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We have measured absorption of terahertz radiation pulses by metal-oxide-semiconductor~MOS!
inversion layers and thereby determined carrier mobility without the need for source and drain
contacts. This has allowed for the determination of inversion layer mobility prior to subsequent high
temperature processing. An unannealed MOS sample was found to have a mobility value of 400
cm2/V s, which increased to 700 cm2/V s after a 950 °C anneal. ©1996 American Institute of
Physics.@S0003-6951~96!04338-0#
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Inversion layer mobility is one of the most importa
device parameters in metal-oxide-semiconductor~MOS!
technology. The mobility is usually obtained by measuri
the drain current versus the drain voltage for a given g
voltage or versus the gate voltage for a given drain voltag1

However, this requires a full transistor structure includi
gate, source, and drain.

A noncontact characterization of carrier mobility
semiconductors may be done by using terahertz~THz! elec-
tromagnetic pulses generated by photoconductive ante
technology.2 In a similar manner, mobility in MOS inversion
layers can be characterized if the attenuation due to a in
sion layer can be measured. One of the unique applicat
of this technique is for studying the annealing temperat
dependence of inversion layer mobility, because this met
needs a simple MOS capacitor instead of a full proces
transistor. The mobility at different annealing conditions
difficult to characterize, due to the necessity of hig
temperature processing in the formation of source and d
contacts, although the behaviors of oxide charges and in
face traps have been well investigated at different annea
temperatures and ambients.5–7 Utilizing the THz pulse tech-
nique we have been able to study the annealing tempera
dependence of MOS inversion layer mobility without alte
ing other experimental conditions.

To fabricate MOS samples, 1500-Å-thick thermal oxi
was grown for 300 min at 1000 °C on B-doped 18-V cm Si
wafers and followed by 200-Å LPCVD poly-Si gate dopedin
situwith P. The gate was patterned using conventional te
niques. The gate size is 232 cm to accommodate the fu
size of the THz beam. Several MOS capacitors were fa
cated simultaneously and subsequently annealed at diffe
temperatures after gate patterning. One sample was no
nealed, and two were annealed at 800 and 950 °C, res
tively, for 30 min in N2 . With these three samples quasista
capacitance–voltage~C–V! measurements were performe
For the unannealed sample the flat-band voltage (VFB) oc-
curs at22.1 V due to the high densities of positive oxid
charges and interface traps6,12 while that of the 800 and
950 °C annealed samples occur at22.0 and21.6, respec-
tively. MOS capacitors annealed at higher temperatu
show smaller negative values ofVFB which indicate the
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number of oxide charges and interface traps decreases.
The THz transmitter and receiver were fabricated o

low-temperature-grown~LT! GaAs with a subpicosecond
carrier lifetime.8,9 Al coplanar strip lines are lithographically
fabricated on the LT-GaAs to serve as an antenna and b
line. The separation between the two lines is 25mm with
taps spaced by 5mm in the middle of the lines. The antennas
on LT-GaAs are mounted on high-resistivity hyperhem
sphere Si lenses to collimate the THz pulse beam. The T
pulses are driven using a self-mode-locked Ti:sapphire las
with 100-fs FWHM, 800-nm pulses at a repetition rate o
100 MHz.10,11 The laser beam is focused on the 5-mm gap
between the strip line taps on the transmitter, generating T
electromagnetic pulse. This radiated pulse is detected by
subpicosecond photoconductive gate driven by a part of t
laser beam. The sampled signal is fed to a current pream
lifier and lock-in amplifier.

To probe the inversion layer mobility, the MOS capaci
tor is inserted between the transmitter and receiver as sho
in Fig. 1, with a positive gate bias to form an inversion laye
With a bias of 45 V to the gate of the unannealed sample, t
THz pulse transmission drops by 3% in amplitude compar
to the unbiased case. As shown in Fig. 2, the waveforms a
almost identical and the transmission spectrum due to inv
sion layer is fairly flat up to 2 THz which is verified by
taking the Fourier transform of each curve and calculatin
the ratio. The amount of transmission decrease is linea
proportional to the inversion charge density and mobilit
when the transmission change is small. The inversion char
density is determined from the C–V data and increases l

ea.
y,
FIG. 1. Schematic diagram of the experimental setup. A biased metal-oxi
semiconductor~MOS! capacitor is inserted between the photoconductivel
driven transmitter~left-hand side! and receiver.
17792)/1779/2/$10.00 © 1996 American Institute of Physics
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early with the gate voltage above 2 V. An inversion char
density of 631012 cm22 is obtained at a gate voltage of 4
V. At different gate voltages we measure wave forms simi
to those shown in Fig. 2. The transmission is defined a
peak-to-peak amplitude and plotted in Fig. 3 for the una
nealed and 950 °C annealed samples. As can be seen i
figure, the transmission change of the annealed sampl
3.5% at a voltage of 30 V while that of the unanneal
sample is only 2%. This indicates that the mobility of th
annealed sample is nearly two times larger than that of
unannealed sample.

To determine the mobility from the measurements
calculated the THz pulse transmission through the thin la
system of poly-Si, SiO2 , and inversion layer on top of the S
substrate. The complex dielectric constant of the poly-Si g
is obtained from a literature value of the refractive ind
~3.7! and from the resistivity~0.0035 and 0.013V cm for the
annealed and unannealed, respectively! drawn from the com-
parison of THz pulse transmissions through the regions w
and without the poly-Si gate. Although the effect of ga
resistivity difference is minimal, the variation is taken
account in the mobility extraction. The dielectric constant

FIG. 3. Normalized amplitude of THz pulse transmission through un
nealed and annealed MOS samples with respect to the gate voltage
solid lines are a guide to the eye. Error bar shown above applies to all po
on the same graph.

FIG. 2. Time-domain terahertz~THz! pulses transmitting through a MOS
capacitor at two different gate voltages. One waveform is displaced in
tionally for clarity.
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gate oxide is 3.9. The complex dielectric constant of th
inversion layer is calculated using the Drude model. Th
model includes the scattering rate of inversion electro
which is inversely proportional to the mobility.3,4 We adjust
this scattering rate to fit the calculation to the measurem
result. The inversion charge density per unit area is obtain
from the measured C–V data. In the calculation we calc
lated the cw monochromatic wave at a frequency of 5
GHz. This is valid because the measured frequency spect
of the transmission through the inversion layer is almost fl
up to 2 THz. Interference occurring at interfaces betwe
gate, insulator, and the inversion layer was taken into a
count while it was ignored at the substrate and air interfa
because the substrate is thick enough for a THz pulse and
reflections to be separated in time domain. Repeating
calculation at other frequency gives a similar result. Fro
the fit to the transmission measurement, the average mob
ties for the unannealed and annealed samples are 400
700 cm2/V s, respectively.

While this method can clearly detect the MOS inversio
layer mobility, improvement of the signal-to-noise ratio ca
be made by averaging out the laser noise by using a fast s
to acquire the wave form faster or by using a bolometer
detect the total transmitted energy. The demonstration
MOS mobility measurement with improved sensitivity usin
freely propagating electromagnetic pulses will open ma
potential applications including rapid in-line process contr
and monitoring of the effect of subsequent high-temperatu
process steps on mobility. This technique offers a uniq
method to study the mobility characteristics due to the e
taxial structure at the SiO2/Si interface which is known to
diminish substantially with thermal annealing.13

The authors thank Professor M. Melloch at Purdue Un
versity for providing the LT-GaAs used in this experimen
Also, useful discussions and technical assistance of Dong
Park, Edward Budiarto, and Jeff Margolies are acknow
edged. This work was supported by the Air Force Office
Scientific Research, Air Force Material Command, USA
under Grant Nos. F49620-94-C-0038~Joint Services Elec-
tronics Program!, F49620-93-0353~AASERT!, and F49620-
94-1-0464, and Director, Office of Energy Research, U.
Department of Energy under Contract No. DE-AC03
76SF00098.

1C.-L. Huang, J. V. Faricelli, and N. D. Arora, IEEE Trans. Electron De
vicesED-40, 1134~1993!.

2Ch. Fattinger and D. Grischkowsky, Appl. Phys. Lett.53, 1480~1988!.
3M. van Exter and D. Grischkowsky, Phys. Rev. B41, 12140~1990!.
4D. Grischkowsky, S. Keiding, M. van Exter, and Ch. Fattinger, J. Op
Soc. Am. B7, 2006~1990!.

5J. M. Aitken, J. Electron. Mater.9, 639 ~1980!.
6D.-B. Kao, K. C. Saraswat, and J. P. Mcvittie, IEEE Trans. Electro
Devices32, 918 ~1985!.

7M. L. Reed and J. D. Plummer, J. Appl. Phys.63, 5776~1988!.
8S. Gupta, M. Y. Frankel, J. A. Valdmanis, J. F. Whitaker, G. A. Mouro
F. W. Smith, and A. R. Calawa, Appl. Phys. Lett.59, 3276~1991!.

9E. S. Harmon, M. R. Melloch, J. M. Woodal, D. D. Nolte, N. Otsuka, an
C. L. Chang, Appl. Phys. Lett.63, 2248~1993!.

10D. E. Spence, P. N. Kean, and W. Sibbet, Opt. Lett.16, 42 ~1991!.
11J. Son, J. V. Rudd, and J. F. Whitaker, Opt. Lett.17, 733 ~1992!.
12T. W. Hickmott and R. D. Isaac, J. Appl. Phys.52, 3464~1981!.
13T. A. Rabedeau, I. M. Tidswell, P. S. Pershan, J. Bevk, and B. S. Fre
Appl. Phys. Lett.59, 706 ~1991!.

an-
. The
ints

ten-
Son, Jeong, and Bokor
¬to¬AIP¬license¬or¬copyright,¬see¬http://apl.aip.org/apl/copyright.jsp


