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High Field Hole Velocity and Velocity
Overshoot in Silicon Inversion Layers

Dennis Sinitsky, Fariborz Assaderaghi, Chenming Hu, and Jeffrey Bokor

Abstract—We report measurements of the drift velocity of holes : lation
in silicon inversion layers. The saturation velocity of holes at Device Schematic MEDICI Simulatio
300 K is found to be strongly dependent on the effective vertical Output

field. No hole velocity overshoot was observed down to 0.16-

um channel length at room temperature. At 77 K, hole velocity

saturation is much less pronounced, and a 10% higher average FOX
velocity is observed for 0.16-xm channel length as compared to

0.36:m channel length.
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I. INTRODUCTION

S DEVICE size shrinks into the deep submicron regime; )

the saturation velocity of holes starts to play a sig- BOX Mo o1 ez 03 e
nificant role in P-MOSFET performance [1]. Quantitative Kehannel
measurements of high field carrier drift velocities in inversion (@ (b)
layers are hard to make, due to the difficulty of achievingg 1. (a) Test structure for hole velocity measurement, and the simulated
uniform carrier density and tangential electric field along thiengential field along the channel for a 0.A6: device. FOX and BOX stand
chamnel. There have been attempts to measure hole saturdifie 1 Sk ge 0. o sark ioes s e sorcear
velocity in the past using resistive gate MOSFET Structurgs dashed line) for an electric field plot. The vertical lines denote the
[2], [3]. Although high uniform tangential fields could bemetallurgical junction positions. The higher fields correspond to the lower
achieved using resistive gate scheme [3], the device chan e[S because o_f smalle¥; loss _due_to s_eries rgsistance. Since holes show

. . . almost no velocity overshoot, drift-diffusion option was used.
length could not be scaled into the deep submicron regime
due to presence of two gate contacts that define the voltage
drop across the resistive gate. Hence, the examination defpletion charge is constant along the channel. This minimizes
nonstationary effects could not be performed. threshold voltage variation along the channel. We make sure
We employ a modification of a method first introduced ithat back-gate current is negligible compared to front-gate

[4], which has already been used to study high field transpetirrent when we do measurements. Channel field and carrier
of electrons in Si inversion layers [5], [6]. The techniqueelocity are determined by using the following formulas [5]:
employs a short channel device with a very thick gate oxidé = (Vyq — 214R;)/Leg;v = 1q/W Cox (Vs — V2), Where R,
(about 56 nm), as shown in Fig. 1(a). By applying rathds source series resistance.
high gate-to-source voltagé,, (10-30 V) as compared to the The results of simulations are shown in Fig. 1(b), which
drain-to-source voltag#,, (~2 V), we obtain a reasonably plots the tangential electric field versus the coordinate along
uniform electric field in the channel as verified by the twothe channel, withV, as a parameter. Note that Fig. 1 cor-
dimensional (2-D) device simulator MEDICI 2.0 [7]. Transportesponds to the worst case scenario of the highgst= 2
parameters in MEDICI were carefully calibrated to show and the shortest PMO$..s = 0.16 pm. The bumps in
agreement between experimental and simulatgel,, and channel electric field at the edges of the device are due to
I,V curves (herely is the drain current). The uniformity gate oxide fringing field and p-n junction field variation. The
of the field is enhanced in our case since we use an S@easurement error for the highest drain bias case can be
substrate. By applying positive voltage on the back sidestimated as follows. The change in channel electric field is
since the Si film thicknesgs; < 2zgmax (the maximum about 50-25% fol, — Vi (=V,:) of 10-25 V. Even for the
depletion length in Si), the film is fully depleted, and th€ase of extremely larg,; of 100 V there is still unavoidable
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1x107 TABLE |
") i EXTRACTED AND MEASURED PARAMETERS FORVELOCITY-FIELD
2 I CURVES OF HOLES AT ROOM TEMPERATURE. THE EXTRACTION
E 8x10°1 electrons OF Usat |S BASED ON THE ASSUMPTION THAT 3 = 1
2 6 P E.;(MV/cm) 1 (cm¥/V'sec) V,aXx107cm/sec) v@0.1MV/cm
‘o 0x10° L P
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Fig. 2. Measured velocity-tangential field curves at room temperature;> . - 5
E.r = 0.55 MV/cm. The electron velocity-field curves from [6] are plotted g 4x10° L £
on the samey-axis as holes for comparison. The effective channel lengths2 4 . 2
for PMOS devices are 0.16, 0.26, and 0861; for NMOS devices—0.12, £ 3x106] - 12x10° =
0.18, 0.22, and 0.38&m. Shorter devices extend to larger tangential fields @ | 4 E
and, in case of electrons, yield higher velocity. £ 206 y (- b
gn ) o electrons {1x10’ ;n
. . . . & Ix10°
for the highest tangential field. Fdr,, = 5 V, the error in @ g
v is about 14%. < 0 : , : : . (I
The carrier velocity and field extraction are straightforward 0.0 4.0x10* 8.0x10* 1.2x10°
and discussed in [5] and [11]. For very short devices (@2 Eiangentiar (MV/cm)

and below),V; versusVy, correction for Drain Induced Barrier s M 4 veloci al field 77 K & he left
. [P . 1g. o. easured velocity-tangential field curves at along the le

Lower_lng (DlBL) must b? pe.rformed. This is accomphShed bg-axis; FE.¢ = 0.55 MV/cm. The electron velocity-field curves at 85 K

checking the parallel shifts in the subthreshold current verstsin [6] are plotted on the same graph along the rigtaixis for comparison.

Vas [8], which give theV; versusVy, dependence. Electron velocity overshoot is much stronger for electrons than holes. The
effective channel lengths for PMOS devices are 0.16, 0.26, andGr86or
NMOS devices— 0.12, 0.22, 0.32, and 0.4&n. Shorter devices extend to

II. DEVICE FABRICATION larger tangential fields and yield higher velocity.

The p-channel MOSFET's were fabricated on a single
SIMOX wafer using mesa isolation. The gate oxide thickness
was 56 nm, the buried oxide thickness was 400 nm, and the
Si film thickness was 130 nm. Channel doping was about
2.5 x 10*/cm?, roughly uniform. The photoresist ashing
techniqgue was used to define deep submicron gates [9]. A
20 KeV boron implant with doses x 10*°/cn? into the
source/drain and gate was used, resulting apply PMOS
devices. Devices down to 0.16m L.g without significant
punchthrough were successfully fabricated. The source/drain
series resistance at room temperature was measured to be
1.72 K2-pm. Since the measured hole mobility versBs; R O :
agreed well with the universal mobility-vertical field relation 10° 10° 10°
for holes [1], we conclude that the quality of Si film and E angential (V/€M)

Si/SiO, interface was satisfactory.

Hole velocity (cm/sec)
=

105

Fig. 4. The measured velocity-tangential field curves at both room and liquid

nitrogen temperatures for different effective vertical fields for inversion layer

holes. For low temperature datB.g increases from .4 to .7 MV/cm in .15
IIl. RESULTS AND DISCUSSION MV/cm steps. For room temperaturE,. increases from .4 to 1 MV/cm in

Fig. 2 shows velocity-tangential field curves for deviced> MV/cm steps. The lower velocity corresponds to the highigr.
with L.g ranging from 0.36 to 0.16um. All the curves
overlap perfectly, in contrast to analogous electron velocitg- rather high value of saturation velocity for holes, in fact,
field curves from [6], which show higher average velocity focomparable tou,,; of electrons.
shorter devices. Thus no hole velocity overshoot is observedrig. 3 shows velocity-tangential field curves for the same
at these channel lengths, although electron velocity overshdewices at 77 K (and 85 K for electrons from [6]). The
clearly occurs [5], [6]. Note that the hole velocity showraverage velocity in the high tangential field regime is higher
reachess.5 x 10 cm/s and is only just beginning to saturatdéor L.z = 0.16 pm than for L.y = 0.36 pm. We attribute
even for tangential field as high as 0.1 MV/cm. This indicatehis to a slight velocity overshoot of holes at 77 K. Electrons
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exhibit much higher velocity overshoot at 85 K than holelength. A slight velocity overshoot of holes was observed at
at 77 K. The amount of velocity overshoot of electrons was7 K. The smallness of the effect limits the application of hole
found to be correlated with carrier mobility [10], [11]. Atvelocity overshoot in P-MOSFET's.

77 K the hole mobility is comparable to the electron mobility

at room temperature, but the amount of velocity overshoot ACKNOWLEDGMENT

is much smaller. The reason is that the origin of carrier The authors would like to acknowledge M. R. Pinto from

velocity overshoot is dependent.upon the interrelation betwel?ﬂcent Technologies, Murray Hill, NJ, for help with initial
momentum and energy relaxation rates.
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[13]. Fitting parameters,,; and. as well as velocity at 0.1

MV/cm are presented in Table I. Note that the fitting parameter

p agrees closely with long-channel mobility measurementl] P. K. Ko, “Approaches to scaling,” ithdvanced MOS Device Physics
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