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Abstract

Scaling of pseudomorphic high electron mobility transistors (PHEMTs) into deep sub-100 nm dimensions can

dramatically improve their performance. However, the reduction in the channel carrier density of the scaled devices

with a single delta doped layer (DDL) has a detrimental effect on the drain current and consequently on the power

handling capability. The linearity of the scaled transistors also deteriorates. These negative aspects of the scaling can be

compensated with an additional DDL introduced into the device structure. We employ Monte Carlo device simulations

to study the effect of two possible placements of the second DDL on the performance of aggressively scaled PHEMTs.

The placement of the second DDL below the channel increases the drive current and linearity but does not improve the

transconductance. The placement of the second DDL above the original one increases the current and improves the

transconductance by up to approximately 45% but does not improve linearity. In order to understand the breakdown

limitations of the scaled devices both the impact ionization and the gate tunnelling currents are included in the Monte

Carlo simulator and monitored in the simulations.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

InP based HEMTs with channel lengths below 30 nm

and cut-off frequencies above 500 GHz have already

been demonstrated experimentally [1–3]. Recent simu-

lation studies [4,5] have also shown that the performance

of conventional pseudomorphic high electron mobility

transistors (PHEMTs) with low In content in the

channel fabricated on GaAs substrates can be substan-

tially improved when these devices are proportionally

scaled down to sub-100 nm dimensions in both lateral

and vertical directions. The PHEMTs scaled only in the
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lateral dimensions exhibit a deterioration in device per-

formance [4,6,7]. However, for transistors with a single

delta doped layer (DDL), the reduction of the gate-to-

channel separation in the proportional scaling and the

constrained doping efficiency reduces the carrier density

in the channel. This decrease has a detrimental effect on

the drive current as well as the device linearity [4]. The

decrease in the drive current can be compensated with

additional DDL introduced into the device structure [8]

in order to create a double delta doped PHEMT.

The second DDL can be placed either below the

channel to achieve a better device linearity [9,10] or

above the original DDL, near the gate, to improve the

device transconductance [11]. Using self-consistent

ensemble Monte Carlo (MC) simulations we systemati-

cally examine the impact of these two possible place-

ments on the performance of scaled PHEMTs. The
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PHEMTs are considered to be proportionally scaled

down from a 120 nm gate length to 70, 50 and 30 nm,

respectively.

Due to increased electric fields and reduced gate-to-

channel separation scaled PHEMTs are likely to suffer

from early breakdown symptoms. Therefore, mecha-

nisms leading to device breakdown are examined in this

work in order to estimate the operating voltage range.

We have included in our simulations impact ionization

[12,13] which may occur due to the increased electric

fields and thermionic tunnelling [14,15] from the gate

which may occur due to the reduced gate-to-channel

separation in the scaling process. The excess drain cur-

rent produced by impact ionization or gate tunnelling

has been calculated as a function of the applied bias

to find thresholds for both these mechanisms.

The investigations have been performed using a MC

device simulator the salient features for which are de-

scribed in Section 2. The I–V characteristics and the

device transconductances for both double-doped designs

of PHEMTs are presented in Section 3. Section 4 is

devoted to device breakdown mechanisms including

impact ionization and gate tunnelling. Conclusions

make up Section 5.
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Fig. 1. Impact ionization coefficients versus inverse applied

electric field obtained from MC simulations for GaAs (a) and

for In0:53Ga0:47As (b). Experimental data [23–25] and full band

MC simulations [26] for GaAs and experimental data [27,28] for

In0:53Ga0:47As are also plotted.

Table 1

Parameters P and A used to calculate the impact ionization

rates using formulae (1) and (2), and threshold energies for

GaAs and In0:53Ga0:47As, respectively

Parameter GaAs In0:53Al0:47As

P 1.4 · 1011 4.5· 108
A 5.2 2.7

Eth [eV] 1.89 0.753
2. The Monte Carlo device simulator

The whole study has been carried out using the MC

device simulator MC/H2F [4,16]. The MC module in-

cludes electron scattering with polar optical phonons;

inter- and intra-valley nonpolar optical phonons; acous-

tic phonons and ionized and neutral impurity scattering.

Alloy scattering and strain effects are also taken into

account in the InGaAs channel. An extended analytical

band structure model of materials in this MC module

allows for the accurate description of electron transport

up to an electric field of 400 kV/cm [4]. The finite ele-

ment discretisation used in MC/H2F accurately handles

the complex geometry of the PHEMT, particularly

around the gate and recesses [17].

For the purpose of this study the MC simulator has

been enhanced with appropriate impact ionization and

gate tunnelling models. Impact ionization is included as

an additional scattering mechanism into the MC mod-

ule. Assuming that impact ionization starts at a thresh-

old energy Eth the corresponding electron scattering

rate can be expressed as [18,19]

CðEÞ ¼ PðE � EthÞA; ð1Þ

where P and A are parameters which must be fitted to

experimental data and/or to the calculated electron

scattering rates using full band models and matrix ele-

ments in the Born approximation [19]. The expression

(1) is suitable for GaAs and AlGaAs because they are
quite wide bandgap materials with a hard impact ioni-

zation threshold [19]. However, in the case of InGaAs, a

different type of exponential expression has to be em-

ployed to correctly reproduce the impact ionization

scattering rate. This is due to the fact that InGaAs has a

narrower bandgap and a much softer impact ionization

threshold [20]. For this material we have adopted the

expression from [20] which reads

CðEÞ ¼ P exp½AðE � EthÞ�: ð2Þ
Such fitting expressions are often used in MC device

simulations [21,22] due to the complexity of the full

quantum mechanical approach. The bulk MC simula-

tions of the impact ionization coefficient as a function of

the inverse electric field, plotted in Fig. 1, reproduces

quite accurately the experimental data for GaAs using

the fitting expression (1) as well as the experimental data

for In0:53Ga0:47As when the exponential fitting expres-

sion (2) is employed. The fitting parameters P andA as

well as threshold energies for both GaAs and In0:53-

Ga0:47As are summarised in Table 1. Note that to

reproduce a behaviour of the impact ionization coeffi-

cient in In0:53Ga0:47As with the power fitting expression

(1) is extremely difficult [29].



Fig. 2. Cross section of PHEMT through the middle of the gate

with gate and drain biases of )1.0 and 2.0 V, respectively.
A particle tunnelling from the metal gate into the supply layer

is schematically shown.
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When impact ionization scattering is selected in the

MC device simulation, a new particle is created with the

energy which satisfies the energy conservation require-

ments in the process. The momentum of the new particle

is determined using the random-k approximation which

has been shown to be valid for both GaAs and In0:53-

Ga0:47As [30]. The position of the new electron is then

randomly chosen within the mesh cell where the impact

ionization event has taken place.

Thermionic tunnelling from the gate is incorporated

in MC/H2F as an additional simulation procedure.

During each time step the number of particles (which

represent the electron density in the gate metal) is ob-

tained after integration over the Fermi–Dirac distribu-

tion. Fig. 2 schematically illustrates the area of the

Fermi–Dirac distribution used to randomly select a
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Fig. 3. A schematic view of a device with two positions of additiona

second DDL is above the original doping layer, near to the gate.
particle with energy E which may tunnel into the device.
In this way, the thermal broadening of electron distri-

bution at room temperature is included into the tun-

nelling model. The tunnelling probability, T , for such a
particle is numerically calculated from the WKB

approximation [31] by evaluating the integral

T ðEÞ ¼ exp
(

� 2
ffiffiffiffiffiffi
2m

p

�h

Z w

0

½V ðxÞ � E�1=2 dx
)
; ð3Þ

wherem is the electron effective mass in the device, w is the
path along which the electron should tunnel through and

V ðxÞ is the potential obtained by solving the Poisson
equation during the simulation run. This probability is

used in a standard rejection technique to accept or reject

the tunnelling event. If the tunnelling is accepted then the

particle will be injected into the device with energy E in the
direction of the strongest electric field. This process is re-

peated for each particle in the gate metal and at each mesh

cell around the gate. The number of tunnelling particles

is then used to calculate the gate tunnelling current.

The WKB approximation works very well in this case

since the gate tunnelling occurs at the metal–semicon-

ductor interface [32]. This situation is somehow different

from the gate tunnelling in silicon MOSFETs where

for the insulator–semiconductor interface the WKB

approximation tends to overestimate the tunnelling [33].
3. Double delta doped PHEMTs

The PHEMTs under investigation, illustrated in Fig.

3, have a symmetrical single recessed T-gate [17]. The
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vertical layer structure includes a heavily doped (4 · 1018
cm�3), 30 nm GaAs cap layer, and an Al0:3Ga0:7As

Schottky ‘supply’ layer. The first Si DDL is separated by

an Al0:3Ga0:7As spacer from an InGaAs channel which is

made of a low indium content of 0.2. The simulated

PHEMTs are proportionally scaled in both lateral and

vertical dimensions from a gate length of 120 to 70, 50,

and 30 nm [4]. The gate recess width r (see Fig. 3) and
layer thicknesses of the scaled devices are specified in

Table 2. The additional DDL, separated by a GaAs

spacer, can be placed either below the channel as illus-

trated by Fig. 3(a), or alternatively above the original

DDL, near the gate, as shown in Fig. 3(b). Although the

typical deposited concentration of the standard DDL is

intended to be 7· 1012 cm�2 due to limited doping effi-

ciency only half of the concentration, i.e. 3.5 · 1012 cm�2,

is active in a fabricated device. The placement and

concentration of the additional DDL is always chosen to

avoid a creation of the parasitic channel and to have a

good modulation efficiency [34]. Further optimisation of

the second DDL position and concentration is a subject

of this investigation.

The MC device simulator has been accurately cali-

brated against a real single doped 120 nm PHEMT

fabricated at the University of Glasgow [4]. The cali-

bration has been performed by comparing the calculated

and measured ID–VG characteristics at low (0.1 V) and
high (2.0 V) drain voltages and families of ID–VD char-
acteristics for fixed gate voltages [4]. Note that the

inclusion of contact resistances not present in the MC

simulations, is required for the proper comparison be-

tween measurements and simulations [35,36]. For the

measured 120 nm PHEMT the overall external resis-

tance of the source and drain obtained experimentally

was 5.22 X [4]. The excellent agreement illustrated in

Fig. 4 is a starting point of our investigation.
Table 2

Widths of layers and recesses in the set of scaled double-doped PHE

The second DDL behind the channel

Recess width, r [nm] 50 29

Gate length, g [nm] 120 70

Supply layer, e [nm] 18.5 10

First spacer layer, s1 [nm] 7 5

Channel layer [nm] 10 10

Second spacer layer, s2 [nm] 4 4

The second DDL above the original DDL

Recess width, r [nm] 50 29

Gate length, g [nm] 120 70

Supply layer, e [nm] 9.5 6.5

First spacer layer, s1 [nm] 8.5 4.5

Second spacer layer, s2 [nm] 7 3.5

Channel layer [nm] 10 10

The upper table summarise the widths of the double-doped design w

contains the layer widths for the double-doped PHEMTs with the se
The conduction band profiles of 120 nm double-

doped PHEMTs with the second DDL placed either

below or above the channel are shown in Fig. 5(a) and

(b), respectively at VG ¼ 0:0 V for three different effective
doping concentrations. It is clear that the channel carrier

densities in the double-doped structures are much higher

compared to the single-doped one. For example, when a

second DDL with a doping concentration of 1.0 · 1012
cm�2 is placed behind the channel, the channel carrier

sheet density increases from 2.078 · 1012 cm�2 in the

single doped 120 nm PHEMT to 2.778· 1012 cm�2 in the

double-doped structure. The equivalent increase is even

higher for the 70 nm device where the carrier sheet

density rises from 1.686 · 1012 cm�2 to 2.401· 1012 cm�2

in the double-doped device. Note that the carrier sheet
MTs
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ith the second DDL behind the channel while the lower table

cond DDL above the original doping layer.
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Fig. 5. The conduction band profile and carrier density as

functions of the depth in the 120 nm double-doped PHEMTs

with (a) an additional layer below the channel or (b) above the

original doping layer for its various doping concentration. The

conduction band in the single-doped PHEMT is shown by dot

lines while the full lines are the conduction bands in the

respective double-doped PHEMTs. The Fermi energy is set to

zero.

-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5
0

4

8

12

16
 Single
 Double, n=1x1012 cm-2

 Double, n=2x1012 cm-2

 Double, n=3x1012 cm-2

D
rain current [x100 A/m

]

Gate Voltage [V]

0

2

4

6

8

10

12

Tr
an

sc
on

du
ct

an
ce

 [x
10

0 
m

S/
m

m
]

 
 
 
 

Fig. 8. Intrinsic ID–VG characteristics (symbols) and transcon-
ductances (lines) for the 70 nm gate length device at VD ¼ 1:5 V.
The double-doped PHEMT has the second delta doping placed

below the channel.
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Fig. 7. Intrinsic ID–VG characteristics (symbols) and transcon-
ductances (lines) for the 120 nm gate length PHEMTs, again at

VD ¼ 1:5 V, when the second DDL is placed above the original
DDL.
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density of the single-doped structure calculated from the

self-consistent Poisson–Schr€odinger solution has been
precisely calibrated against the measured density in

material grown and used in the fabrication of the ref-

erenced 120 nm PHEMT.

The ID–VG characteristics and transconductances of
single- and double-doped PHEMTs with gate lengths of

the 120 and 70 nm at a fixed drain voltage of 1.5 V are

compared in Figs. 6 and 8, respectively. Results are

presented for three different concentrations of the

additional DDL placed behind the channel and sepa-

rated with a 4 nm spacer. The current in the double delta

doped PHEMTs continuously increases with increasing

delta doping concentration of the second delta layer.

Figs. 6 and 8 also show that when the additional doping
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Fig. 6. Intrinsic ID–VG characteristics (symbols) and transcon-
ductances (lines) for the 120 nm gate length PHEMTs at

VD ¼ 1:5 V. The double-doped PHEMTs with the second DDL
placed below the channel are compared to the single-doped

device.
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Fig. 9. Intrinsic ID–VG characteristics (symbols) and transcon-
ductances (lines) for the 70 nm PHEMTs at VD ¼ 1:5 V. The
double-doped PHEMT with the second DDL placed above the

original DDL is compared with the single-doped design.
layer is placed below the channel, the transconductance

peak broadens resulting in the improved linearity of the
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device, although its maximum transconductance re-

mains close to that of the single-doped structure. Figs. 7

and 9 summarise the simulation results for the 120 and

70 nm devices with the second delta doping above the

channel, near to the gate. The spacer between the first

and the second DDL in this case is 8.5 and 4.5 nm,

respectively.

If the second DDL is placed below the device channel

the efficiency of the gate control over the channel

transport is not changed remaining the same as in the

single-doped devices. In the same time the carrier density

in the channel is substantially increased which results in

the larger drive current an in excellent device linearity.

The effect of placing the second DDL above the original

one is rather different. The increase in the current shown

in Figs. 7 and 9 is not as large as in those devices with

the delta doping below the channel but the maximum

transconductances are much larger (about 45% for the

120 nm, 40% for the 70 nm) than the maximum trans-

conductance of the single-doped PHEMT. The second

DDL placement above the channel, close to the gate, is

very beneficial for the gate control over the channel

keeping the carriers close to the top interface. It screens

electric fringing fields around the gate reducing the

effective channel length and allowing carriers to pass

more quickly through the gate region compared with a

single-doped PHEMTs. Therefore, ballisticity of carriers

in the channel of double delta doped PHEMTs with the

second DDL above the original one is higher than those

in the single-doped device and in the double doped with

the second DDL below the channel. The placement of

the second DDL above the channel is also benefi-

cial for the access resistances of the channel which are

lowered considerably [37]. Therefore, the better gate

control, improved ballistic transport and lower access

resistances all together contribute to the higher trans-

conductance of the PHEMTs with the additional DDL

placed above the original delta doping.
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The improvement in the maximum intrinsic trans-

conductance as a function of the sheet concentration of

the secondDDLplaced above the first is illustrated in Fig.

10 for the complete set of the scaled devices. Increasing

the concentration of the second delta doping above

1.0 · 1012 cm�2 does not improve the transconductance

significantly except for the PHEMT with a gate length of

70 nm. When contact resistances (which have been as-

sumed to be the same as for the 120 nm single-doped

PHEMT) are included into calculations, themagnitude of

the transconductances reduce but the relative scale of

improvement remains the same.
4. Impact ionization and gate tunnelling

The range of working voltages for sub-100 nm

PHEMTs is likely to be restricted by impact ionization

[13,15]. As the applied bias on the scaled device increases

impact ionization may occur due to increasing number

of highly energetic carriers. The turning of impact ion-

ization into an avalanche triggers device breakdown.

The breakdown is facilitated by the impact ionization

created holes which lower the source-to-channel poten-

tial barrier introducing positive feedback for the drain

current [38,39].

A second mechanism which introduces leakage and

may trigger premature breakdown is the gate tunnelling

since the gate-to-channel distance is reduced in the

scaling process. It can initiate impact ionization at lower

drain voltages since carriers which tunnel into the device

will be highly energetic. The gate leakage may affect also

the RF performance of the scaled PHEMTs.

Since hole dynamics [38,39] and the corresponding

bipolar effects are not included in H2F/MC, the exper-

imentally observed increase in the drain current at

breakdown cannot be reproduced in our simulations.

Instead, we calculate the impact ionization and gate

tunnelling assisted increase in the electron current of the

devices. This allows us to define the bias conditions

corresponding to the onset of impact ionization which is

determined only by the electron dynamics. The fact that

the impact ionization threshold is not affected by hole

dynamics has been verified by MC simulations in Ref.

[39] (see Fig. 4 therein).

The additional drain current IassistD corresponding to

both impact ionization and thermionic tunnelling is

calculated from the number, N , of impacted or tunnelled
superparticles during the simulation time, t, as [40]

IassistD ¼ N
eS
t
; ð4Þ

where eS is the charge of a superparticle. To acquire
statistically reliable impact ionization and tunnelling

currents the MC device simulations have been run for

10 ps per bias point with a time step of 0.2 fs.
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Fig. 13. Thermionic tunnelling assisted gate current versus the

drain voltage again at VG ¼ �1:0 V. The tunnelling current in
single delta doped structures (open symbols) is compared to the

tunnelling current in the double-doped PHEMTs with the sec-

ond DDL below the channel (full symbols).
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Fig. 14. Gate thermionic tunnelling versus the drain voltage at

VG ¼ �1:0 V for the double doped scaled PHEMTs with the
second DDL above the original doping layer, near to the gate.

The distance of the second DDL from the original DDL is

reduced from 8.5 nm to 4.5, 3.5, and 2.0 nm when a gate length

is scaled down from 120 nm to 70, 50 and 30 nm, respectively.

The data labelled with open symbols are for the single-doped

PHEMTs.
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The assisted drain current is examined in double

doped scaled PHEMTs for both possible placements of

the second DDL. The drain current purely due to impact

ionization is plotted in Figs. 11 and 12 as a function of

the applied drain voltage at a gate bias of )1.0 V for
double-doped PHEMTs with the second DDL placed

either below or above the original doping, respectively.

The impact ionization drain current obtained from the

single delta doped PHEMT are also shown in both Figs.

11 and 12 for comparison. As expected the simulated

impact ionization current grows nearly exponentially

with the applied drain bias [38]. Figs. 13 and 14 show the

thermionic tunnelling gate current as a function of the

drain voltage for the two DDL placements simulated

also at )1.0 V gate bias. Open symbols in Figs. 13 and
14 refer to the thermionic tunnelling gate current ob-
tained in the single delta doped structures. The gate

current due to thermionic tunnelling has a different drain

voltage dependence compared to the impact ionization

current; it increases relatively sharply at lower drain

voltages [15] but saturates rapidly at larger drain volt-

ages.

The thresholds defined at a particular current level

for both impact ionization and thermionic tunnelling

decrease with device scaling. The threshold for the im-

pact ionization drain current in those double-doped

PHEMTs with the second delta doping below the

channel is very similar to those obtained for single-

doped PHEMTs [41]. However, the thresholds for the

impact ionization assisted drain current for those
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PHEMTs with the second DDL above the original

doping are shifted towards lower drain voltages com-

pared to the single-doped PHEMTs and those devices

with the second DDL behind the channel. The place-

ment of the second delta doping above the original DDL

sharpens the fringing effects around the gate and the

corresponding electric field at the drain end of the

channel. This in turn increases the probability for an

impact ionization event. Rather surprisingly for the two

types of devices the ionization threshold at current level

1 A/m falls by less than 1.5 V when the devices are scaled

from 120 to 30 nm channel length. It remains well above

4.0 V in the 30 nm transistor. A ‘dead space effect’ [39]

with a width of nearly 10 nm is also observed on the

drain side of the devices. The dead space effect occurs

because electrons undergo impact ionization events not

at the position of electric fringing fields but at much

larger distances from the drain edge of the gate.

Figs. 13 and 14 show that although the thermionic

tunnelling assisted gate current starts at a very low drain

voltage, it rapidly saturates at large drain voltages [42]

even for devices with very small gate-to-channel sepa-

ration. Unfortunately, the level at which the tunnelling

current saturates is comparable to the typical drain

current at which the devices operate. When the second

delta doping is placed below the channel it has no pro-

nounced effect on the gate tunnelling current compared

to the single-doped device [41]. Therefore, the gate

tunnelling current in devices with this second DDL

placement is no further cause for concern in the pro-

portional scaling process. The placement of the second

DDL near to the gate (Fig. 14) causes an increase in the

thermionic tunnelling gate current compared to the de-

sign with a single DDL or a second DDL below the

channel (Fig. 13). This is associated with the increase in

the electrical fields due to the placement of an additional

charge closer to the gate which reduces the width of the

tunnelling barrier. Also the gate tunnelling current in

those PHEMTs with the second DDL behind the

channel is much lower at the 120 nm gate length. It then

rapidly increases as the gate length is scaled to 70 nm

and at the 50 and 30 nm gate lengths reaches the same

level as in those PHEMTs with the second DDL above

the original doping. The gate tunnelling current becomes

a rather serious problem for the proportional scaling of

PHEMTs to decananometre dimensions because it will

trigger impact ionization and will initiate device break-

down at lower threshold voltages, as shown in Figs. 11

and 12 [41]. An alternative solution would be to use a

high-j dielectric layer above DDL to reduce the tun-
nelling [43].

The impact ionization and gate tunnelling currents

depicted in Figs. 11–14 were simulated by the MC/H2F

up to the drain voltage of 10 V. At the corresponding

high electric fields the use of the nonparabolic analytical

bandstructure model fails due to the high energies which
carriers may reach. The introduction of the less-than-

unity form factor [4] extends the validity of the analyt-

ical band model implemented in the H2F/MC up to an

energy of 1.0 eV along the C–X valley direction in the E–
k space and up to 2.0 eV along the C–L valley direction
when compared to full bandstructure calculation based

on the nonlocal pseudopotential method [44]. The non-

parabolic analytical bandstructure model correctly de-

scribes the electron transport up to a particle energy of

2.0 eV and can be used to study the impact ionization

even in materials with a narrow bandgap as In0:53-

Ga0:47As [20]. Therefore, we have monitored the energies

of all particles during the whole simulation at each time

step to determine the number of particles which may

violate the valid range for the nonparabolic analytical

bandstructure model. We have found that only 8% of

particles have reached an energy larger than 2.0 eV at a

maximum considered drain bias of 10 V during the

simulation of the impact ionization for the smallest, 30

nm gate length, PHEMT [41]. This is sufficient accuracy

for our goal to find the drain threshold voltage for the

start of impact ionization as well as to calculate the gate

tunnelling current in order to determine the operating

voltage of the scaled PHEMTs.
5. Conclusions

The effect of two possible placements of the second

additional DDL into the PHEMT structure on the de-

vice performance has been studied using MC device

simulations. The double-doped PHEMTs have been

proportionally scaled from 120 to 70, 50 and 30 nm in

order to improve their performance. In addition two

mechanisms, impact ionization and gate thermionic

tunnelling, which are likely to initiate breakdown in the

scaled devices, have been investigated for the two double-

doped designs.

The placement of the second DDL channels below

the channel increases the drive current and improves the

linearity while the transconductance remains practically

the same. The placement of the second DDL above the

channel, near to the gate, increases the drive current and

also improves the transconductance. In this case the

increase in the intrinsic transconductance is about 45%

for the 120 nm gate length device (from 670 to 970 mS/

mm), 32% for the 70 nm one (from 935 to 1235 mS/mm),

29% for the 50 nm one (from 1105 to 1427 mS/mm), and

34% for the smallest, 30 nm gate length device (from

1480 to 1998 mS/mm).

The threshold for impact ionization is practically the

same for the double doped scaled PHEMTs with the

second DDL below the channel as for the single doped

scaled devices. This double-doped design is also less

affected by gate tunnelling with gate tunnelling currents

being very similar to those obtained for the single-doped
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PHEMTs. The situation is a somewhat worse for the

double-doped PHEMTs with the second delta doping

above the original DDL. The impact ionization thresh-

old in this case is lower compared to the other double-

doped design and to single-doped devices. Also the gate

tunnelling current increases due to higher electric fields

close to the device gate caused by the vicinity of the

second DDL.
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