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High-Field Transport of Inversion-Layer Electrons
and Holes Including Velocity Overshoot

Fariborz Assaderaghiember, IEEE Dennis Sinitsky, Jeffrey Bokor,
Ping K. Ko, Fellow, IEEE Henry Gaw, and Chenming Heellow, IEEE

Abstract—In this paper, we experimentally address the ef- under uniform field. Simplicity of our test structures make
fect of a wide range of parameters on the high-field transport these data ideal candidates for calibration of “Energy-Balance”
of inversion-layer electrons and holes. The studied parameters 5,4 «jyqrodynamic” simulators. Using these test structures,
include substrate doping level, surface micro-roughness, vertical . .
field strength, nitridation of the gate oxide, and device channel W€ report the effects of several important process and device
length. We employ special test structures built on Silicon-On- parameters on the inversion-layer carrier velocity.

Insulator (SOI) and bulk wafers to accurately measure the This paper is organized as follows. In Section IlI, the
hig_h;fii'ilgggo‘ae:/‘ggét(’fcig‘é?gﬁfgt":yfgo‘?r{éﬁs-e%%rfé“‘gggzn requirements for accurate measurement of high-field drift
Sglr?ce of electron andyhole saturation velocitieps on niltridzftion velocity of Inver5|or_1-layer carriers are _descrlbed. Pr_eVIous
of the gate oxide, dependence of the high-field drift velocity on Measurement techniques are also mentioned and their advan-
the effective vertical field, and relative insensitivity of electron tages and limitations pointed out. In Section Ill, we explain
and hole mobility and saturation velocity to moderate surface our measurement method and provide two-dimensional device
roughness. simulations to verify its principle. In Section 1V, device
fabrication and experimental setup are outlined. Experimental
l. INTRODUCTION results are presented and discussed in Section V. In this
ATURATION velocity plays a significant role in MOS- section, we also offer an explanation for the cause of apparent
ET performance. This role becomes more importafiiscrepancies in past reported values. Section VI summarizes
as the device channel length shrinks to deep-submicromeieg study.
regime. Widely used simulators empldy x 107 cm/s as
the room-temperature saturation velocity of electrons in the
inversion layer even though many direct measurements havl. MEASUREMENT REQUIREMENTS AND PAST ATTEMPTS
indicated a lower value [1]-[6]. There is even a greater Uniformity of tangential field and inversion-charge con-
discrepancy for hole inversion-layer velocity, with very fewentration is necessary for the study of drift velocity of
experimental results available in this case. Furthermore, th@sgersion-layer carriers. This condition is violated in regular
“Drift-Diffusion” simulators do not take velocity overshootMOSFET's, since inversion-charge concentration decreases
into account. Recent reports have shown that this effggdm the source to drain, while tangential field increases.
should not be ignored in very short devices [6]-[12]. On thghese variations are small in the low-field (linear) regime of
other hand, “Energy-Balance” and “Hydrodynamic” simulatorglOSFET I—V and can be neglected. Consequently, drain
that can correctly simulate this effect, employ parametegsrrents at low drain voltages are routinely used to determine
(such as relaxation times) that need calibration and shoulté low-field carrier mobility (or drift velocity). Clearly, this
be adjusted by comparison with experimental results. Usigethod cannot be extended to the high-field or “saturation”
experimental results from very short-channel regular MO$egime.
FET's to calibrate these simulators is prone to error due toThe two factors leading to the variation of inversion charge
the complexity of field, velocity, and charge distribution irare the channel voltage and the bulk charge, both of which
regular MOSFET’s. We employ special test structures builicrease from the source to drain. In [1], MOSFET’s with very
on Silicon-On-Insulator (SOI) and bulk wafers to measure thgick gate oxides~1 pum) were employed, so that the gate
high-field drift velocity of inversion layer electrons and holegoltage was much larger than the drain voltage. This makes
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source end, and: is given by [13] relevance of the results a bit questionable. We will discuss the
measured results of above techniques further in Section V.
- [2641gN, 0.74 + 0.84(20 ) Tox )
o= —
205 174+0.84(285) cox Ill. M EASUREMENT METHOD
where T, is the gate-oxide thickness, and other terms haVeTo achieve uniformity of tangential field and inversion

their usual meanings. The second term on the right hand S'd%ﬂsrge concentration, we recognized that a modified version

(2) is the contribution from the nonuniform body charge, angk yhe method reported in [1] becomes very attractive and
is linear inTo. This equation can be further approximated by, enient in present and future short-channel structures.

oo S Tox 3 Thick gate-oxide MOSFET'’s are used in the study, and the
amlt— (3) drain voltage is limited to small values (below 1 V). By
) i ) _setting the gate voltage much larger than the drain voltage,
where Ty, is the depletion-layer width at the source. It i§,hitormity of the inversion charge and field is assured. Since
seen from (2) and (3) that to minimize the bulk-charge eﬁecﬁeep—submicrometer devices are used in the stiidy from
a small Vqs should be used. This means the use of shqils ;,m 10 0.1 um), this small drain voltage is sufficient for
channel length if a large tangential field is desired. Also, a Vegyaating large tangential electric fields. Both bulk and SOI
light sqbstrate doping can be used (making the depletion IanbSFET's With 7., = 50 nm are fabricated. In the case of
very.W|de). In that case, very short channel lengths cannot pgy, MOSFET's, a large reverse body bias (10 V) is used to
studied because of punch-through. Another way to reduce {i¢,ove the charge and field uniformity. This large reverse
bulk-charge effect is to apply a large reverse bias to the bogy,g minimizes the charge nonuniformity due to the bulk-
We will discuss this method in Section Ill. __charge effect: for a uniform substrate doping2ef10'7 cm—3,
A second method of achieving charge and field umformlty/(lS — 1V, andVi,, = —10 V, the depletion width would vary
in the device was devised in [2], and further developed om the source to drain by less than 5%. For SOI devices, due
[4] and [5]. This technique uses resistive-gate MOSFET'g, the full depletion of the silicon film, and the large thickness

with contacts made to both ends of the gate. The two 9&fthe puried oxide layer, the tangential field is very uniform
voltagesV,; and V> are controlled separately, and can bg.q reverse body bias is not needed

adjusted to account for the difference between the source and
drain voltages. The premise is that since the gate voltage Ond (Vs = Vi) — (1 + %)Vds
increases from the source to drain linearly, the surface-carrier 0 ~ Voo — V (4)
concentration becomes uniform. Note tHas — V,» should " e
not be set merely td/y, since that would ignore the bulk-whereZ; is the silicon film thickness an@,. is the buried-
charge effect. Thus, this technique requires computation @fide thickness. We found it important to use extensive
the threshold voltage at the drain end, and adjusting- V,» two-dimensional device simulations to verify the uniformity
accordingly. It is unclear whether this effect was taken intof charge and field. A typical case is shown in Fig. 1. For this
account in the above reports. Another limitation of this methatkvice the gate oxide thickness, the silicon film thickness, and
is the difficulty of providing contacts at both ends of a suldhe buried oxide thickness are 50 nm, 70 nm, and 400 nm,
micrometer resistive gate. respectively. The gate voltages used are 20, 30, and 40 V, and

A third method of measuring high-field drift velocity ofthe drain voltage is 1 V. As seen in Fig. 1, the tangential field
inversion-layer electrons was introduced in [3]. In this techs fairly uniform at the Si/SiQ interface. The reduction of the
nique the time-of-flight of discrete charge packets, introducedrerage electric field is is because of the effectiye drop
by a pulsed laser, are observed. The packets drift in a regiom Rsource drain difference due to different current levels. The
of uniform tangential field at the interface. A MOS gateeorresponding inversion-charge concentration is shown on the
controlled diode is used in the experiment, and the structuisecondy-axis of the plot.
remains in a state of deep depletion, so that any electron®ecause of charge and field uniformity, the current can be
reaching the surface are swept into the drain and an eggimply written as
librium inversion cannot form. The electrons and holes are v
generated in this region by pulses from a mode-locked laser. I =WCx <Vg -V - ds)v (5)

. . 2

The holes are swept to the substrate, while electrons remain
at the surface where they drift in the uniform tangentiathere C,, is the gate-oxide capacitancg, is the threshold
field. In the actual test structure two electron packets weveltage at the sourcdy is the channel width, and is the
injected through two separate optical apertures. The tird€ft velocity. Sincev is the only unknown in this relation, it
difference between the arrival of the two pulses was useddan be determined from the measured current. The tangential
calculate the drift velocity. This differential method improvesield is given by
accuracy of the measurement. A drawback of this method was Vi — IR
that only very low effective vertical fields could be created E, = Zds T o d (6)
(0.2 MV/cm), making the extension of results to typical Lest
operating conditions of regular MOSFET’s problematic. Theshere R, is the source and drain series resistance, which was
absence of an inversion layer in this technique also makes theasured using the constavij,—V; method of [22]. Using
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Fig. 1. Tangential electric fieldE, ) and electron concentration in the SOI _ » . .
test structure withhyx = 50 nm, Ty = 70 M, Loy = 0.4 gm, Tyox = 400 Fig. 2. Depth compositional profile for a 50-nm,®@-annealed oxide. Note

nm, 5A from the Si/SiQ interface. the nitrogen pile up at the silicon-oxide interface.

above relations, the carrier drift velocity can be obtained ad'jfidation of the gate oxide in our samples was achieved
function of tangential field. For ultra-short devices, correctiofy Post-oxidation anneal at atmospheric pressure j@ Nt
of V, as a function of drain voltage is required, due to thg>0°C for 20 min. A typical compositional profile of N,
drain-induced barrier-lowering (DIBL). This is accomplishe @nd O in the gate oxide determined by Auger electron
by monitoring parallel shifts of the subthreshold current vers§8€Ctroscopy (AES) is shown in Fig. 2.
Ves as the drain voltage is changed [14]. )
B. Surface Micro-Roughness
IV. DEVICE FABRICATION AND EXPERIMENT SETUP There have been conflicting reports on the influence of

(100) silicon bulk and SOI wafers were used in this stud urface micro-roughness on inversion-layer carrier transport.

The SOI wafers were SIMOX and BESOI with buried-oxide ©. stu<_jy the effect Of. surche micro-roughness, the silicon-
thicknesses of 370 Nm—400 nm and .m, respectively. The oxide interface was intentionally roughened by prolonged

starting silicon film thicknesses varied from 200 nm to 250 nnl?l—water rinsing after the HF clean and just before the gate

To achieve better short-channel behavior in MOSFET's, oaddation [19]. The surf_ace micr(_)-roughnes_s was measured on
high doping concentration in the body is needed. For tﬁ(%ntrpl_samples by using Atomic Force M|crosc_opy (AFM).
SOl devices to satisfy this condition while maintaining full e |n!t|al RMS roughness of "’,‘bOUt 0.5 nm !ncreased to
depletion, a thin silicon film must be used. An initial blanke pproximately 2 nm after 2000 min of DI water rinsing. Note
oxidation followed by wet etch was used to reddge of the that all .surface roughness measurements were made before
SOl wafers. After the final processing stéf was 65 nm for gate oxidation.
the SOI test structures. LOCOS and MESA isolations were ) )
employed for bulk and SOI wafers, respectively. A 50-nriy- POPINg Concentration
gate oxide was grown on all wafers by dry oxidation. The gate To study the effect of substrate doping level on the
photoresist pattern was defined Byfine lithography, with a inversion-layer carrier transport the device doping concen-
range of drawn lengths in 0.05m increments down to 0,6m. trations were adjusted by ion implantation to three values of
Effective channel lengths as short as 0@ were obtained 8 x 106 cm™2, 1.5 x 1017 cm~2 and2.5 x 107 cm~2.
by “ashing” of the gate photoresist in oxygen plasma at 50 W
[15]. Remainder of the process was typical, with the different V. EXPERIMENTAL RESULTS AND DISCUSSION
process splits given below.

A. Linear Mobility at Low Tangential Field

A. Nitridation of the Gate Oxide Mobility was measured using aid;—V, measurement,
Boron penetration from P-polysilicon gates into un- with channel charge determined by an integration of gate-
derlying silicon substrates associated with surface-chanmelsource/drain/substrate capacitance, i.e., by a standard split
PMOSFET's is a critical issue in dual-gate CMOS process&3-V method. Fig. 3 shows the electron mobility as a function
It has been shown that nitridation of the gate oxide caof effective vertical field. As seen, all samples match the

provide a barrier to boron penetration [16], [17]. Nitrided gat&universal” mobility curve [20] fairly well, except for the

oxides also have exhibited improved hot-carrier reliability, amitrided sample. In particular, no mobility degradation is
reduced radiation degradation [16], [18]. Nitridation of the gatgbserved for the SOI wafer, or for the roughened bulk wafer.
oxide has been shown to affect surface carrier mobility, bihe behavior of electron mobility for the nitrided sample
its effect on saturation velocity has not been studied. Thermalin general agreement with other reports. Namely, at low
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Fig. 4. The electron velocity versus tangential field. The test structure length
Fig. 3. The effective electron mobility versus effective vertical fielilgy  is about 0.3um for all the samples.
is calculated fromE.g = (0.5Q» + Qp)/csi, Wwhere@y, is obtained from
integrating the gate to channel capacitance against the gate voltage. The SOI
wafer is unpolished SIMOX.

— Without Nitridation, N=2.5x10"cm
——  ~—-- With Nitridation, N;=2.5x10"cm™ ,
effective vertical fields a nitrided sample has electron mobility i —
less than the “universal” value, while at high vertical fields the & s
trend is reversed. The crossover point has been shown to be &
function of N;O anneal time and temperature [18]. Normally, §
shorter times and lower temperatures lead to crossovers al’
lower vertical fields. This behavior is attributed to extra trap -5
generation in the nitrided oxide and Si/SiGnterface. At 2 10°F
low E.z they trap electrons and act as Coulombic scattering§
centers, while at highE.g they screen surface roughness &
potential from channel electrons [23].
Fig. 4 illustrates the measured electron velocity as a functiorh—_]
of tangential field. The test-structure length is approximately . .
0.3 um for all of the samples. This figure indicates that the 10° 10*
insensitivity of electron transport to doping level in the low Tangential Field (V/cm)
fleld_ also extends to the high-field “.saturaju.or.]” regime foIEig. 5. The electron drift velocity versus tangential field for control and
dopings used. The data shows also insensitivity to moderaig-annealed gate oxides on a bulk wafer. The effective vertical field is
surface microroughness, although it is not clear how rough,Li%ed as a parameter. Oxide thickness is 50 nm, and the test structure length
. . - i 0.3 pm.
the surface after a 50-nm gate oxidation. Moreover, nitridation
of the gate oxide has negative impact on both electron mobility
and saturation velocity, at moderate vertical fields. anneal. However, this normally reduces the effectiveness of
the nitrided oxide against boron penetration. Furthermore, as
B. Effect of Oxide Nitridation Fig. 6 shows nitridation has a weaker influence on the high-

Fig. 5 shows the velocity-field behavior of samples with anﬁfld drift velocity than on the low-field mobility. This is

without nitridation at different vertical fields. It is seen thaf;_e?rly seen in Fig. 7, where the ratio of d”.ft velocity of a
the low-field mobility behavior is mirrored at high tangentizﬂ"trIde Sa”.‘p'e. o that of a regular sample is plotted versus
fields, i.e., at a given vertical field the low-field mobility and"€ tangential field.

high-field velocity of a nitrided sample are affected in the same ) i

direction. This is further illustrated in Fig. 6, where measured: Saturation Velocity

drift velocities atE, = 3.5 x 10* V/cm are plotted versus We have limited the drain voltage to about 1 V in our
the effective vertical field. The crossover points are nearly tlexperiments. We believe that using larger drain voltages would
same in Figs. 3 and 6. Therefore, it seems attractive tryingake the approximations used in (5) and (6) less accurate.
to move the crossover point to lower vertical fields, as thighis will lead to an artificially stronger “saturation” behavior
would lead to a better current drive in nitrided samples evédaor the electron velocity, and will underestimate the saturation
at low gate voltages. As was mentioned earlier, this can felocity. This may explain why very different saturation
achieved by reducing the time and temperature of th® N velocities, ranging fromd x 10® cm/s t0 9.2 x 106 cm/s,

Vert. Field=0.7MVicm

Vert. Field=1.0MVicm

ectr
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Fig. 9. The two fitting parameters of (7) as functions of the effective vertical
Fig. 7. Ratio of drift velocity of the NO-annealed sample to that of thefield. The test structure was that of Fig. 11.
control sample grown on bulk wafers, at two different vertical fields. The
tangential field is 35 kV/cm and the test structure length isy8

electric field, is dependent oR.g. It is unclear however if

are reported in [1]-[5]. To obtain a semi-quantitative valulis dependence is universal or not. Fig. 10 also shows the
for the electron saturation velocity, we have extrapolated t@lue of 3 used for fitting of (7) to the measured results. This

measured values by obtaining a two-parameter least-squaf@¥i€ is nearly constant and about 1.4. This is quite different
fit using the empirical equation from the value of 2 (the bulk electron transport value) used in
popular device simulators.

NeﬂEac (7)

(1 + (uanI)r@)%

Vsat

v =
D. Velocity Overshoot

where g is the effective mobility, ands,; and 3 are fitting Fig. 10 points to another important finding, i.e., observation
parametersu,,; iS the saturation velocity. Results of thes®f electron velocity overshoot. As seen, for test structure
extrapolations are shown as the dashed lines in Fig. 8. Figle@gths of 0.3um or longer electron velocity is nearly the
indicates that af, = 3.5 x 10* V/cm, drift velocity of the same, but it increases for shorter lengths. Fig. 11 further illus-
regular sample has a near linear dependence on the verticatles this observation. Fig. 12 conveys similar information for
field, with 3 x 10° cm/s reduction in the velocity for everyT = 85 K, except that velocity saturation and velocity over-

1 MV/cm increase of the vertical field. Fig. 9 shows that thehoot are more pronounced. In fact, average inversion-layer
final saturation velocity has a much weaker dependence on #iectron velocity exceeds bulk electron saturation velocity
vertical field. These extrapolated values are in 8tiex 10 by nearly 40% atL.g = 0.12 pym. Fig. 13 shows that for
cm/s t08.9 x 10° cm/s range. An extrapolategl,; value of very short test structures the average electron velocity has a
9.2 x 10° cm/s at vertical field of 0.1 MV/cm was reported instrong dependence on the vertical field, particularly at liquid
[3], which is in general agreement with our reported valugstrogen temperature. This is because velocity overshoot is
at low vertical fields. We should emphasize that (7) is ameaker when the low-field mobility is lower, and that increased
empirical equation, and,; may not be the real “saturation” vertical field reduces the low-field mobility [12]. Note that in
velocity. Nevertheless, use af,,; is meaningful, since (7) our test structures the field pattern is quite different from that
anduvg,c model the carrier velocity in the entire relevant fieldn regular MOSFET's. In our structures the field is nearly
range correctly. That is why we believe that electron saturationiform in the channel, and is very large at the source where
velocity, i.e. velocity at a very high slowly varying tangentiatold electrons are injected to the channel. Once these data
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Fig. 10. The electron drift velocity as a function of test structure lengtffig- 12.  The electron velocity as a function of tangential field’at= 85
for two different tangential fields of 20 kV/cm and 30 kV/cm. SOI and bulk. Test structure length is used as a parameter.
samples are compared.

B T=300K
ox]0° | Effecve Vertical Field=0.6Mvicm T T L0 TeeK [ -
-_. ~~ (]

o To0K 8 2.0x107} Ly=012um | |
@] S o
2 7x10° | = 0 E,=8x10"/cm
= s a
2 = Lex107f - _
I ® L_-043m 2
2 5x10 eff b5 o
=5 V L=038um 2 o
o A L_033m = , a
v ¢ v L,~028m > 1.2x10° o
i 3x10 O Li023m g " .
e 0O L40.18um = . . -
2 s O Lar012m 3 8.0x10°f " s . g
E" 1x10 o

y— * —_ 0.1 . .
0 1x10'  2x10*  3x10'  4xi0t sx10t ex10t 0.2 0.3 0.4 0.5 0.6

Tangential Field (V/cm) Effective Vertical Field (MV/cm)

glig. 13. \Vertical field dependence of the electron velocity at room and liquid
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different test structure lengths.

. . is much more gradual than that of electrons. Consequently,
are understood, modeled, and used to calibrate simulators 9 N y

. ry | ial fiel I h
the effect of velocity overshoot on MOSFEM-V can be ye y ‘arge ”tangent!a lelds would be needed to observe the
analvzed saturation” behavior. If our measurement method or those

yzed. reported in [1], [2], [4], and [5] are extended beyond their
valid field limits, artificially low values for the hole saturation
E. Hole Velocity velocity will be obtained. On the other hand, extrapolation
Fig. 14 shows the hole mobility versus effective verticaq’f_ Imbeas_ureg res_u_lts_; by ;‘E'ng (72 |nd|/cates that %f hol;as
field. As seen, similar conclusion as in the case of eIectroWg en the wumty_ o o x 10° cm/s t0 7 x 10 emis,
epending on the vertical field. Note that the hole drift velocity

can be reached for holes: Only mobility of the nitrided samp al field d q h he el
is significantly lower than the universal mobility. Note alsgnows a stronger vertical field dependence than the electron

that in the case of holes no crossover point exists, as diift velocity. Fig. 17 shows the hole velocity as a function of

all vertical fields nitrided sample exhibits a lower mobility.ta”gent'al field, for different test structure lengths. No velocity

Fig. 15 illustrates hole velocity as a function of tangentiaﬂ\“arShOOt is observed down to 0.1n.

field. The test-structure length is approximately @2 for

all of the samples. The nitrided sample has a lower velocity, VI. CONCLUSION

although the velocity reduction is fairly small. The hole To study high-field transport of the inversion-layer carri-
drift velocity versus tangential field is shown in Fig. 16, foers, deep sub-micrometer test structures were fabricated on
different vertical fields. The velocity-field behavior of holedbulk and SOI wafers varying doping concentration, surface
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Fig. 15. The hole velocity versus the tangential field. The test structure

length is 0.2u¢m for all the samples.
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as a parameter. The sample is not nitrided. The test structure lengthuig0.2
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micro-roughness, nitridation of the gate oxide, and carrier

type (electrons and holes). Several interesting phenomena
were observed including: electron velocity overshoot at room

temperature, dependence of the electron and hole high-field
velocity on nitridation of the gate oxide.
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