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Abstract

An Ultra-Thin-Body (UTB) InP/InAs/InGaAs MOSFETSs iavestigated. Computer Aided Design(CAD) tools
are used to extract the electrical properties &f #tructure.Our simulation work gives us the puifigy to
extract the output characteristics, transfer charetics and RF performances. With the small-diggaivalent
circuit models, intrinsic elements are calculatezhf the Y- parameters matrix using AC analysis.fiher
improve the accuracy of the simulation, the efféfaoping in the channel and source-drain regidmes Indium
content in different layers are discussed and apéch The results arevalidated withdevice charisties of the
fabricated 150 nm InP/InAs/InGaAs MOSFET. A highaidr current of 665 mA/mm and extrinsic peak
transconductance of 440 mS/mm are obtainedya&OV7V. A current gain cutoff frequengyof 41.69 GHz and

a simultaneous maximum oscillation frequefigy of 94 GHz are estimated af#0.7V and \(=0.2V.

Keywords: Il1I-V Semiconductor, UTB-InAs-MOSFET, electrical charaistics, simulation, TCAD tools.

1. Introduction

The spectacular microelectronics revolution hambmerurred by the nearly ideal properties of silicoxide
and its interface with silicon. Continually thinrngaite oxides have been a critical feature of therallvscaling of
transistor dimensions for three decades, enablovgirlued speed improvement even as operating \astag
decrease. This era of scaling in thickness of iaosil dioxide insulator will soon come to an end, gage
tunneling current, reduced reliability, and dimhiigg returns in speed make further reductions irsitdes or

unrewarding [1].

The other limitation of MOSFET scaling is excestatate leakage. High off-state leakage current @eour
from a largesubthreshold leakage due to worsereketics, or from the tunneling leakage causedabge
electric field in the oxides and the channels Everal new technologies have been proposed taueoitiese
limitations such as high-k dielectrics [3], metalg electrodes [4], stressors [5], and new trams@tchitectures
based on silicon-on-insulator (SOI), such as FiT$Bb], Junctionless transistors [7] or gate-atiard FETs
[8]. Reducing these leakage currents in nanoscalESKETs is of great importance for continuous device
scaling, particularly for low standby power logippdications and the battery-driven mobile electecsni
Recently, new channel materials such as I1l-V commglosemiconductors have drawn great attention Isecail
their superior transport properties [9]. IlI-V In&s/InAs materials are considered as promising @atds for
replacing Si-based MOSFETs for future very-largalescintegration logic applications. 1ll-V InGaAsAs
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materials have smaller electron effective mass € 0.041 for 1gssGa 47AS andm*~ 0.026 for InAs) than Si

channels f*~ 0.19) [10,11]. Smaller electron effective mas®vjtesexcellent transport properties, as

evidenced by high electron mobility ¢ 1/m*) and high injection veIocityv(mw\/W). In InGaAs or InAs,

the electron mobility is more than 10 times higtiem in silicon, which could deliver highey, bt lower supply
voltages [12], they are also known to have low aohtresistance [13].Today much of the developmént o
semiconductor devices and processes is done by uwempnodeling. The approach is called TCAD
(Technology-Computer Aided Design). Uses of TCADIsoreduce the development cost and shorten the
development time.

In this paper, we have used TCAD software for miodednd simulating the electrical performance ofUtna-

thin body InAs MOSFET structure. The simulationkiased on solving the Poisson equation and carrier
continuity equations based on the conventionalt-diffusion transport model with Fermi-Dirac stats,
Shockley-ReadHall (SRH) recombination model and electric field-degemt mobility model [14]. The results
are presented as current-voltage curves, RF pesfuzes and a table of the extracted intrinsic elésnen
Simulated output characteristics and transfer dtaristics of the InP/InAs/InGaAs MOSFET have been
compared to experimental data of the fabricatedrtBOnP/InAs/InGaAs MOSFET.

2. Theoretical M odel

Equations (1) to (11) summarize the necessary Emsator the constitution of our code. The simwdatbegins
with the resolution of Poisson equation given by:

p
V2V =—= 1
- &)

WhereV is the divergence operatoy,is the electrostatic potentialis the material-dependent permittivity and

pis the charge density described by:

p=p—n+Ny — Ny (2)

Wheren andp are the electron and hole density, andN, are, respectively, the ionized donor and the docep
density concentration.

The continuity equations used are (3) and (4), eheandp are the electron and hole concentratignandJ,
are the electron and hole current densit@sndR are the generation and recombination rates foc#ngers,

andqis the elementary charge.

on Vin
3= gt R 3)
o _
=" G R 4)

The continuity equations may be approximated byri&-diffusion model [14], the current densitiesear

expressed as:



fn=q-n-/~ln-§+q-Dn-$n (5)

jp = Q-p-#p-ﬁ + Q-Dp-vp (6)

D, andD,, are the diffusion coefficients for electrons amdels, |1, andp,, are the carrier mobilities which depend
on the parallel electric field, [14].

In this work, the drift-diffusion model is used wiEermi-Dirac statistics [15,16].The Shockley-Rétall(SRH)
recombination is being used to simulate band gapsitions [17,18].

The small-signal equivalent circuit used for modglthe MOSFET and extraction &andY parameters is
depicted in figure 1. The solid-line rectangle esels the equivalent circuit of the intrinsic MOSFéelvice.

The current gaii,; of a transistor can be calculated from 8warameters using the following expression:

_2.521 2

|Hzal* = (1= 511)-(1+Sy,) + 515.5
11/- 22 12921

@

The gain evolution of -20dB/decade determine thesition frequencyf;, corresponding toH,,| = 1 (0 dB).

The unilateral power gain is expressed as follows:

So1 _ 1|2
_ S12
U_z(kSZ—l—ReSZ—l) ®
' S12 S12
k is the stability factor given by:
1— 85212 = 1S111% + 511522 — S12521 17
k= | 22| | 11| | 11922 12 21| (9)
21812115211
When U=1 (0 dB), we can get the maximum oscillafrequencyfax
The correspondiny-parameter matrix is [19]:
jCgsw . .
m+]ngw _]ng(l)
Yij = Gme @t i . i (10)
L+JRiCgs —jCgaw Gg + jCas0 + jChuw

The intrinsic elements such ag, Gy, 7, R, Gy, Gy and Gs are calculated fron; using the formulas below:
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3. Results and Discussion

The schematic view of simulated UTB-InAs-MOSFETusture is shown in figure 2. From bottom to top the
InP/InAs/InGaAs layers structure simulated consiéta semi-insulating InP substrate, a 300 nm enitibnally
doped (U.I.D) IgsAlg49As buffer layer, the channel was composed of a 3D Iny 535G 47As/ 3 nm U.1.D
InAs for highest mobility, a 3 nm U.L.D InP layecteg as an insulating layer (InP is a wide bang ga

semiconductor material) and the final higlyate oxide AlO; layer is a 4 nm thickness.

The choice of indium concentration on the3m, ,As structure can be shown in figure 3. We seefthad value
of x = 0.53, the strain antiE; at the InAs / InGaAs interface have a value of&% 0.38 eV respectively, if we
want to improve it, we must have a lowgE,; which increases the leakage current [20]. In theecof
In,GaAs/InAl, . As interface, the lattice matched condition (x,yss@es the following equation
y(x) =1.02.x-0.02, where (x=0.53, y=0.52) verifystiequation.

The gate length of simulated structure is 150nni witl.D because we have seen that by doping theneha
current |y increased slightly (figure 4-a) but there will d&eterioration of the subthreshold slope whichease
the leakage current (figure 4-b). The source aathdaccess regions are heavily n-doped for=NLO cmi®, this
value gives an optimal; lcurrent (figure 5). Ideally, the transistor thetmost needed is equipped with a high
drive current and low subthreshold voltage swingiclv improve the switching speed of SOl MOSFET devi
Using an oxide barrier or a wide band gap semicotwlubarrier will potentially reduce the barriemkage
current [21]. This UTB structure is chosen to resllgakage current and to maintain good controhefelectron
in the channel [22]. Epitaxial layers are grownrbglecular beam epitaxy in which composition is &mto
figure 2.This is a gate first self-aligned MOSFETHitecture, in which gate electrode is used asaaknfor
ohmic contact definitionThe ALO; gate oxide with a thickness of 4nm is depositectaynic layer deposition
(ALD). Ohmic contact is performed by nickel (Ni) salicitlee process [23] to form Ni-epilayer alloy.
Experimental measurement is performed using HP BIa@dular DC source/monitor unit at room tempematur
on 150 nm gate-length MOSFET [28xperimental data fitting can be done by adjustiagsfer characteristic
in the saturated region with altering the saturatielocity, threshold voltage with the work funetjahen the
output characteristics by modifying the low fieldlbility and adding a resistance to each contadtdbaelate
to the value measured on the real device (Table 1).

The drain currentgylis plotted against drain-source voltagg W figure 6 with the gate voltage varying from
-1 to 1V in a steps of 0.5V and a gate lengthLpf= 150 nm. It can be seen thatreaches the value of



630 mA/mm at ¥s=0.7V and <1 V. The characteristics-Vgs (black solid points) and corresponding
transconductance (blue solid points),, ®f UTB-InNAs MOSFET are shown in figure 7 with 4150 nm at
constant s = 0.7 V. The current drairy land Gymax reach to 665 mA/mm and 440 mS/mm, respectively.
Figure 8 shows a comparison of the/ly characteristics of a 150nm gate length UTB-INASSKET structure
between simulation results (solid stars) and erpemial data (solid circlegp4].We calculate the correlation
coefficient; we find a value of 0.96, a value tligtclose to 1 which means that there is a goodeageat
between the experimental results and our simulationfigure 9 (the left y axis), we compare theVi,
characteristics at =0.7 V and ;=150 nm. The results are compared between reateleneasurement (lines
dotted) and device simulation (solid star lines)d atme correlation coefficient is equal to 0.99. The
transconductance, 3s also shown in the same figure 9 on the riglixis. The plots show agreement with
measured data. S-parameter simulations were peztbrup to 50 GHz. Figure 10 represents the curraint g
|H,,|? as a function of frequency aty¥0.7 V, V4=0.2 V and l;= 150 nm. The cutoff frequencfs;, of the
simulated device is estimated by extrapolatingltve-frequency current gain to unity at —20 dB/dexads
shown in figure 10, the cutoff frequency is fourdlte ft=41.69 GHz. Figure 11 represents the variation of
unilateral power gain, §) with respect to frequency a{y#0.7 V, V;=0.2 V and lg= 150 nm. The maximum
frequency of oscillationday, Of simulated UTB-INAs-MOSFET structure was estietato bef,= 94 GHz.
Using small signal equivalent circuit model (figuteand equations (10,11), the intrinsic elementhsas G,

Gy 7, R, Gys, Cya and G can be extracted and are summarized in Table 2n®é&ethat maximum of Gwith

DC simulation (G=420 mS/mm) has approximately the same value a®leeobtained by AC simulation
(Gm=414 mS/mm).

4, Conclusion

In this paper, a 150 nm gate UTB-InAs MOSFET hamnhievestigated. To analyze the DC performancdisf t
structure, numerical simulation was carried ouhgsi CAD tools. We developed a code to resolve thiegen
and carrier continuity equations based on the catimeal drift-diffusion model of charge transporittwFermi-
Dirac statistics, Shockley-Reathll (SRH) recombination and electric field-dependembitity models. Our
work gives us also the possibility to simulate dyaamic performances and to extract intrinsic eleavith the
small-signal equivalent circuit models. The doping channel and source-drain regions, the indiontent in
different layers are discussed and optimized. Témults are validated with device characteristicsthef
fabricated 150 nm InP/InAs/InGaAs MOSFET. Drainreuat of 665 mA/mm, transconductance of 440 mS/mm
are obtained at )\&=0.7V and cutoff frequency of 41.69 GHz, maximuntiletion frequency of 94 GHz are
estimated at ¥=0.7V and \4=0.2V.
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Figures Caption

Figure 1. Conventional small-signal MOSFET model.

Figure 2. Schematic cross-sectional view of ultia-body InAs MOSFET.

Figure 3. Evolution of the strain amdEy versus Indium fraction for InAs / |Ga;.As.

Figure 4. (a) Evolution of drain current versus ¢hannel area doping at¥0.7V and \(~=0.5V.

(b) Evolution of drain current below the threshe&tsus gate-source voltage at different channel doping.
Figure 5. Evolution of drain current versus the r8etDrain region doping atj=0.7V and \s=0.5V.

Figure 6. Drain current {) variation versus drain voltage-source;d\at different gate-source voltagegv/and
Ly =150 nm.

Figure 7. Variation of drain current (black solidipts) and transconductance (blue solid pointsh wespect to
gate-source voltage at constant ¥ 0.7 V and k=150 nm.

Figure8. Comparison of thg-Y4 characteristics of real device measurement (®iitdes) and device simulation

(solid stars) at different gate voltage ang150 nm.

Figure 9. Comparison of experimental (dotted linasd simulation data (solid star lines) @f\Vgs and

corresponding transconductance characteristicsregpect to Vs at Vye=0.7V and g =150 nm.
Figure 10. Variation of current gaji,, | versus frequency at\=0.7 V, Ve=0.2 V and ;=150 nm.

Figure 11. Variation of unilateral power gaig krsus frequency atg¥0.7 V,V¢~=0.2 V and 1;=150 nm.

Table 1. The physical parameters used in the sitionl

Table 2. The intrinsic small-signal circuit compatseextracted from simulation at 0.7 V and lg=150 nm.
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Figure 8:
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Table 1:

Value
Parameter
InP InAs INgs53Gag 47AS

Affinity (e.V) 4.38 4.9 4.51

Electron Mobility (cm?/V.s) 450 33000 13000

Electron Saturation Velocity (xIP (cm/s) 0.65 0.8 0.22

Source-Drain Resistance AccesQ.um) 20C

Effectif Gate Work Function eV) 3.94
Table 2:
Intrinsic elements Notation Unity Values
Transconductance G, mS/mm 414
Conductanc Gy mS/mn 13C
Input resistanc R Ohm.mn 0.59:
Gate-Drain resistance oR Ohm.mm 1.30
Gate-Source capacitance e<C fF/mm 1200
Gate-Drain capacitanc Cya fF/mm 22¢

Drain-Source capacitan Cys fF/mm 51






