | GaAs-Substrate
be reliably predicted.

d

Fig. 1. Schematic cross section of the simulated HEMT's.
I. INTRODUCTION

SEUDOMORPHIC high electron mobility transistorsset of parameters. However, this is a major requirement for
(PHEMT’s) on Gallium-Arsenide (GaAs) substrate aréeliable results.
now widely used for low noise and high power applications Here, measurements and simulations of three PHEMT's for
in the microwave and millimeter wave frequency rangefw-noise applications are presented. The devices differ with
Although still new record values of extrinsic transconductaneespect to their geometries but employ the same epitaxial struc-
gmexy and current-gain cutoff frequencyr are reported ture. The program MINIMOS-NT used for the simulations has
(gmexs = 1070 mS/mm andfy = 220 GHz, for instance been described before [5]. In the present paper, the emphasis
[1]), reliability and reproducibility of the process technologys on a detailed demonstration of optimization capabilities for
are becoming the key issues for the realization of che&kEMT’s.
large-volume production. An optimized device design can Details of the simulation are given in the next section. A
reduce the technological effort, increase the yield, and, thdescription of the devices studied follows, and the expected
reduce the unit cost of the MMIC'’s. To achieve this optimurimpact of the different geometries on their properties is ex-
design, an exact device simulation can substantially supppl@ined. After a discussion of the quality of the simulations,
the technological development. MINIMOS-NT is used to forecast the performances of devices
Today, most simulators are not able to simulate complicatedt fabricated yet.
heterostructure devices with an accuracy sufficient to still
predict their performance even if the geometry is significantly Il. SIMULATION

changed [2]. This is because parameters of major models suclrf,he characteristics of a PHEMT are determined by the

as the electron transport or the electrical contact model to t@ﬁtaxially grown structure and by the geometry defined by

channel [3] have to be fitted to the measurements individuap};(e manufacturing process. In PHEMT's, the electron channel
for each device. In the literature, no simulations have been

! ) . _ . ; eN Y€l created by a semiconductor layer with narrow bandgap
published which treat different devices with a single consistef, high carrier mobility sandwiched between semiconductors
with higher bandgaps. Fig. 1 shows a schematic view of the
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TABLE | TABLE 11l
PARAMETERS USED FOR SIMULATION GEOMETRY PARAMETERS OF THE SIMULATED HEMT’s
Energy relaxation time 03 ps HEMT A HEMT B HEMT C
effective tunnel length 7 nm Iy [nm] 170 240 190
insulator permittivity 7.0 lrec [nm] 135 135 60
interface charge density (insulator/semiconductor) 2.3%10'2 cm? dge [nm] 25 25 25(23.3)
TABLE I Table Ill, the most important one fqf,,, max iS the gate-to-

TRANSPORT PARAMETERS AND DOPING . " . .
channel separatiod,.. The critical technological step which

GaAs buffer/substrate | Alyz3GaorrAs supply | TnoaGaosAs channel  determines the magnitude @f. is the gate recess. In the recess
GaAs cap region, it is intended to remove the GaAs cap layer completely
1, fem/Vs] 3000 3000 6000 but to leave the AlGaAs Schottky barrier intact. In practice,
Ve [107cs] 02 0.5 L5 this etching can only be performed with finite selectivity, and
Np[10"*cm™] 0.005 35 0.005 the effective recess depth can vary a few nanometers across

the wafer or from one processing run to another. Therefore,
small deviations in the order of 2 nm of the actugl from the
metals directly, as it has been the case in most publishgslues given in Table Ill must be considered to be realistic.
PHEMT simulations. Thus, all semiconductor interfaces thgjeviations of the parameteis and /.. from their nominal
are crossed by the electrons between source and drain @{Ries in Table Il are also technologically inevitable but do
realistically included in the calculations [3]. Abrupt interfacegot have as large an influence 9f max asd,.. The intrinsic
are introduced by splitting the device into a number of differept " e 4. ... for vanishing source resistandes)
regions where different transport models and parameters ey PHEMT is given by [6]
be applied. These regions are connected to each other by
an interface model which describes the electron transport  9m max int = 5
across the heterojunctions. Details of both bulk and interface ; \/1 n [qunso(dgc + Ady.)
models have been given earlier [5]. In the PHEMT channel, a ’ EVsatly

hydrodynamic transport model is applied which includes trﬁere e o, s aNd .y are the permittivity of the semicon-

effects of velocity overshoot and real space transfer for tIa%ctor, equilibrium electron concentration, low field electron

interface model. This model is essential for a realistic sim Jobility, and saturation velocity in the channel, respectively,

::lr:g)n eO;rT?gtrrre?/;rsi::iL:)r::Z:c:qu ;r;edt]r::s;irirc}:hzrtaecltgrlst*l]cds [ d Ad,. is the distance between the channel/barrier het-
9 y 9 9 het erointerface and the maximum of the electron probability

recess lengtth.c. In all regions outside the channel, a drlﬂ'distribution in the channel. Equation (1) demonstrates that

o_hffusmn mo<_je| is applied. B_y this means, the c_omputatlonl max int IS basically dependent od,!. This means that
time consuming hydrodynamic calculation is restricted to trfﬁ" &

; : . ) X e effect of the same absolute variationdgf on i
most important region of the device [3]{5]. In the simulations. - = decreasing BE ON g ma ins
.

of the geometrically different PHEMT's, always the same set Today, PHEMT's of interest have gate lengths below a quar-
of parameters has been used. The most important of them 1aerremicro,meter For constal§ = 250 nm, inspection of (1)
shown in Tables | and Il. A more complete overview over thFev ' '

simulation parameters is given in [5].

qHnso . (1)

eals thay,, max int IS Nearly independent qf if 1 is higher
than 3000 cr¥Vs which is usually the case in PHEMT's.
On the other hand, (1) also states th@t ..« it depends
only weakly onl, for [, below about 200 nm, and that it is
The epitaxial structure common to all devices studied reduced proportionally t(bg—1 in the rangel, > 500 nm. This
shown in Fig. 1. From bottom to top the structure consists #stablishesl,. as the most important technological parameter
a GaAs buffer on a S.I. GaAs substrate followed by a 12 nfar the transconductance of the PHEMT's investigated here.
Ing.2Gay gAs channel layer, a 3 nm undopedoAkGay 77AS Thus, only a small difference af,, ...x Must be expected
spacer layer, a 15 nm fbsGay 77As layer with an active dop- between devices A and B of Table Ill, but a slightly higher
ing of 3.5x 10*® cm™2 and a 7 nm undoped Ab:Ga, 77As value for device C due to a significantly shorfgr, as Rg
Schottky barrier layer. The top layer is formed by a highlis reduced. The gate length variations are not likely to have a
doped GaAs cap to facilitate the formation of the source atatge impact ory,,, wax but will have other consequences. The
drain ohmic contacts. The different geometries of the threhortl, of HEMT's A and C will lead to a small gate-source
investigated PHEMT's A, B, and C are given in Table Ill. capacitanc&gs and, thus, to a highefr compared to HEMT
Before presenting the results of the small-signal paramet&rHowever, further consequences of the parameter variations
extractions and the simulations, we will qualitatively discuss Table Il cannot be easily estimated quantitatively. Such
with simple arguments the differences that must be expectmshsequences are the increase of the output conductgnce
between the properties of devices A, B, and C. (and the decrease of the voltage gain/g,) that is expected
One major figure of merit of a HEMT is its maximumwith a decrease of, or l;e.. A small [, will cause a small
transconductance,,, ... Among the parameters given inRg, but unfortunately, a large gate-drain capacitani&ep

I1l. PHEMT DEVICE STRUCTURE AND KEY PARAMETERS
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active dopant atoms and a constant interface charge density

Drain between the passivation and the semiconductor [10]. The data
given in Table Il lead to the best simultaneous fit to the DC
measurements of threshold voltage, drain current/, and
transconductance,, .., and are well within their respective
ranges of uncertainty.

Gate

A. Comparison of HEMT’s A and B

Source Measured and simulated transfer characteristics of HEMT’s
A and B are shown in Fig. 3. Though the parameter fit
procedure described above was only applied to HEMT A,
also HEMT B is simulated precisely. Both measurements and
undesirable for higff,- and high power-gain cutoff frequencysimulations show that the drain current of HEMT A, (=
Jmax. Numerical simulation is requested for the calculation of70 nm) is larger than the current of HEMT B, (= 240

Fig. 2. Small-signal equivalent circuit used for parameter extraction.

these effects. nm) by about 40 mA/mm. As can be seen in Fig. 4, also the
maximum transconductance of HEMT A is superior to that
IV. SMALL -SIGNAL PARAMETER EXTRACTION of HEMT B by approximately 20 mS/mm, again measured

S-parameter measurements were performed on HEMT 9% well as simulated. These results reflect the faster carrier
and B between 1 and 40 GHz. Contact pads and contactfignsport due to the shorter gate of HEMT A. If the larger
microstrip lines are parasitic elements that are included #n max ext Of HEMT A would not be caused by accelerated
the measured results. The extraction of the intrinsic smalfansport but by a distancé,. smaller than estimated in
signal parameter§€gs, Cap, and g m: Was performed for Table Ill, one would expect it to be correlated with a smaller
HEMT A according to [7], using the equivalent circuit showr{p instead of a larger one. This comparison with experiment
in Fig. 2. This circuit takes the parasitic elements into accoupfovides evidence that MINIMOS-NT is able to model ex:
by introducing the capa_citancéﬁdG and Cpp and the induc- andID of both HEMT's in a consistent and realistic manner.
tancesLq, Ls, andLp. Thereby it is possible to separate thélowever, there is also one small detail shown in Fig. 4 in
elements of the HEMT from the contacting network. which simulation and measurement do not agree completely:

In the MINIMOS-NT simulations the total extrinsic gatethe gate-source voltagé:s for which g, max ext iS measured

capacitanc€y; is determined by the quasistatic approximatiof?r HEMT B is slightly more negative than the simulated
one. The reason for this behavior is not clear. As the two

Ca(Vas, Vns) = % (2) HEMT's were not fabricated in the same lot, small differences
GS ‘bs=const in the semiconductor passivation interface states could occur.
with Qg being the total Charge on the gate metal surface @n the other hand, the experimental observation that the
a given DC bias point. transconductance of HEMT A decreases more rapidly with
increasing positiveVg than that of HEMT B is accurately
V. SIMULATIONS AND MEASUREMENTS reproduced by the simulation. The physical origin of this effect

Tjs the stronger real space transfer of electrons from the channel
ifito the low-mobility barrier layer [3] in the device with the

shorter gate (HEMT A). The increase of real space transfer

of HEMT A was f|ited to th.FT measurements in the foIIowm% short channel devices is also leading to a higher output
way. For the low field mobility: in the InGaAs channel, the conductance. This will be discussed in Section VI.
value obtained from Hall measurements of an equivalent IayerFig 5 shows the simulated gate capacitangs of

structturet v;as a(ifiia_ted. The I?GaAZ sat\riuranon VeiQOALilh ; EMT’s A and B. ForVg below pinchoff (i.e.,Vag < —0.9
was trealed as a litling parameter under the assumption tha ,eOG consists of the gate-drain capacitan¢®p and
velocity yielded by a HEMT delay time analysis is subject t

Barasitic contributions including the fringe capacitances.
an error of about 20% [8]. The actually used valueg.pfnd These values are very similar for both transistors. When

Usat fOr INGAAS chanrjel, AI.GaAs supply, and GaAs substrai%GS increases, the longer gate of HEMT B manifests itself in
buffer, and cap are listed in Table Il. The saturation veloci stronger increasaCy; compared to HEMT A. For HEMT
assumed for GaAs is unrealistically low. This was deliberately \ » = ' 550 £ ancfj for HEMT AACe « 2 550 fE. The
chosen to compensate the overestimation of the buffer currg, ] o AGCI?GB/ACGA,N 520/350~ 1 48’ is c?c?se to the r;';ltio of

which is a well known result of most simulations. As a physic
N . . “the gate length l,» ~ 240/170~ 1.41, as expected.
reason, it is discussed that the carriers might be better confined g 9ty /Iy P

to the channel due to quantization effects than assumed in the )

bulk model of the simulation [9]. However, the buffer currenp: Comparison of HEMT's A and C

plays a minor role at the bias points of interest. Therefore, Initially, HEMT C was assumed to possess the same dis-
the method chosen to reduce the buffer current does anced,. = 25 nm as HEMT A but only a slightly longer
have a significant impact on the results of the simulatiofy, = 190 nm and a shortéf.. = 60 nm. When these values
Other main fitting parameters ag,, the concentration of are used in the simulation, this results in a too negative

All DC and RF measurements were performed on HEM
with a gate width of 4x 40 = 160 m. First, the simulation
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can easily occur in different technology runs. The agreement
between measurement and simulation is even more evident
for the transconductance shown in Fig. 7. Both the peak value
Im max ext — 280 mS/mm and its occurrence Bts = 0 V

are simulated very well.

We now return to the initial simulation of HEMT C which
was performed under the assumption that is equal to the
value of HEMT A (s = 25 nm). When this simulation of
a “hypothetical” HEMT C (circles in Fig. 7) is compared to
the simulation of HEMT A in Fig. 4, it is found that the
hypothetical device has @,, wmax ex; that is about 25 mS/mm
larger than the value of HEMT A though its gate is 20
nm longer. This must be a consequence.g@f which is 75
nm shorter and obviously overcompensates the small effect
of the slightly longer gate. From the previous comparison
between HEMT'’s A and B (which share the saing), we can
estimate that af, increase of 20 nm only causes a negligible

value of Vy and an overestimated,, as can be seen in g, max ext decrease of about 5 mS/mm. This independently
Fig. 6. However, a reduction ofly. by 1.7 nm leads to confirms the conclusion drawn above: the reduction.qf
perfect coincidence of measured and simulated curves, afatd a stronger impact on the transconductance of HEMT C
is also shown in Fig. 6. Variations @f,; of such small size than the slightly longet,.
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A drawback of the shrinkage d@f.. is the increase of’s. TABLE IV

. . . . . PARASITIC SMALL -SIGNAL PARAMETERS FROM PARAMETER
This can be seen in Fig. 8 which shows the simulated gate EXTRACTION OF HEMT A WTH A GATE WIDTH OF 160 em

capacitanceCy of HEMT's A and C. For HEMT C, the

whole functionCq(Vgs) is shifted toward higher values by Crm=Cro [IT] 2
about 130 fF/mm as compared to HEMT A. As the shift is Lo Lot 163
already completely present in the pinchoff region it can be b [pH) i
entirely attributed to the increased coupling between the gate Ls [pH] 20
and drain contacts. Ro L2 i
Rp [€2] 3.4
VI. DEVICE OPTIMIZATION Re 16 >
An important figure of merit of a HEMT is the current-gain
cutoff frequencyfr approximately given by metal structure and semiconductor surface. Our simulator is
Im able to take all these effects of surface topology fully into
Jr= 20w’ (3) account. On the other hand, only in simulation it is possible

Ho analyze the hypothetical case that the gate does not interact

capacitively with the surrounding semiconductor surfaces or

with the neighboring ohmic contacts, i.e., a non passivated

device with an infinitesimally thin gate metal but negligible
ate resistance. This can be achieved by choosing 0 and
eads to the determination of the theoretical maximuny-pf

for given [, and /...

For the case of HEMT A, Fig. 9 shows a comparison of t
functions fr (Vgs) determined in three different ways:

1) measured (i.e., obtained Byparameter measurements)

2) calculated with (3) wherey,, = gmine and ¢ =
Cgs + Cgop were obtained from extractions using th
small-signal equivalent network shown in Fig. 2;

3) obtained from simulations also using (3) with, =
Gmext aNd C = Cq.

The last two cases offer the possibility to determine tHe- Reduction of the Gate Length

device performances excluding the contacting network whichWhen !, is reduced,fr will increase, but a simultaneous
is necessary for circuit design. As shown, tfie calculated and undesirable increase of the output conductagcmust
from extracted and simulated data agree reasonably wedl expected. In Fig. 10 the simulated parameidiat the bias
especially with respect to their maxima. The measured valpeint Vpg = 2 V, Vs = 0 V) is shown as a function of,

is about 13 GHz lower than the calculated ones mainly duedaod compared to the experimental DC values of HEMT's A
the presence of the parasitic elements indicated in Fig. 2. Téwed B which differ only with respect th, but not in any other
values of the small-signal circuit elements for HEMT A whiclgeometrical dimensions. The simulation is able to reproduce
are considered to be not bias dependent are given in Table §.realistically.

In the following we want to examine the influence of the As described in Section Ill, the increase @f, .x; iS only
geometrical parameters and /... on the magnitude offr small when!, is reduced. The capacitancgyp is nearly
simulated according to (3). The capacitarGg entering the independent of,. The gate-source capacitan€gs is only
equation is greatly influenced not only By and /..., but partly dependent ofy: fringe and other parasitic contributions
also by the shape of the gate metal cross section (imagiaeg independent of;, only the part due to the gate contact
for instance, the case of a T-gate) and the dielectric constanta is length dependent. Therefore, the improvemenftrof
e, of the passivation material that fills the space betweevhich can be achieved by a reductionlgf depends on the
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v S

conductancey, versus the gate length at the bias pdiftfts = 0.2 V and e
o 2.0
Vbs = 2.0 V.

200 —_————————— device of the general structure of HEMT A must be either
supplied with a gate length below 100 nm, or the gate length
is left as large as in HEMT B (240 nm) but no passivation is
allowed at all. The case of an unpassivated device in air with

160 |
e, = 1 is close to the idealized casg = 0 plotted in Fig. 11.
140 ¢ The two curves in Fig. 11 are calculated under the assumption
o o—o&~0 of a constant interface charge density which is certainly an
< ] e—es=7 idealization when the unpassivated case is considered.

s Measurement
100 -

- o B. Reduction of the Recess Length
80 - B
N‘\:\N\‘\’\‘\' As demonstrated in Section Y, «x¢ IS increased whefj..
60 HEMT A" ] is reduced. The reason is a decrease of the ohmic resistance
HEMT B~ in the current path. Therefore,, ..; iS expected to depend
“®%e0 100 120 140 160 180 200 220 240 260 280 300 roughly linearly onl,... We have found that the dependence

gate length [nm] of Cy on l.. can be modeled by
Fig. 11. Measured (filled squares) and simulafedversusi, for a passi- £
vated HEMT withe, = 7 (filled circles) and:, = O (open circles) at;s = Cg x Cas + o+ 4)
0.2V andVps = 2.0 V. lrecess

where « and /5 are constants. The simulated dependence of

relative contribution of the parasitic (i.e., constant) part of thér On L. is plotted in Fig. 12. In the hypothetical situation
capacitance to the gate capacitar@e. The dependence of ¢ = 0, there is almost no dependence @ on /.., and
fr onl, is shown in Fig. 11 for two examples: the limiting/r increases monotonously with decreasihg due to the
case ofe, = 0 where the contribution of parasitics is reduceinprovement ofg,, .x;. For the case that the gate and the
to the inevitable fringe capacitances at the gate edge, and agacent device surfaces are encapsulated by a dielectric with
case of the presence of a medium with = 7 (a silicon &r = 7, the decrease ofT on the left hand_ sid_e of th_e
nitride passivation layer, for instance) which fills the spac®@@ximum at... ~ 90 nm is caused by the rapidly increasing
between the T-gate overhang and the semiconductor surfac&’i f @ device passivation with a dielectric constant< 7
the manner sketched in Fig. 1. The measured values in Fig. W@uld be available, it is evident thg- would be higher for
(which are taken from HEMT’s A and B) are even below th&"Y € < 7 and the optimum of,... would be shifted toward
ones calculated with complete T-gate structure and passivatipa/ler values.
nitride due to the presence of parasitic pad capacitances as
discussed before. VIl.  CONCLUSION

Fig. 11 demonstrates clearly that the improvementfpf  Simulations and measurements of three PHEMT’s with the
achieved by a reduction @f depends strongly on the relativesame epitaxial structure but different geometries are presented.
contribution of parasitic capacitive couplings to the total gatehe results of the simulation were fitted to experimental results
capacitance. The reduction §f in the presence of passivationobtained from one of the three devices by adjustment of the
layers has been experimentally observed for instance by Wost important simulation parameters well within realistic
et al. [11]. To obtain anfr of 100 GHz, a fully passivated ranges. With the same set of parameters, the remaining two
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