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When transistor gate lengths (Lg) are shrunk below 10 nm, channel thicknesses must be proportionally reduced to
maintain electrostatic integrity [1]. At 7 nm Lg, InGaAs and InAs channels must be stringently evaluated at 2~4 nm
channel thickness [2-4], yet transport in ultrathin I11-V quantum wells and DC characteristics of ultra-thin-body
MOSFETs have not been extensively reported. Here we compare electron Hall mobility of 2~6 nm Ing53Gag 47As and
strained InAs quantum wells, where both sides of the well are bounded by wide-gap semiconductor barriers. Thick
InAs wells show higher mobility than thick InGaAs wells, but InAs wells lose their advantages in mobility as the
thickness is reduced to 2 nm. We also compare DC characteristics of 3 nm InAs channel FETSs to 3 nm Ing 53Gag 47/AS
channel FETs. Unlike the quantum well results, the InAs FETs show much higher on-state current (l,,) and
transconductance (gr,) than InGaAs FETs from 40 nm to 1 um L. Yet, due to the larger bandgap, InGaAs FETs show
~10:1 lower leakage current than InAs FETs at short L,.

Fig. 1 shows the quantum wells grown by solid source MBE and the corresponding band diagram. Growth of
strained InAs wells on InP substrates was optimized with a ~5.8:1 As/In beam flux ratio and a 375°C~400°C growth
temperature. The top and bottom InAlAs barriers were grown at 490°C. Fig. 2 shows Hall mobility and electron
concentration as a function of well thickness. It is clear that the mobility is higher in thick InAs wells than in thick
InGaAs wells, but mobilities converge as the well is thinned to 2 nm. The electron concentration in the well also
decreases with reduced well thickness due to increasing sub-band energy (E) and hence reduced Eg-E,.

As wells are thinned, the electron scattering time becomes dominated by interface roughness scattering, and the
electron effective mass also increases because of the quantized sub-band energy and the non-parabolic conduction
band. Given that InAs has larger conduction band non-parabolic coefficient, the electron effective mass of InAs
increases more rapidly, and is reported to be similar to that of InGaAs at 2~3nm channel thickness [5]. This may
explain the similar mobility observed for 2 nm InGaAs and InAs wells. The above data, taken alone, would suggest
that increased indium content in 2-3nm thick MOSFET channels should have negligible effect on on-state current.

Fig. 3 shows the structure of surface channel MOSFETSs with a 3 nm InAs or InGaAs channel. Refs. 2 and 3 give the
process flow. Figs. 4 and 5 show the transfer and output characteristics of Lg-40 nm devices, respectively. Unlike the
well results, InAs FETs show ~1.6:1 higher on-current and transconductance than InGaAs FETSs. Fig. 6 shows I,,
versus Lg, while Fig. 7 shows g, versus Lg. At all gate lengths between 40 nm and 1 pm, I, and gy are higher for InAs
FETSs than for InGaAs FETS, indicating not only higher injection velocity but also higher electron mobility in the InAs
channel than in the InGaAs channel. Fig. 8 compares the minimum | of the two devices. Due to its larger channel
bandgap, at short Ly InGaAs FETs show one order of magnitude lower leakage current floor than InAs FETs, where o
is dominated by band-to-band tunneling (BTBT) leakage. For long L4 devices, InAs FETSs are still limited by BTBT,
while InGaAs FETSs limited by gate leakage. Fig. 9 and fig. 10 show subthreshold swing (SS) and drain-induced barrier
lowering (DIBL) as a function of L, respectively. Thanks to thin channel and improved electrostatic integrity, both
devices have excellent SS~ 83 mV/dec at Vpg= 0.5 V and low DIBL~110 mV/V for 40 nm-L, devices. FETs with yet
thinner (2.7 nm) channels and ZrO, gate dielectric layers [2] show further improvement in SS and I,.

High indium content in thin surface-channel MOSFETSs improves on-current despite having little effect on mobility
in similarly thick wells bounded by semiconductor barriers. There are several possible explanations. In FET channels,
there may be severe scattering from interface traps having energy levels within the conduction band, the traps arising
from As-As antibonding or Ga dangling bonds [6]. The low g,, of InGaAs channels may be due to Fermi level pinning,
at positive gate bias, from interface traps at energies within the conduction band, again from As-As antibonding states
[7]; InAs has a larger energy separation between the conduction band and these states. Though population of the L
valleys [8-11] can degrade mobility in [100] InGaAs MOSFETS, our tight-binding calculations show 0.65 eV T'-L
bound state energy separation in a 3 nm InGaAs well (vs. 0.90 eV in 3 nm InAs), hence at the Vg-Vy, corresponding to
peak g, the L valley is unlikely to be populated with either material. Further investigation of electron transport in
ultrathin channel 111-V FETs would guide the device design for sub-10-nm I11-V MOSFETS.


mailto:cyhuang@ece.ucsb.edu

C.B. energy (eV) 10000 '\"E 2.2
& g = 2 = InAs well . o° " InAs well
3 nm InGaAs cap ° T T — sono} * InGaAs well . = 20} ° InGaAs well
15nm InAlAs U.1.D top barrier | g o/ > . 5 .
- a.l 3 /= « L = 18} .
3 nm Si-doped InAIAs gsr 3 /& g 6000 - © 0 . -
3 nm InAlAs U.1.D spacer 2 z /8 e . € -
e g s,/ B 2 4000} - Q 16}
~6 nm InAs or InGaAs U.1.D well o H = = o g
= I S s o) ) .
g ~—F S 2000f s o 14}
1
300nm InAIAs ULD buffer | 2| g 2
g ! 0 M M M M M M M = 1.2 n n n n n n n
= . 0123 456788 "012345¢6738
Semi-insulating InP substrate 8 : Well Thickness (nm) Well Thickness (nm)
Fig. 1. Double heterostucture for the study of electron  Fig. 2. Electron mobility and concentration as a function
transport in quantum well and associated band diagram. of quantum well thickness.
TMAVN plasma preclean + 20A HfO, 24 15— —
100 vDs =0.1t0 0.7V rVDS =0.1t00.7V VGS =-02Vto1.0V VGS =-02Vto1.0V
TiPd/AU NiAu TilPd/AU ; 0.2 V increment 2.0 0.2 Vincrement 0.2 Vincrement
{ ] R,,=2920hm-pm R =400 Ohm-pm
50 nm N+InGaAs 50 nm N+InGaAs 7 1'63LQ —_ 1.0 rat VGS =10V JatVe =10V 1
10 nm U.L.D InGaAs 10 nm U.1.D InGaAs 1+ 1'2’3\5
3 nm InGaAs ) 3 nm InGaAs N C£<
3 nm InGaAs or 3 nm InAs 4 000%, tE
5 nm InAlAs U.1.D. spacer a0 1 0.8\3",‘: 0.5 T
2 nm 1E19 cm™ Si-doped InAIAs ® magt —_
100 nm InAlAs U.T.D. buffer . ¢ i e 0.4
250 nm 1E17 cm” p-InAlAs buffer —
30 nm INAIAS U.LD buffer 10300 “o‘..z 0.4 06 02 0.0 6{.0:4 06 00 0g e
Semi-insulating InP substrate Vv (V) Vv (V) . ) N . - ) -
Gs Gs Vi (V) Vs (V)
Fig. 3. Device structure of InAs or Fig. 4. Transfer characteristic of Fig. 5. Output characteristic of
InGaAs surface channel MOSFETSs. L-40 nm InGaAs and InAs Lg-40 nm InGaAs and InAs
500 2.4 . . 10°
7:73 nm InAs = 3 nmlinAs —u—3 nm InAs
400} . mg, ~4~3nmInGals = 20r . 4 3 nmInGaAs - 10 e —4—3 nm InGaAs
\ V =05V 3 ]
B N =100 = 1.6} ‘. 1 g .
£ soof AN ". 3 wha —
< A, . - 12y ) < —xA& o
= = - A,
L2000 N\, E s - £107¢ AN
— ‘AA\ \ ~ 0.8+ Aﬂ n i W A\
A n © A n = \A
100 N ™~ & 04} ‘i : 10 T
[ | - -
~, vds=05v 4 . " [ Vom0V
0 . A 0.0 . A 10 : .
100 1000 0.1 1 100 1000
Gate length (nm) Gate length (um) Gate length (nm)
Fig. 6. lo, vs. Lg for two devices. Fig. 7. gm Vs. L for two devices. Fig. 8. Minimum Iy vs. Lq for two devices.
o
§ 100 A' Vps=0.1V,3 nm InA's 200 ' 3 InA ' ReferenCES:
E AV, =0.5V,3 nm InAs 3 nm InGsA [1] C. Hu, VLSI 2012, pp.1-4.
= A V,=04V3nminGaAs | 3nminGaAs | 1S, Leeetal., VLSI 2014, 54.
g L2 VaSsvamminGass | 2 Vthat1pAkm | [3] C. Y. Huang et al., IEDM 2014, 586.
2 4a [3 [4]J. Linetal., IEDM 2014, 574
» 80l {1 E100 . : ” ' y
o Lha 4 [5] B. R. Nag et al., APL 61, 2416 (1993).
° A ) 2 [6] J. Robertson, APL 94, 152104 (2009).
AN
g A’AA A4 4 [7] N. Taoka et al., IEDM 2011, 610.
£ At 4 R [8] M. Poljak et al., TED 59, 1636 (2012).
;,S, 60 3 : 0 3 : [9] Y. Liuetal., TED 55, 1116 (2008).
: X 10] S. Mehrotra et al., EDL 34, 9 (2013).
Gate length (um Gate length (um [ i '
_ gth (um) - _ gth (um) [11] A. Pethe et al., IEDM 2005, 605.
Fig. 9. SS vs. L for two devices. Fig. 10. DIBL vs. L for two

devices.



