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Characterization of optically dense, doped semiconductors by reflection
THz time domain spectroscopy
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We present reflection THz-time domain spectroscopy measurements of the complex conductivity of
n-type, 0.038(Q) cm GaAs andn-type, 0.22Q cm Si wafers. These measurements clearly
demonstrate the efficacy of the reflection technique on highly conductive, optically dense samples
and approach the precision of THz—TDS transmission measurements. Because the THz-bandwidth,
reflection measurements extend beyond the carrier collision frequency, we obtain direct measures of
the mobility and the carrier number density. 98 American Institute of Physics.
[S0003-695(98)04223-5

The frequency-dependent complex conductivity ofsubpicosecond pulses of freely propagating THz electromag-
doped semiconductors is one of their most important techniretic radiation is shown in Fig.(&); with the deflecting mir-
cal properties. However, due to the difficulty of reaching therors removed the setup is the same as that described
THz frequency region with conventional sources, completepreviously.l'z""aThe angle of incidence of the THz beam on
experimental characterizations to frequencies of several THthe sample is 19°, and the THz beam is polarized in the plane
have only started to be perform&®. The relatively new of the diagram. A GaAs transmitting antenna with a simple
technique of THz time domain spectroscdfyz-TDS)® has  coplanar transmission line geometry and a silicon on
enabled such experimental studt€€!In this technique sub- sapphire receiving antenna consisting of a micron size dipole
picosecond pulses of THz radiation are transmitted througl@ntenna embedded in a coplanar transmission line are both
the sample, and then compared in the frequency domain witAptoelectronically driven by 8 mW average power beams of
the corresponding pulses for no sample in place. THz-TDS
has the additional advantage that it bypasses the complica- Paraboloidal
tions of ohmic contact to the semiconductor. The most recent Deflecting Minoﬁ\kwm
THz-TDS characterization of doped silicon was of sufficient N\
precision to test the alternative theories of conductitigia Lo
the THz Hall effect, spatially resolved mobility measure-
ments have been madz by r);easuring the polgrization rota Thz Beam_\ THz Beam \ %
tion of a focused beam of THz pulses transmitted through a
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semiconductor sample in a magnetic figld. Laser Excitation Sample Laser Detection
However, depending on the doping level and the thick- Beam Beam

ness of the sample, the transmitted pulse may be so severel
attenuated that THz-TDS cannot be used. For this case ¢
reflection type adaptation of THz-TDS would be desirable, if
the precision could be preserved. The initial demonstration  ggl
of such an approach showed its potential by measuring the
reflection from undoped InSb from 0.1 to 1.1 THz, as a func- =
tion of temperature from 80 to 260 K and thereby obtained © 60f (®) 25 7 e
values of the mobility and carrier concentration over this 3 Time (psec)
temperature range. *_g

Here we present reflection THz-TDS measurements of €
the complex conductivity from 0.1 to 2.5 THz on doped
n-type, 0.038{)cm GaAs and from 0.1 to 1.5 THz on oot
n-type, 0.22() cm Si wafers. These measurements approach
the precision of transmission measurements and clearly dem
onstrate the efficacy of the reflection technique on highly 0
conductive, optically dense samples. Because our measure
ments extend beyond the THz carrier collision frequency, we
obtain independent measures of the carrier number densifyG. 1. (8 Schematic diagram for reflection THz-TD) An expanded

and the mobility Our results are in good agreement with thé/iew (inse) of the measured reference THz pulse from an aluminum mirror
' at the sample position. The upper amplitude spectrum is for the reference

Drude theory of cond_uctivity. THz pulse. The lower spectrum is obtained with thype, 0.0380Q cm
The optoelectronic setup used to generate and detect tlgaAs sample in place.
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70 fs pulses from a mode-locked Ti:sapphire laser with an 8t 1
MHz repetition rate.

A measured reference THz pulse with an aluminum mir-
ror placed in the sample position is shown as the inset in Fig
1(b). The corresponding amplitude spectrum is the uppe
curve, obtained by a numerical Fourier transform of the com
plete reference pulse measurement extending from 0 to 7
ps. When the mirror is replaced by thetype, 0.038(2 cm
GaAs sample, the measured THz pulse is slightly reshape
compared to the reference pulse; the amplitude spectrum f
the sample is the lower curve. The small, sharp spectral fe¢
tures on both curves are due to a slight amount of residuz
water vapor in the experimental enclosure, which is purgec 04 )
with dry air. From such data we obtain the complex ampli-
tude reflectivity of the sample, referenced to the 100% re:
flectivity aluminum mirror. From the measured reflectivity, 16001 |
we then obtain the absorption and index of refraction of the £
sample and the complex conductivity. For measuring thf§1200r
relative phase shift a significant experimental requirement i &
the precise positioning of the sample with respect to the ref §
erence mirror. Their orientations should be the same ttg 800
within mrads and their surface positions the same withir £
microns. To achieve our best fits the relative positions wert™ 400},
theoretically adjusted by typically15 um, corresponding
to a time shift of the sample pulse byl00 fs. This is similar
to the problem in transmission THz-TDS, involving the pre-
cision of the sample thickness. - n ©

The magnitude of the measured amplitude reflectivity e
for the n-type GaAs wafer is shown as the open circles in
Fig. 2(a). The excellent signal-to-noise-rat{8/N) measure-
ments show an unusual frequency dependence, decreasi
from unity at low frequencies and with a break in the slope a
1.2 THz compared to the collision frequency of 1.0 THz.
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After reaching the minimum value at 2.3 THz the reflectivity 10f % ~ :

begins a monotonic climb expected to reach the value of 0.5 Al :

corresponding to our angle of incidence and the index o Sr / e )

refraction of 3.60 for intrinsic GaA%The relative phase of L/ :

the sample pulse with respect to that of the reference i 00 05 1 15 > o5
shown as the solid dots. The phase shows a simple frequen: Frequency (THz)

dependence, increasing almost linearly to the rounded peak _

at 1.7 THz then falling off linearly, but with a steeper slope. 7'C: 2: Reflection THz-TDS measurementsrotype, 0.038() cm GaAs
. " compared with Drude theorysolid line). () Amplitude reflection(open

Independent of t_he theoret"?aﬂ model of Cond_UC“V'ty, from circles and relative phasédots; (b) power absorption coefficieropen

these data we directly obtain the corresponding absorptiotircles and index of refractior(dots); (c) real part of the conductivityr,

and index of refraction shown in Fig(t®.>” The absorption  (open circles and imaginary part of the conductivitidots. The vertical

is quite high, indicating the extreme difficulty of a transmis- 92Shed liné indicatesf, the HWHM of o .

sion measurement through this optically dense sample. The

absorption peak is almost at the 1 THz collision frequency.  Given the measurements shown in Fig. 2, we then favor-
The index of refraction shows a smooth frequency depenably compare these results with a Drude theory analysis,
dence with the maximum measured value of 12 at the loweskhich has been experimentally shown to provide a good de-
frequency of our system, a broad minimum of 2.0 centered aécription of the conductivity at high carrier densitles? The

1.7 THz, and then a slow monotonic increase. The conducdefinitive comparison is with the conductivity curves in Fig.
tivity has significantly lowered the index, compared to the2(c); the other comparisons are shown to demonstrate self-
value of 3.60 for intrinsic GaA8.Finally, from these data consistency. Within the framework of the Drude theory, the
and the previously measured power absorption and index dfalf-width at half-maximumHWHM) Af of the measured
refraction data of intrinsic GaA%we obtain the reatr, and  real conductivity is equal to the collision frequency
imaginary o; parts of the complex conductivity as shown in I'/(27) = Af. In addition, the Druder, ando; curves cross
Fig. 2c), with a good S/N approaching that of the early at the frequenc¥ /2w, whereo; also has its maximum value
transmission measuremenitst is to be emphasized again equal to one-half the dc conductivity,. The crossing of the
that the data as presented in different forms in Fig. 2, do not, and o; curves is clearly shown by both the theory and

depend on the theoretical model of conductivity. measurements and is marked by the vertical dashedAihe.
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FIG. 3. Reflection THz-TDS measurementsrofype, 0.22() cm Si com-
pared with Drude theorysolid line). (a) Amplitude reflection(open circleg
and relative phasg@lots; (b) power absorption coefficierfopen circlesand
index of refractiondots; (c) real part of the conductivityopen circlegand
imaginary part of the conductivitydots. The vertical dashed line indicates
Af, the HWHM of o, .

thereby provides a direct measure of the mobility

u=el(m*I'). The carrier damping rate iE=1/r, where

7 is the carrier collision timee is the electron charge, and

m* is the effective mass. For Fig(@, Af=1.05 THz; from
this value the corresponding mobility=3970 cnf/V s, is
obtained. The carrier number densily=4.08x 10'%cn? is
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then obtained from the mobility and the extrapolated value of
00=26.0(€) cm), as given byoy=eNu. These values are
consistent with the previous transmission THz-TDS mea-
surement on a more lightly doped GaAs sanfple.

A similar measurement fan type, 0.22Q) cm silicon is
shown in Fig. 3. The amplitude reflectivity and relative phase
show broad features similar to the GaAs results. However,
the magnitudes and details are different; for the silicon
sample the knee in the reflectivity curve is absent and the
peak in the relative phase occurs below the collision fre-
quencyl'/(27)=0.84 THz. The corresponding power ab-
sorption and index of refraction are shown in Figh)3
where the shape of the absorption curve is surprisingly simi-
lar to that of the phase in Fig(&. The index of refraction
shows a strong dependence due to the presence of the carri-
ers, where the maximum measured value of 4.9 and the mini-
mum value of 2.7 differ strongly from the index of intrinsic
silicon of 3.42° From our data, and the index of intrinsic
silicon (the power absorption is insignificaftwe obtain
with good S/N the complex conductivity for our silicon
sample as shown in Fig(&. The real part of the conductiv-
ity provides a good measure af, as evidenced by the agree-
ment with the four-point probe measurement indicated by the
asterisk. From the half-widtA f =0.84 THz, we obtain the
mobility ©=1280 cn?/V's. From the dc conductivity of
oo=4.65L) cm and the mobility, we obtain the carrier num-
ber densityN=2.3x 10'%cm®. These values are consistent
with the expected dependence @fon N (see Ref. § and
agree with previous transmission THz-TDS measurements
on a series of-type Si sample8.

In summary, we have demonstrated the efficacy of re-
flection THz-TDS to measure the mobility and carrier num-
ber density of optically dense, doped semiconductors. From
our numerical fitting process within the Drude theory frame-
work and the scatter of our data, we estimate these param-
eters were determined to an accuracy:%.
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