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Direct extraction of the electron tunneling effective mass in ultrathin SiO 2
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Electron transport in ultrathint{,<40 A) Al/SiO,/n—Si structures is dominated by direct
tunneling of electrons across the Siarrier. By analyzing the tunneling currents as a function of

the SiQ layer thickness for a comprehensive set of otherwise identical samples, we are able to
extract an effective mass for the tunneling electron in the, $&@er. Oxide films 16—-35 A thick

were thermally grownn situin a dry oxygen ambient. The oxide thicknesses were determined by
capacitance—voltage measurements and by spectroscopic ellipsometry. The tunneling effective mass
was extracted from the thickness dependence of the direct tunneling current between an applied
voltage of 0 and 2 V, a bias range that has not been previously explored. Employing both a parabolic
and a nonparabolic assumption of tBe- « relationship in the oxide forbidden gap, we found the
SiO, electron mass to beg = 0.30+0.02m,, andmy,=0.41*+0.01m,, respectively, independent

of bias. Because this method is based on a large sample set, the uncertainty in the mass
determination is significantly reduced over prior current-voltage fitting methods.19@6
American Institute of Physic§S0003-695(096)04644-X]

The properties of silicon dioxide (Sip have been stud- An expression that is well suited for the analysis of the
ied since ancient times, but never more intensely than in théhickness dependence of the tunneling current is obtained
past three decades. In metal/oxide/semicondu¢kd®S)  from Simmons’ treatment of a similar problem in metal/
transistors, the ability to decrease the oxide thickness hassulator/metal structurésFrom Simmons’ paper, the for-
allowed device sizes to be reduced while still maintainingward tunneling current density for an applied bias smaller
high current drive. Oxide thicknesses in the range 50—100 Ahan the barrier height can be represented as
are commonplace today in manufacturing, and research into 2
sub-50 A oxides has intensified. Below 50 A, the quantum o= Jo EXR(— 2xtoy), @
mechanical tunneling current becomes a limiting leakagevheret, is the oxide thickness, and is the magnitude of
component in MOS technology, and an enabling element itthe electron wave vector in the oxide band gap. The prefactor
resonant tunneling and light-emitting silicon deviéésTo-  Jo, derived by Simmons for a symmetric structure with
ward this end it is important to have reliable measurementsetal electrodes, does not enter into our analysis. Clearly,
of the basic tunneling properties of ultrathin $iQparticu- Simmons’ expression fod, falls short of a complete de-
larly the barrier height and the effective mass. scription of the current in MOS structures, where one needs

Values for the tunneling effective mass in Si@re typi- to take into account important details such as the different
cally obtained by current—voltagé{V) measurements®>®  densities of states in the two electrodes as well as the oxide
The effective mass is obtained by fitting theV measure- barrier. For precisely this reason, it is incorrect to use Sim-
ments to analytic expressions, which are not applicable ovenons’ expression to fit themplitudeof the tunneling current
a wide bias or oxide thickness rang®ln the present paper, in MOS structures, i.e., the entile-V characteristic for a
we employ a direct approach to extract the effective mass fogingle sample, to extract the electron effective mass, and may
tunneling in SiQ. By characterizing a set of nine different explain the large error bars associated with previous deter-
samples with oxide thicknesses in the range 16—35 A, we ar@ination of the tunneling effective mass using such a
able to observe the exponential dependence of the direct tutechnique’. However, in the present work, we analyze the
neling current on oxide thickness and determine the effectiv€éhangein the tunneling current as a function of thickness,
mass and its dependence on device bias. A similar methodhich only requires the portion of Simmons’ expression that
has been used by Maserjfato investigate the energy- is derived from basic quantum mechanical considerations,
momentum E— k) dispersion relationship in the Sjdor- i.e., reflections across a trapezoidal energy barrier, indepen-
bidden gap. However, in Maserjian’s paper, there exists Sigdent of electrode band structure. From the exponential de-
nificant scatter in the extracted value of the effective mas®endence of the produdtt;, on to,, we can determinex.
for low applied bias corresponding to tunneling of electronsThe effective mass can then be extracted frerby using
with energies up to 1 eV higher than the conduction band ofither a parabolic relationship,

the Si subs_trate. This low-bias regime is extremely |mporta_nt 2mEa[Pg— (Vod2)] 12

for the design of scaled MOS devices and resonant tunneling «= 72 , 2

devices. In the present paper, we are able to determine, with

a high degree of precision, the effective mass of the tunneler a nonparabolic relationship,

ing electrons at low applied biases, corresponding to elec- " 112

trons tunneling with energies from 0 to 2 eV above the Si, _ ZmNPQ[CDBZ_(VOX/Z)] ( 1— [(DB_(VOX/Z)]) @)

conduction band edge. f Ec ’
wherem} is the effective mass in the parabolic- « ap-

dElectronic mail: brar@resbld.csc.ti.com proximation Eq.2), myp is the effective mass in the nonpa-
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rabolic (two-band E— k approximation Eq(3), q®g is the 350

Al-SiO, energy barrier heighty,, is the voltage dropped [ = 3¢ ,'0'

across the oxide, anfl; is the oxide band gap. We assume 300 | “32"* . " 1

that the barrier has an average heightjob—V,/2), after T A ]

Simmons. 2 165A 071020 20
For our analysis we need to know only two important § 250 ¢ oxtips | 21]5‘“

oxide parametergi) The barrier heightj®g, which we as- e e RIS T 25

sume to be 3.17 eV after the work of Maserjfiamd (ii) the g 200

thickness of the oxidd,,, which we determine by both o L

capacitance—voltage CV) and ellipsometric measure- 150 F "

ments. The value for the oxide voltage may be assumed to be o

equal to the applied voltage, or may be determined more 100 : * ‘ o

accurately by including the surface band bending, which in 0.0 0.5 10 15 20

turn is obtained from th&—V data after Berglund® The Voltage [ V]

difference in the extracted value of the effective mass is less

FIG. 1. Capacitance—voltageC{V) measurements in the accumulation
0
than 3% between the two approaches, and therefore, to ke?&]ion for the nine samples studied. The capacitance for the thinnest oxide

our analysis simple, we assume that the applied bias is equednnot be measured above about 0.3 V because of large tunneling currents.
to VOX, The numbers to the right of the curves represent the oxide thickness, which

The oxides were grown on nomma”y ﬂattype S{100) is determined by:—y after thg proced_ure used by Maserjiangl. (see Ref. _
. . 11) for all but the thinnest oxide. The inset shows a comparison of the oxide

wafers withp=0.01-0.022 cm. A thermal cleaning process icknesses as measured ®y-V and ellipsometry.
was used forin situ surface preparation under ultrahigh
vacuum (UHV) conditions with a base pressure of
7x 107 Torr. The oxides were grown in a 400 Torr dry Same device. This provides a better local value for the oxide
0, ambient(samples were transferred under UHWiodes  thickness compared to the ellipsometric value. An advantage
were fabricated with electron-beam evaporated Al contactf analyzing thechangein the tunneling current as function
and |-V and C—V measurements were performed on de-of thickness is that a systematic errdr ® A in the oxide
vices with areas spanning four orders of magnitude in currerfhickness for our samples would change the extracted value
(15, 150, and 150:m diamete). The measured quantities Of x by only 2%.
were very reproducible and scaled linearly with the device  Current—voltage measurements were performed using an
area, thereby showing excellent uniformity of the oxide lay-HP4155 semiconductor parameter analyzer. The current
ers. measured in the thickest oxide sample in the low voltage

Capacitance—voltage measurements were performed dr<0.7 V) range is limited by the sensitivity of the instru-
an HP 4275 LCR meter at 10 kHz. Figure 1 shows the cament. Figure 2 shows the-V data in the direct tunneling
pacitance of the nine samples as a function of applied biategime for all nine samples measured on a diode with a di-
from 0 to 2 V. For our bias polarity, an applied positive ameter of 150um. The direct tunneling current is a very
voltage to the top Al electrode results in an accumulation insensitive function of the oxide thickness, and is observed to
the Si. Capacitance—voltage data through the full two-volincrease over seven orders of magnitude for a decrease in the
range are obtained for all but the thinnest oxide samplepxide thickness from 30 to 16 A. Note that the curves for all
which is measured only to 0.3 V, limited by the large directthe samples are “parallel,” indicating that the samples are
tunneling current through the 16 A oxide. We determine theidentical in their electron transport properties. The key point
oxide capacitance from th€E—V measurements in the de- is that the major difference in tHe-V curves is in the mag-
generate accumulation regime, after a method described hyitude of the tunneling current, which is a direct conse-
Maserjianet al* Assuming a bulk dielectric constant for the quence of the different oxide layer thicknesses.
SiO, of €,,=3.9, we can determine the oxide thicknégs An interesting qualitative aspect of the data in Figs. 1
from the oxide capacitance. For the sample with the thinnesand 2 is the “correspondence” between theV andC-V
oxide where theC—V data are limited, we estimatetg, = measurements. From the relative magnitudes, one can clearly
value of 16.5 A from the zero-bias capacitance, a valuddentify the C—V curve that corresponds to the-V curve
which agrees well with our analysis of the tunneling currentfor the same sample. Inasmuch as @V data are used to
measured in these structures, and also correlates with thextract at,, value for the oxide, such a correspondence sug-
ellipsometric measurement. A comparison of the oxide thick-gests that we may also be able to infer a thickness directly
nesses as determined from spectroscopic ellipsometry arftbom the magnitude of the tunneling currents measured in
C-V measurements is shown in the inset of Fig. 1. We findultrathin oxides. In the final analysis, the tunneling current is
that the oxide thickness obtained from tBe-V data is ap- the quantity that interests us most, and is very useful for
proximately 3—5 A larger than the ellipsometric value. Thisdetermining thicknesses in the regime, where@heV mea-
discrepancy is not unusual and may be attributed to the elesurements are unreliable as a result of the large tunneling
tron wave function in the Si that is peaked away from thecurrents.
oxide barrier, thereby increasing the effective thickness of Figure 3 is a plot of the produc.ltf,X as a function of
the SiQ layer as measured b9—V.? For our analysis, we t, at different bias points for eight of the nine samples. The
use the thickness determined from te-V data, because data for the thickest oxide are not included because its tun-
both theC—V andl -V measurements are performed on theneling current is too low to measure accurately below 0.7 V.
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FIG. 2. Oxide thickness dependence of the current-voltage characteristi¢gs g 4. The tunneling effective mass for the electron in the ,Sigyer
for nine AI/SiO, /n-Si MOS structures with a diameter of 1. Numbers  oyiracted from the fit shown in Fig. 3 assuming both a parabolic

to the right of the curves are the oxide thickness in Angstroms. E—k (m5) and a nonparaboli€— « dispersion (%) in the oxide, see
Egs.(2) and(3).
The currents for the eight samples fit an exponential depen-
dence on thickness over six orders of magnitude, in excellerifls and myp extracted using this simple procedure are es-
agreement with the tunneling current expression in@y.  sentially independent of the applied bias, and that the data
Assuming a thick-oxide barrier height of 3.17 ®&nd  are obtained from—V curves measured from eight different
using Egs.(1)—(3) we can extract the effective mass of the Samples, witht,, ranging from 16.5 to 35 A, gives better
tunneling electron at each bias point. Figure 4 is a plot of th&onfidence in the value obtained for the effective mass of
electron effective mass in the Si@xtracted from the thick- tunneling electrons in the Sibarrier.
ness dependence of the tunneling currents at various bias A closer inspection of the dependence of the effective
points in the direct tunneling regime, using both the paraMmass on bias in Fig. 4 shows thvaf andmy, both increase
bolic E— « dispersion[Eq. (2); m&], and the nonparabolic ~slightly with applied biagabout 3% from 0 to 2 Y. A more
dispersionEq. (3); myp]. We obtain a value ofns=0.30 accurate analysis that includes the effect of band bending in
+0.02m,, and my,=0.42+0.01m,, over the bias range the Si accumulation layer corrects the extracted value of the
measured. It is important to note that the effective mass i§ffective mass in the desired manner, making the data in Fig.
approximately constant over the bias range studied. Thé flatter, independent of applied bias. However, such a cal-
parabolic value is in good agreement with the mass obtainegulation does not add any new physics to our analysis, and
by fits of the tunneling —V characteristic by Depast al® only changes the value of the effective mass by less than 3%
(0.28-0.31n,), J. Maserjiaf (0.27+0.05m;), and Hi- at 2 V. From the fit to our data, we find that the nonparabolic
roshimaet al3 (0.33+0.08n,). The mass obtained from as- E — « dispersion provides a more accurate description of the
suming a nonparabolic dispersion is in excellent agreemerif@nds in the oxide forbidden gap. This is consistent with the
with Maserjian’s value of 0.48, for higher bias voltages. observations of Maserjian for tunneling electrons with ener-
Clearly, care must be taken in modeling the direct tunnelingies closer to the conduction band edge of the,SiO
current to use the appropriate mass for the dispersion rela- The authors gratefully acknowledge M. Anthony, G.
tionship assumed in the oxide forbidden gap. The fact thaBrown, R. Lake, T. Moise, and J. P. A. van der Wagt for
several stimulating discussions, and they thank M. Howell
‘ for assistance in sample preparation. This research has been
Bias Voltage ] supported by DARPA Contract No. F49620-96-C-0006.
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