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Impact of Strain on Tunneling Current and
Threshold Voltage in 1lI-V Nanowire TFETSs

Michele Visciarelli, Elena Gnanivlember, IEEE, Antonio Gnudi,Member, |EEE,
Susanna ReggianMember, IEEE, and Giorgio Baccaranl.ife Fellow, IEEE

configurations on n-type lll-V-based nanowire Tunnel-FETSs is
presented, with the aim to determine optimal strain conditbns
to enhance device performance. We find that both biaxial terike,
and uniaxial compressive stress, shift up the valence band.

Abstract—A simulation study on the effects of different strain ‘
z [001]

[100]

Biaxial stress, however, lowers the conduction band as welthus Lside! [ . |

providing the largest reduction of the energy bandgap. Instad, ’» I n g =

the gap variation is limited for biaxial compressive and unéaxial Lside™ ‘ : TS S5 BRI
tensile strains. Moreover, for these strain conditions, te lowest Lsource  Lgate Ldrain ~ Length

conduction subband is not connected to the highest valence

subband via the imaginary wave vector but to a lower one. This Fig, 1. Left: sketch of the simulated nanowire TFETSs (not ¢als). The
leads to an “effective” band gap higher than expected, which coordinate system is also shown, together with the crysaphic one. The
reflects into a large threshold increase and a degradation ahe nanowire transport orientation is [100]. Right: profile bEtfirst conduction
on-state current. and valence subbands for thex 5 nm? InAs nanowire along the transport

. . . direction at \fhg=0.3 V.
Index Terms—Tunnel FETSs, strain, nanowire, IlI-V materials,

NEGF
valence band via the imaginary branch of the wave vector.
. INTRODUCTION This leads to an “effective” band gap, that is somewhat

UNNEL FETs are one of the most promising devic&ider than the real one, causing a decreasdgf and a
T architectures which could possibly overcome the fu@rge threshold increase. This is exactly the case for alaxi
damental MOSFETSs limit of the inverse subthreshold slog@mpressive and uniaxial tensile conditions. These resait
SS> 60 mV/dec. A steeper SS is in fact an essential prereae of technological interest and help avoid unintentiotralis
uisite for an aggressive supply-voltage scaling befo#V in conditions that could degrade, rather than improve, thécdev
CMOS technology [1]-[3]. This device architecture, howevePerformanceMoreover, if an optimization procedure would be
is still affected by a number of drawbacks still unsolvedsarried out to find the best channel material for Tunnel FETs
1) achieving a higher on-state currehfx; 2) suppressing /N terms of bandgap and effective mass [10], in the presence
ambipolar effects, and, 3) dealing with the superlineareongf strain the “effective” bandgap should be consideredeimst
and high saturation voltage of the output characteristigs [ ©f the material energy gap.

One possible way to tackle these limits is the introductibn o
strain [5]-[7]. It has been recently asserted that a subatan II. DEVICE UNDER STUDY AND PHYSICAL MODEL
performance improvement of homojunction InAs nanowire Calculations have been performed for different Ill-V-bése

(NW) TFETSs can be achieved using appropriate stress condi-~""". .
tions, namely, biaxial tensile, and uniaxial compressivess nanowire Tunnel-FETs. As an example, results obtained for

" : ann-type InAs homojunction gate-all-around (GAA) reference
Lsrlh{agrl'cli?;\c;]”tlhcg ?S:rllcg;;goplrgL?;iﬁgrrow the bandgap, dtey device will be presented. The device structure is showngn Fi

In this letter, the scope of the investigation is widened toy W'_thiLSi‘ée =5nm, Lsogrce_: 20 En; Lglaéigz 207?”:16“'_'d

include additional stress conditions, namely the biaxahe ~/4rain ~— nm, source OEmgVS =90 cm--, drain
. o : .- doping Np = 1 x 10'8 cm™3, and T,x = 1 nm of Si0,

pressive and uniaxial tensile stresses. The latter eshibit b ’ ox :

anomalous behavior, as it still narrows the bandgap, atbeitThe dr?;_n dIOp'nf? 'St mlIJCth (;otwerhthan tlhde s_out:cedolr_le to limit
a lesser extent than the opposite condition proposed in [ e ambipolar effect related to channel-drain band linesge (

It is thus of interest clarifying such an anomaly. In doin bband profiles in Fig. 1-right). Therefore, a longer drain

so, we found that an analysis based uniquely on band %gion is necessary to ensure cha_rge n_eutr_ality at the drain
narrowing can be misleading, because, in some cases, ¢ Qtact. The nanowire transport orientation is [100] ang th

lowest conduction subband is not connected to the high owire S|des_ are along the [010] and [001] d|rgct|on§.
e in-house simulator employed for the present investigat
The authors are with the E. De Castro Advanced Research iCente iS based on a 4-bankl - p Hamiltonian [11], to accurately

Electronic Systems, University of Bologna, Bologna 40186ly (e-mail: model band structure effects. The 4-band model has been

michele.visciarelli2@unibo.it.). . K
This work has been supported by the EU Grant No. 619509 (aeswi Used instead of the 8-band one to reduce the computational

Manuscript received DATA; revised DATA. burden and to increase the readibility of the band structire
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Fig. 2. Energy dispersion for the x 5nm? InAs nanowire: (a) biaxial tensild,, = T.. = 2GPa; (b) biaxial compressiv,, = T.. = —2GPa; (c)
uniaxial tensileT;, = 2GPa; (d) uniaxial compressiVE,, = —2 GPa. Biaxial tensile strain shifts up the valence band ameie the conduction band,

giving the largest gap reduction among all cases. For thaxialitensile and biaxial compressive strain, the imaginmave vector does not connect the
lowest conduction subband with the highest valence subHbauntdwith a valence subband at 0.2 eV below the first one.

1
*no strain

T, =-2

TABLE | lt N
“« , ©no strain
BAND GAP, “EFFECTIVE’ BAND GAP, AND ELECTRON (HOLE) EFFECTIVE P ep
MASS OF THE FIRST CONDUCTIONVALENCE) SUBBAND FOR THE

®no strain
oT =T =-
wo oz

0.5

UNSTRAINED, BIAXIAL AND UNIAXIAL STRESS CONDITIONS AS IN FIG. 2. ~'°~2 . 05 ¢ 0.5
THE EFFECTIVE MASS VALUES ARE EVALUATED FROM THE REAL BRANCH 3 z oF >
OF THE E(k) SHOWN INFIG. 2. w m w o 0
07 -0.5]
Eg [eV] “effective” me [mo] mp, [mo] -0.5- + H-0E
Eg [eV] 4 R P —

Unstrained 0.735 — 0.057 0.057 AR 3 (] ke [Dm) | -img 3] Kk (inm] -{lmik'si [wnm] k_[LAm] !
Biax. tens. |0.45 (39%) - 0.036 (-37%) |0.033 42%) x x 8 x 2 x
Blgx. comp. | 0.81 (+10%) 1.0 (+25.5%) 0.077 (+35%) | 0.33 (+226%) Fig. 3. Energy dispersion for bulk InAs (left), GaAs (ceptand GaSb (right)
Uniax. tens. | 0.67 (~8%) |0.88 (31%)| 0.072 (+26%) | 0.33 (+226%) nqer piaxial compressive straify,, = T>. = —2 GPa. For all of them, the
Uniax. comp|{0.58 (~21%) - 0.043 (-24.5%)|0.039 31%)| first conduction band is connected via the imaginary waveovewith the

second valence band. The 8-band model has been used here.

ballistic and full 3D transport model is adopted based on the ) )
Non Equilibrium Green Function (NEGF) formalism. StraiStrain, instead, the band gap slightly increases by 70 meV,
is taken into account following Bahder’s theory [12], [13]While, for uniaxial tensile strainE¢, extracted from the real
according to which a strain-dependent matrix is added to tR@'t of the E(k), unexpectedly decreases by 60 meV. From
standardk - p matrix. Material parameters are taken fronfid: 2 we can clearly see that the lowest conduction sublznd i
[14] (zinc-blende crystal structure is assumed), and spsri N0t connected to the highest valence subband via the inggina
solutions are eliminated using the procedure proposedsh [1branch of the wave vector. It is connected instead to a valenc
subband~ 0.2 eV below the highest valence subband. This

leads to an “effective” band gap higher than that inferreanfr

the inspection of the real branch &f(k) (see Table I).

. ) ) It is worth noting that this effect takes place also for bulk
F'g' 2 repprts the ca_lculated_ energy d_|sper5|o_n relatloghd thin body devices, and is independent of the device cross

ship under dlffer.en'F strain cond|.t|ons: biaxial tensilg,{ = section [16]. A similar behavior is found for other IlI-V

TZ% - 2GPa)., biaxial compressivery, :,TZ? = 2 GPa)z materials, such as GaSb and GaAs. For example, Fig. 3 shows

uniaxial tensile {;; = 2GPa), and uniaxial compressiveyq 1) for bulk InAs (left), GaAs (center), and GaSb (right)

(Toz = —2 QPa). Uniaxial stra_in has been ap_pIigd along ﬂ15"nder biaxial compressive straify,, = 7., = —2GPa. For
transport direction of the device, whereas biaxial straas hy) ¢ them, the first conduction band is connected via the

been applied to thg deylce Cross sectlo_n,_ hence p,erpeadwmimaginary wave vector with the second valence band.
to the transport direction. All non explicitly mentionedests

components are set to zero. Both biaxial tensile and urdiaxia

compressive stresses shift up the valence band, but biaxial IV. TFET SIMULATION RESULTS

stress also lowers the conduction band and, thus, achieges t The different strain configurations, shown in Fig.2, have
largest reduction of the band gap and of the imaginary wawe-strong impact on the current-voltage characteristiag. #i
vector in the gap. The InAs nanowire band gap is reducedmpares I-V curves for the x 5nm? InAs nanowire TFET
from ~ 0.73 eV to about0.45 eV with biaxial tensile stress, for different stress conditions. The current is normalizeéth
and the electron and hole effective masses decrease roughBpect to the nanowire side, and all simulations are chrrie
by the same factor (see Table I). Note that the effective mamst atVpp = 0.3 V. In Fig. 5 the metal gate work function has
values are evaluated from the real branch of the dispersio@en adjusted to haveir = 1 nA/um at Vg = 0V. Biaxial
relationshipE(k) shown in Fig. 2. For biaxial compressivetensile strain reduces the threshold voltdge and increases

IIl. EFFECT OF STRAIN ON THE BAND STRUCTURE
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Fig. 4. Ips versusVgg curves atVpg = 0.3V for the InAs homojunction

device with different strain types. The current is normediavith respect to Fig. 6. Subband profile and current spectrum as a functionnefgy for

the nanowire side. There are two unfavorable strain cordtins which give the InAs homojunction, for uniaxial compressive ldts = 0.2V (left) and

a smalllon and an unusual behavior: uniaxial tensile and biaxial cesgive uniaxial tensile strain a/gs = 0.4V (right). For the uniaxial compressive

strain. case, the current flows at all energies for which there ariahl@ states both
in the source and in the channel. In the uniaxial tensile thsecurrent is
negligible up to 0.2 eV below the first valence subband in therce.

100 Vpe=03V

10'F - whose upper limit is about 0.2 eV below the first valence
= subband in the source. This is exactly the energy difference
] between the edges of the highest valence subband and the one
connected to the lowest conduction subband via the imaginar

Drain current [LA/pm]
=
T

107 . . . .
V-7 uniaxial -2GPa wave vector (see Fig.2 (c)). This leads to an “effective” dan
10° O o Gpa - gap~ 0.2eV larger than expected, and to a redudes.

O biaxial -2GPa
uniaxial +2GPa

L L | L | L | L
0 0.05 0.1 0.15 0.2 0.25
Gate voltage [V]
V. CONCLUSION

Fig. 5. Ipg versusVgg curves atVpgs = 0.3V for the InAs homojunction

device with different strain types. The current is normediavith respect to . . . .
the nanowire side. The metal gate work function has beers@juto to have  In this work we have investigated the effects of different

lorr = 1 NAlum atVgs = 0V. strain configurations on-type IlI-V-based nanowire TFETS,
namely biaxial in the cross-section and uniaxial in thegpemt
direction, with the aim of finding optimal strain configurais
the on-current due to bandgap narrowing. The drawbacktsenhance the device performance. To this purpose, fallpwi
the leakage current increase due to ambipolarity (aboveBahder's theory, the in-house developed simulator based on
nA/um) and a substantial slope degradation due to the higleed-bandk - p Hamiltonian has been properly extended to
degeneracy caused by the effective-mass decrease (sed)Talthke into account the effects of strain. Comparison among
[4]. A similar trend can be seen for uniaxial compressivaistr dispersion relationships under different strain condgishows
albeit with a smallef’r change. In this case, only the valenc¢hat biaxial tensile and uniaxial compressive strain dese¢he
band is shifted up, while the conduction band minimum isandgap of the material, which leads to a befigt current,
nearly unchanged. but also to a degraded subthreshold slope and a generally-
For the other two stress cases (biaxial compressive adiahiaxorse Iorr. On the other hand, uniaxial tensile and biaxial
tensile), the strain effect is a large on-state currentalsa compressive strains do not reduce the band gap significantly
with respect to the corresponding unstrained value, evéreif However, for these two strain configurations, the main ¢ffec
band gap is slightly affected. Moreover, a dramatic inceeass that the lowest conduction subband and the highest valenc
of the threshold voltage is obtained. This unusual behavisubband are not connected via the imaginary wave vector: the
seen for the biaxial compressive and uniaxial tensile rstrdirst conduction band is connected instead to a valence sgbba
can be explained by plotting the current spectrum on top of 0.2eV below the topmost valence subband. This leads to
the subband profile vs. position. The uniaxial compressiam “effective” gap which is 0.2 eV larger than the one infdrre
and tensile cases are compared in Fig. 6. Two different gaddeking only at the real-part of the dispersion relatiopdi(k).
voltages are applied for the two strain conditions in order Hence, the |-V curves show an unexpeciéd increase and
obtain a similar energy window for tunneling. In the unidxialopn degradation. To summarize, taking advantage of stress
compressive case (Fig. 6 left) tunneling occurs in the wholequires a very tight control of the fabrication processes,
energy window between the source valence band and thikich is required to prevent unintentional strain conditio
channel conduction band. On the contrary, for uniaxialitenswhich can deteriorate, rather than improve, the overallagev
strain, tunneling occurs within a reduced energy windowerformance.
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