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Abstract We have studied the mmversion layer
mobility of NMOSFET's with thin-gate oxide of 20 to
70 ADivect ydationship of dectron mobility to
oxide/charmel intaface roughness was obtained from
measured mobility of MOSFET's and high-resclution
TEM. By using a low-pressure oxidation process with
native oxide yemoved in siiu pror to oxidationm,
atomically smooth intaface of oxide/charme was
obseaved by high-resolution TEM for oxide thicknesses
of 11 and 38 A. The roughness increased to one to two
monolayers of Siin a 55-A oxide. Significant mobility
improvement was obtained from these oxides wath
smootha intaface than fhat from conventional
furmace oxidation. Mobility reduction vath decreasing
oxide thickness was observed in the 20and 35-A oxide,
vith the same atomically smooth oxide/charmel
mmtaface. This may be due to the ranote Coulomb
scatteaing from gate edectrode or the gate fidd
varation from poly-gate/oxideintafaceroughness.
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Introduction
BY continuously scaling the thickness of gate oxide,

both the curent drive capability and the
transconductance of MOSFET's increase [1]-[5].
Curent drive more than 1.0 mA/an2 and

transconductance over 1000 mS/mm are reported for
deep submicrometer MOSFET's with a 10A direct
tunneling oxide [4]. This performance can ensure the
transistors to operate at low battery voltage for
portable wireless commumication [4], [6]. However,
the most mportant issues for MOSFET made by
ultrathin gate oxide are thickness wmiformity and
mterface smoothness. The interface roughness can
strongly affect the carier transport that can be
characterized by measuring the electron mobility in the
mversion layer of MOSFET's [7]-[9]. Furthermore,
electron mobility is an Important parameter for device
modeling and design, and the speed of MOSFET is
dependent on the mobility at the low electric field near
source. In this letter, we have measured the electron
mobility with different interface roughness. Very
smooth mterface of oxide/St is achieved by desorbing
the native oxide In sifu I a low-pressure oxidation
system before thermal oxidation. Atomically smooth
mterface between oxide and Si is observed by
high-resolution TEM for oxide thicknesses of 11 and
38A. The electron mobility dependence on oxide
thickness of 20 to 70A was also measured, and a
mobility recuction is observed m thinner oxide.
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To reduce the interface roughness of oxide/St, we
have designed a low-pressure oxidation system that
can desorb native oxide m situ before oxidation. A
leak-tight reactor design and a high flow rate of
hydrogen are used to avoid finther growth of native
oxide after wafer loading. Similar leak-tight technicque
and native oxide desorbing process have been used for
low-pressure chemical vapor deposition (LPCVD) to
grow high quality Si epitaxy at 550C [10]. P-type
4-in [100] Si wafers with typical resistivity of 10 Q-
an are used I this study, and the oxide is grown at
900C using N20 under a reduced pressure of 4.5 tom
The advantages of the low pressure oxidation are slow
oxidation rate for precise thickness control and good
thickness umiformity due to mcreased N20 migration
length. Ulrathin oxide of 11A [Fig. 1(b)] can be
reproduced and thickness variation less than 1A is
obtained across 4-m wafer for a 20A oxide. More
detailed growth of ultrathin oxide and process flow
will be published elsewhere. High-resohttion TEM
and 100-1bm wide MOSFET are used to characterize
the mterface roughness and mobility behavior. To
avoid the drain voltage (Vd) bias dependence, the
electron mobility was determined from the dran
conductance and the gate-channel capacitance at a low
Vd of 50 mV [8]. The effective nommal field can be
expressed as

Eeff = (Qinv/2 + QB ¢ si

where Qmv is the mversion layer charge, QB is the
bulk depletion-layer charge and ¢ si is the
pemmittivity of Si.
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Fig. 1(a) and (b) show the atomic image of a 38- and
11A oxide grovm In the low-pressure oxidation
system with native oxide removed in siti. Atomically
smooth mterface of oxide/St can be observed m Fig. 1,
and only one atomic layer of Si, just beneath the
oxide, is disturbed from its original crystal structure.
Bt is noticed that there are only two Si-atomic layers
oxidized to form the ultrathin oxide of 11A.

We have also grown oxide from conventional
fiimace for comparison. Fig. 2(a) presents a ~55A
oxide grown by a conventional fiimace, where both
mterface waving and roughness up to four to five layers
of Si are observed. In contrast, as shown i Fig. 2(b),
the mterface of oxide/St is much smoother for the same
oxide thickness grown I owr system with native
oxide removed i sifz. The local thickness variation
up to one to two Si-atomic layers observed m Fig.
2(b) may be due to the increased themmal stress of the
thicker oxide than that shown in Fig. 1.

Based on the smooth oxide/St interface, we have
therefore studied the electron mobility Improvement
due to reduced mterface roughness. Wafers with low
concentration of impurity doping are used to reduce
the ionized mmpurity scattering in the mversion layer,
which dominates the low-field mobility. Fig. 3 shows

the measured mobilities with 70-A oxide from
conventional fitnace oxidation and from low-pressure
oxidation with native oxide removed in silu,
respectively. The measured electron mobility from
conventional finace oxidation follows the vmiversal
mobility-field dependence reported in previous papers

[71-[9]; however, significant improvement of
mobility is measured from owr low-pressure oxidation
with a clean surface free of native oxide. k is important
to note that both wafers from conventional fimnace
oxide and low-pressure oxide were fabricated at the
same time, and they have the same thickness of
poly-gate and doping concentrations at source and
drain. Therefore the higher electron mobility measured
from low-pressure oxide is not process-related. The
mmproved mobility is due to the reduced interface
I'O'UI@:\IIGSS scatten'ng siuwi 111 atas. 1 aiv i vl Shmllar
moDlllvy improvement to interface roughmness was
also reported for the comparison of themal and

deposited oxide [7].

We have also measured the effective mobility as a
fumction of gate oxide thickness, for oxide thicknesses
of 20-, 3s-, and 70-A, respectively. As shown in
Fig. 4, amobility decrease in the low gate-field region
is observed for the 20and 3s-A oxide as compared to

the 70-A one.  is well know that the total electron
mobility is govemed by mdividual contributions from
phonons, channel doping impurities and nterface
roughness , where the Coulomb scattering from doping
mmpurities dominates the low-field mobility and the
mnterface roughness dominates the high-field mobility
[8], [9]. Therefore interface roughness scattering limits
the mobility of modem deep submicrometer devices
even though the channel doping is higher than that
used in this work [7]. Because the same resistivity of
substrates are used, the reduction m low-field mobility



is not due to the different concentrations of Impurities.
Although the decay of mobility as decreasing oxide
thickness is generally explained by the over-estimation
of mversion carier concentrations in thin oxides [2],
[11], other possibilities such as Coulomb scattering
from remote charge at poly-gate or the poly-gate/oxide
mterface roughness may also be responsible to the
mobility degradation. The remote charge scattering is
due to poly-gate depletion [12] and is well known in
II-V modulation-doped FET and was also predicted
m [13] and [14]. The interface roughness of polygate
and oxide, shown I Figs. 1 and 2, may also
contribute local gate field variation [15], [16] and
provide additional scattering mechanism to reduce the
mobility at thin oxide.

Conclusion

In conclusion, we have shown direct relationship of
electron mobility to oxide/channel mterface roughness.
Significant mobility mmprovement is obtained from a
smoother interface with in situ removing native oxide
prior to oxidation. Atomically flat interface of
oxide/channel can be obtamed by this method for
oxide thickness m the range of 20-38 A. Mobility
reduction with decreasing oxide thickness was
observed I the 20- and 35-A oxide, with the same
atomically smooth oxide/channel mterface. This may
be due to the remote Coulomb scattering from gate
electode or the gate field variation from
polygate/oxide mterface roughness.
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Figure Captions:

Figl. Cross —sectional TEM images (2) 38A oxide
and (b) 11A oxide grown at 900C using N20 under a
low pressure of 4.5 Tomr. Native xoide is desorbed in
situ prior to oxidation.

Fig2. Cross —sectional TEM mmages of S5A from (a)
conventional oxidation at 800C and (b) from low-
pressure oxidation with native oxide desorbed in sitiL

Fig3 Elecron mobilities of MOSFET’s with 70A
oxide from conventional firnace oxidation and from
low-pressure oxidation with native oxide desorbed in
SitiL



Fig4. Electron mobilities of MOSFET’s as a fimction
of effective field of (a) 70A (b) 35A and (c) 20A oxide
from low-pressure oxidation with native oxide
desorbed in sitiL

Bl b | " -

i L —_— | S I N A

g 1 i 1L}

EfMeaie Fald [om)
Fag. 1, Edegiron moebilitkes of MOSFET 5 with 7000 el fro cosventamal

Turmass Giidationm mmd Mmom ke preoun costssos with e ox ke desorbed
(T T

oy e —

Slndalty dom® Vo

1 —— —_— . Lo 1]

I 10 [ (g
Elecirm Fabd | ¥iash
Fg- 4. Eleckon mohibties of MOSFITT 3 a3 5 fusciken of effeomve fedd of

lah TOA, i) 3% A, aad (c) 20 & camke EBom low-pesaes oaidsion with
mairee cude deawbed sl



