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Electron tunneling spectroscopy is used to study drain-source current spectra of
metal-oxide-semiconductor field-effect transistorssMOSFETsd. Measured at liquid helium
temperatures4.2 Kd, experimental results reveal that as drain-source voltagesVdsd increases, the first
derivative of drain-source currentsor conductanced first decreases, then increases to a maximum and
finally decreases again at higherVds, which is different from the monotonous decreasing feature
described by the conventional MOSFET theory. In addition, the measured MOSFET spectra show
that there are fine features on the second derivative spectra, and these features may be used to extract
trap information. ©2005 American Institute of Physics. fDOI: 10.1063/1.1951055g

Tunneling spectroscopy was used by Hall1 for studying
current-voltagesI-Vd characteristics of Esaki tunnel diodes at
low temperature. Hall’s study revealed that the tunneling
process inp-n junctions was assisted by phonons. Since the
tunneling spectroscopy method has high sensitivity and reso-
lution, it was used to explore the density of states and band
gap of superconductors, molecular vibrations, band structure
of semiconductors, and defects in semiconductors and
insulators.2–4 Recently, there has been a great deal of interest
in applying this method to study traps and molecular vibra-
tions in ultrathin oxides5 and high-k gate dielectrics.6 All
previously mentioned research was focused on studying tun-
neling processes through two-terminal devices, such
as tunnel diodes, metal-insulator-metal junctions, or
metal-insulator-semiconductor junctions. In this letter, we re-
port the results of applying tunneling spectroscopy to
study metal-oxide-semiconductor field-effect transistors
sMOSFETsd in both the subthreshold and the linear regions
at 4.2 K.

Figure 1 shows our experimental setup. In our spectros-
copy measurement system, a computer is used to control two
voltage sources to provide the programmed dc biases,
namely, drain bias and gate bias, and to read data from three
multimeters. A 1 kHz ac small signal from the oscillator
output of a lock-in amplifier is superimposed upon the dc
drain bias. Thus, there are harmonic contents in the drain-
source current. The current is amplified by an operational
amplifier: Drain-source dc current is converted into dc volt-
age through an accurate adjustable resistor, and the dc volt-
age is then read by a multimeter. The first-derivative
sdIds/dVdsd and the second-derivativesd2Ids/dVds

2 d terms are
converted into ac voltages. Those ac voltages are read by two
lock-in amplifiers which are tuned to detect the frequencies
of 1 kHz and 2 kHz, respectively.

Figure 2sad shows the typical first derivative of drain
currentIds versus drain voltageVds of ann-channel MOSFET
with a gate length of 0.14µm and a width of 0.22µm at 4.2
K. The corresponding second derivative is shown in Fig.

2sbd. In addition, similar results were observed from other
sizes of bothn- andp-cannel MOSFETs at 4.2 K.

But according to the conventional MOSFET theory in
both the subthreshold and the linear regions,dIds/dVds versus
Vds should monotonously decrease andd2Ids/dVds

2 should
monotonously increase,7 shown as the solid lines in the in-
sets to Figs. 2sad and 2sbd, respectively. In addition, due to a
lightly doped drainsLDDd structure introduced for minimiz-
ing hot-carrier effect in MOSFET,dIds/dVds spectra will
have apeak at low drain voltage at low temperature, illus-
trated as the dashed line in the inset to Fig. 2sad.8–10

However, our experimental results show that the
dIds/dVds curve has a different shape, which has avalley
followed by apeak, as clearly shown in Fig. 2sad. Further
experimental data show that at higher temperatures, both the
valley and the peak ofdIds/dVds will gradually disappear,
and at temperatures above 63 K, the MOSFET obeys the
conventional MOSFET theory as stated above. Thus, it is
clear that the valley and the peak indIds/dVds versusVds
curve and the peak ind2Ids/dVds

2 versusVds curve in Fig. 2
are due to some other effects at low temperature.

One possible explanation for the above experimental re-
sults is as follows. Due to the lack of the gate-source and
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FIG. 1. Schematic diagram of tunneling spectroscopy system for MOSFET.
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gate-drain overlaps, potential barriers along the channel of
the MOSFET are formed at the LDD regions, as illustrated in
Fig. 3sad.8 For model simplification and easy visualization, 0
K temperature and rectangular potential barriers are as-
sumed. When the gate bias is higher than the threshold volt-
ageVth, and the drain voltage is very small, the barrier height
and its shape do not change too much with the drain bias, as
illustrated in Fig. 3sbd. So, the MOSFET operates as pre-
dicted by the conventional room-temperature MOSFET
theory, which corresponds to Region A in Fig. 2sad. When
the drain bias is increased, the potential barrier shape and
height are modified by the drain bias, as illustrated in Fig.
3scd. Under this condition, the conduction currentIds is re-
lated exponentially to drain voltageVds.

10,11 As the results
indicate,Gds sdIds/dVdsd will increase withVds, which corre-
sponds to Region B in Fig. 2sad. At higher drain voltage, a
more typicalI-V characteristic is expected since the potential
barrier height is much smaller than the drain bias and has
less effect on conduction electrons,8 and thusGds sdIds/dVdsd

FIG. 2. First derivative and second derivative spectra ofI-V characteristics
of a MOSFET of 0.14µm sgate lengthd* 0.22 µm sgate widthd at different
gate biases at 4.2 K.sad First derivative spectra show that asVds increases,
dIds/dVds decreasessRegion Ad at first, then increases to a peaksRegion Bd,
and finally decreases againsRegion Cd. Futhermore, the higher gate bias, the
larger Region A.sInset: Typical literaturedIds/dVds characteristics on LDD
MOSFET at room temperature and 4.2 Kd ssee Ref. 9d. sbd Second deriva-
tive spectra give additional information on the changes of current and the
first derivative, for example, for the gate bias 0.60 V curve, Point D corre-
sponds to the valley ofdIds/dVds, Point E corresponds to the peak of
dIds/dVds, and Point F indicates the boundary beyond that conventional
MOSFET theory applies.sInset: Second derivative spectra at 63 K, which
has the same curve shape as at room temperature, and it can be exactly
predicted by conventional MOSFET theoryd.

FIG. 3. Energy band diagram for a MOSFET showing two potential hills
along the channel due to two LDD regions.sad When Vgs,Vth sthreshold
voltaged andVds=0. Dotted line showsVgs=0. sbd Simplified modelsdashed
linesd and enlarged figure of LDD barrier forVg.Vth and Vds=0. scd En-
larged figure forVds.0.

FIG. 4. Second derivative spectra of ann-channel MOSFET of 0.32µm
sgate lengthd* 0.36µm sgate widthd. sad Second derivative curves are inten-
tionally offset to different values at different gate biases for clarity.sbd Four
curves selected fromsad but without intentional offset. Fromsbd, Type A
feature—where the peak moves as gate biasVgs increases while the peak
height remains constant, and Type B feature—where the peak appears only
at specificVgs and Vds are observed. Right insert shows typicald2I /dV2

,V characteristic of trap-assisted tunneling. Left insert shows the second
derivative spectra with LDD background spectra when the gate is biased at
0.619 V.
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decreases again, which is shown in Region C of Fig. 2sad. In
addition, for higherVgs, the potential barriers are depressed
and more conduction electrons do not experience the barri-
ers, so Region A becomes larger, as shown in Fig. 2sad.

Furthermore, our experimental results show that the
d2Ids/dVds

2 of some MOSFETs has fine features. The
d2Ids/dVds

2 spectra has other valleys and peaks besides one
main peak, which are shown in Fig. 4sad. Figure 4sbd shows
four curves selected from Fig. 4sad but without an intentional
offset. From Fig. 4sbd, at least two types of fine features are
observed: Type A feature—where the peak moves to the right
as gate biasVgs increases but the peak height remains con-
stant, and Type B feature—where the peak appears only at
specificVgs andVds.

These fine features may be attributed to traps, namely,
being the result of electron elastically resonant tunneling via
a single trap or two traps. The two cases are briefly discussed
in the following:

If a trap is present in a potential barrier region, and this
trap can assist electrons elastic resonant-tunneling through
the potential barrier, thend2Ids/dVds

2 spectra will have the
feature of peak, as shown in the right insert of Fig. 4sbd. As
the discussed above, the features of Fig. 4sbd also include the
large background of LDD spectra, which are shown as the
dashed line in the left insert of Fig. 4sbd. After deducting the
LDD background spectra, it is clear that the remainder has
the feature of trap-assisted tunneling. Since at higher gate
bias, the trap energy level will be lower with respect to the
source’s Fermi level, a higher drain bias will be needed to
open the tunneling channel. Thus, the peak of the second
derivative will move with the gate bias, and the type A fea-
ture is observed. Similarly, the Type B feature may be attrib-
uted to two traps aligned together for elastic resonant tunnel-

ing. This kind of tunneling only appears within a very small
range of gate and drain biases, because two-trap alignment
only happens at specific gate and drain biases. Thus, under
this condition, the peak of second derivative appears only at
specificVgs andVds. The traps are mostly related to ion im-
planted defects. But the exact nature of these defects cannot
be identified at this time.

In conclusion, the tunneling spectroscopy technique was
applied to study the first and second derivative spectra of
MOSFET drain-source current. Experimental results showed
that at 4.2 K, due to the potential barriers at LDD regions,
dIds/dVds spectra show a valley followed by a peak. Further-
more, fine features were found on the second derivative spec-
tra, and these fine features may be useful for extracting in-
formation about traps and potential barriers induced by LDD.

This work is supported by Microelectronics Advanced
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