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measured by terahertz time-domain spectroscopy. The measured new upper limit for the absorption of this
most transparent dielectric material in the far infrared shows unprecedented transparency over the range
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At the present time, the most transparent dielectric ma-
terial in the terahertz (THz) frequency region (far-
infrared) is high-resistivity, float-zone (FZ) single-crystal
silicon. In addition, the index of refraction is essentially
constant, showing little dispersion from 35 GHz to 4 THz.
Consequently, this material has found extensive use as
windows, quasi-optic lenses, and dielectric cavities.
Other applications, depending on the limiting absorption
of this material, would include THz single-crystal, single-
mode, dielectric fiber waveguides and planar slab or rib-
bon waveguides. Because the absorption of pure intrin-
sic silicon is so low in the frequency range from 0.1 to 4
THz, all previous measurements have been upper limits
to the intrinsic absorption.'™* The purpose of this tera-
hertz time-domain spectroscopy (THz-TDS) investigation
is to provide measurements that approach the intrinsic
absorption and dispersion limit of FZ-Si. Here, we report
the highest measured transparency and the most accu-
rate measurement of the index of refraction for float-zone
silicon to date. These results will enable realistic assess-
ment of new applications using this material.

The significant literature of far-infrared measurements
on silicon illustrates the importance of using well under-
stood and well-characterized samples, coupled with care-
ful experimental procedures.'™* Below 4 THz, there are
noteworthy discrepancies among the published data, with
variations in the measured absorption coefficients of up to
5 times. The main reason for these inconsistent results
is that, below 1.5 THz, the measurements are extremely
sensitive to the presence of carriers. For relatively low
dopings with resistivities greater than 10 () cm, the ab-
sorption below 1.5 THz is proportional to carrier density
and thereby inversely proportional to resistivity. Recent
measurements have shown that for 8-Q cm, n-type silicon,
the peak low-frequency power absorption coefficient is «
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= 13 cm ', and for 320-Q cm, n-type silicon, the peak
value is @ = 0.34 cm™'.'* Extrapolation of these values
yields the following peak absorptions: 1 kQ cm, «
= 0.1cm !; and for 10 kQ cm, a = 0.0l cm™'. Conse-
quently, unless high-purity, high-resistivity material is
used, what is measured is not the properties of intrinsic
silicon, but of the carriers due to the residual impurities.
This problem is most prevalent in the earlier work on sili-
con with a resistivity of 10 Q cm! to 100 Q ecm.2 Later
work measured samples with resistivities of 8 kQ em,’ 1.5
kQ cm,” and 11 kQ cm.'?

The first high-resistivity, float-zone silicon samples
measured by THz-TDS had resistivities higher than 10
kQ cm; for this material, a record transparency was mea-
sured together with a remarkably flat dispersion curve.!°
Throughout the range from low frequencies to 2 THz, the
measured absorption coefficient for silicon was less than
0.05 cm ™!, and the index of refraction n = 3.418 changed
by less than +0.001. The only results consistent with
this early THz-TDS measurement!® are those in Ref. 8.
As an illustration of the previous wide range of values,
even though the measurements of Ref. 6 were made on a
high-resistivity, 8-k{) cm silicon sample, they gave the
significantly higher and strongly frequency-dependent ab-
sorption coefficient between 0.2 and 0.4 THz of approxi-
mately 0.13 cm™; this discrepancy was ascribed to the
higher quality of silicon wused for the THz-TDS
measurement.’’ Another work made a single-point mea-
surement at 0.245 THz on a 1.5-k() cm silicon sample and
measured an index of refraction of n = 3.418 and an ab-
sorption coefficient of 0.13 cm .7 The work of Ref. 12
used a high-resistivity (11-k()) silicon sample that had
been compensated by boron doping. The measured
power-absorption coefficient was approximately 0.005
em ™! at 0.12 THz, increasing to 0.01 cm ™' at 0.18 THz
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and equal to 0.05 cm ™! at 0.3 THz, then increasing rap-
idly to 0.11 cm™! at 0.45 THz, the measurement limit.
This rapid increase in absorption is tentatively ascribed
to a decrease in crystal quality due to the boron compen-
sation, compared with the float-zone silicon.

In the work reported here, we have set a new measured
upper limit for the intrinsic absorption of high-resistivity,
float-zone silicon showing unprecedented transparency
over the range from 0.5 to 2.5 THz and observed a well-
resolved absorption feature at 3.6 THz. The index of re-
fraction showed remarkably little dispersion, changing by
only 0.0001 over the range from 0.5 to 4.5 THz. These
THz-TDS measurements were made with the experimen-
tal setup shown in Fig. 1. The setup consists of an opto-
electronic transmitter and receiver together with beam
shaping and steering optics and is situated in an enclo-
sure maintained at a relative humidity of less than 1% to
mitigate the effects of water vapor. A detailed descrip-
tion of the entire THz-TDS system has been previously
published.’® For the usual case of THz-TDS measure-
ments, two electromagnetic pulse shapes are measured:
the reference pulse without the sample in the system, and
the sample pulse, which has changed shape due to its pas-
sage through the sample under study. Consequently,
through a complex numerical Fourier analysis of the ref-
erence and sample pulses, the frequency-dependent ab-
sorption and dispersion of the sample can be obtained.
This relatively simple approach assumes that the change
in the power transfer function'® from the transmitter to
the receiver due to the insertion of the sample is negli-
gible compared with the absorption and dispersive effects
due to propagation through the sample. However, be-
cause of the very low absorption of FZ-Si, relatively small
changes in the power transfer function are an important
experimental consideration.

The standard THz beam system has symmetric confo-
cal optics with respect to the center line of the system be-
tween the transmitter and receiver. The transmitting
antenna is at the focus of the silicon lens, which colli-
mates the complicated frequency-independent far-field
pattern of the Hertzian dipole antenna to an approxi-
mately 1/e amplitude beam-waist diameter of 4 mm.
This is beam waist W1 shown in Fig. 1. This beam waist
is in turn in the focal plane of the transmitter paraboloi-
dal mirror, which focuses the THz beam to the second
beam waist W2 with beam diameters proportional to
wavelength. The THz optical system is identical (but re-
versed) from this point on to the receiver. For a Gauss-
ian beam, this situation would give a unity, frequency-
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Fig. 1. The optoelectronic THz-TDS confocal quasi-optic system.
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independent, power-coupling efficiency between the
transmitter and receiver with no sample in place (see Eq.
2.16, Ref. 15). Unfortunately, recent work has shown
that the previous oversimplified assumption that the en-
tire THz beam can be approximated by a Gaussian beam
is incorrect and has shown that the confocal arrangement
does not have unity power transfer for this complicated
beam.'® In our case, to minimize the sample effect on the
power transfer function, the sample is centered on the
THz beam waist W2. However, for large-index dielectric
samples with lengths of many centimeters, the change in
the power transfer function can be significant with re-
spect to the measurement of materials with very low ab-
sorptions.

In order to overcome these experimental problems due
to the changing power transfer function, the previous
THz-TDS measurements of a 15-cm-long, 7.6-cm-
diameter cylinder of 320-() cm, neutron-doped FZ silicon
used the following approach.'* First, the amplitudes of
freely propagating subpicosecond THz electromagnetic
signal pulses transmitted through the 320-) cm silicon
sample were measured. These transmitted pulses were
then compared with the measured THz reference pulses
with the sample replaced by an identical cylinder of high
resistivity, greater than 5-k(Q) cm, FZ silicon with a re-
sidual carrier density of less than N = 5 X 10*Y/cm?, less
than 1/10 that of the sample carrier density. Using this
procedure, the power transfer function of the THz-TDS
system was unchanged for the reference and sample
pulses, because the measurements were directly com-
pared with an identical high-resistivity, FZ-Si cylinder.
The maximum frequency-dependent difference between
the index of refraction of the two cylinders was less than
0.003. This procedure allowed the measurement of the
extremely small absorption on the high-frequency wing of
the sample response.

Unfortunately, the above procedure is not possible for
measurements of high-resistivity FZ silicon itself, be-
cause there is no reference dielectric with lower loss.
Our initial investigation involved measuring a series of
THz signal pulses transmitted through FZ-Si samples
with lengths ranging from 10 mm to 150 mm, together
with THz reference pulses taken with the samples re-
moved. For these samples, a correction would need to be
calculated to accommodate the change in the power-
transfer function of the THz-TDS system due to the inser-
tion of a lossless dielectric with the same shape and di-
electric constant of the sample. However, for the
complicated shape of the actual THz beam'® the power
transfer function corrections are comparable to the
sample absorption, and the experimental uncertainties
involved in the power transfer calculations led to incon-
sistencies between the various samples. Consequently, it
was not possible to make reliable corrections for changes
in the transfer function.

In order to assess the relative importance of the power
transfer function, our measurements were performed in
three different ways on combinations of different samples
of FZ-Si. Initially we will discuss the samples and then
the three different measurement methods.

For this experiment we used combinations of four FZ-Si
plates, 5.1-cm diameter, 9.805 = 0.005 mm thick with an
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Fig. 2. (a) Measured transmitted pulses 1-3. (b) Correspond-
ing amplitude spectra for pulses 1-3.

optical polish on both surfaces. These plates were ob-
tained from Topsil Semiconductor Materials more than 10
years ago and are specified to have a resistivity of more
than 10 kQ) cm. In order to achieve lengths of 19.61 mm
and 39.22 mm, two and four plates were optically con-
tacted together. Although we present measurements for
the four-plate sample only, consistent results were ob-
tained with the single and double plate samples. The
contact plane between plates showed amplitude reflec-
tions of less than 0.3 percent, corresponding to a power
reflection of only 0.9 X 1075, The plates could be later
separated if desired. One remaining experimental prob-
lem was that two of the plates were slightly wedged with
an angle of 0.15 mrad (0.00015 rad). However, the effect
of the two wedged plates could be canceled, by optically
contacting the plates together with the wedges opposed in
the two-plate or four-plate sample configuration. In or-
der to make a measurement, the THz-TDS system was
initially aligned to achieve maximum signal and band-
width. The sample was then put in place and oriented
perpendicular to the input THz beam by monitoring the
peak of the transmitted reference pulse and adjusting the
sample tilt to move this peak to the earliest time. Then
the measurement was performed. Experimentally, it was
found that to achieve self-consistent results with this
technique, the sample faces needed to be optically pol-
ished. On other samples, the standard lapped finish
caused additional loss for the reflected THz sample pulse.
This surface sensitivity is presumed to be due to the two
surface reflections of one of the to-be-discussed configura-
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tions for the sample pulse, in contrast to the relative in-
sensitivity of the directly transmitted reference pulse.
Another experimental requirement was surface cleanli-
ness of the plates, which were carefully cleaned in acetone
before assembly.

In order to perform our THz-TDS characterizations,
three different pulses were measured, the usual reference
pulse, here designated as the transmitted pulse 1 through
the system with no sample in place, the usual sample
pulse, designated as the transmitted pulse 2 with the
sample in place, and the double internally reflected pulse
3, which has traversed the sample three times and is
transmitted in the forward direction. These three
pulses, which are the averages of seven individual pulses
and their corresponding amplitude spectra, are shown in
Fig. 2. The three pulses illustrate the excellent signal-
to-noise ratio and the fast response of the THz-TDS sys-
tem. If there were no absorption by the sample and the
index of refraction was constant at n = 3.417, all the
pulses would have identical pulse shapes and spectra, but
the amplitude of pulse 2 would be ¢19¢5; = 0.701 that of
the pulse 1, and the amplitude of pulse 3 would be
t19r91raite; = 0.210 that of the pulse 1. The same three
pulses are again shown in Fig. 3, where pulse 1 and its
spectrum were unchanged; pulse 2 and its spectrum were
divided by 0.701, and pulse 3 and its spectrum were di-
vided by 0.210 to enable better comparison between the
pulses. Here, we can observe the small comparative
frequency-dependent amplitude reduction of the sample
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Fig. 3. (a) Measured transmitted pulses: Pulse 1, (Pulse 2)/
(t19t91), (Pulse 3)/(¢19roiraitar). (b) Amplitude spectra for Pulse
1, (Pulse 2)/(¢5t51), (Pulse 3)/(¢19r917 21t 21)-
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pulses due to the absorption of the FZ-Si sample and to
the changes in the power transfer function.

These three pulses are described in the frequency do-
main by their complex amplitude spectra A (w), Ay(w),
and A;(w), in Egs. (1a), (1b), and (1¢), respectively:

A(w) = A (0)|explidi(w)]

= Ay(0)Ui(w)exp[iky(w)L], (1a)
As(w) = |Az(w)|explidy(w)]

= Ay(@)Uy(w)t1ats expl —a(w)L/2]exp[ik(w)L],

(1b)
As(w) = |As()|explips(w)]
= A(@)Us(0)t 19817 ats; expl —3a(w)L/2]
x exp[i3k(w)L], (1c)

where A (o) is the complex spectral amplitude incident
on the sample of length L. The Fresnel transmission co-
efficients of the sample interfaces are designated as ¢
and ¢, with the subscript 1 referring to air and 2 refer-
ring to FZ-Si; ry; is the Fresnel reflection coefficient from
the silicon/air interface; a(w) is the desired power absorp-
tion coefficient, and k(w) = 27n(w)/\, with n(w) the de-
sired index of refraction; &, = 27n ;,(THz)/\,, where \,
is the wavelength in free space and n ,,(THz) = 1.00027
is the index of dry air at THz frequencies. U{(w), Uy(w),
and U;(w) are the complex-amplitude transfer functions
of the THz system for pulses 1-3, respectively. The cor-
responding power transfer functions P;(w), Py(w), and
Ps(w) are given by Ui(w)U (w)*, Uy(w)Uy(w)*, and
Us(w)Us(w)*, respectively, where the superscript* indi-
cates complex conjugate.

From Egs. (1), we form the ratios of Egs. (2), which will
be used to obtain our THz-TDS characterizations of FZ-Si:

Ay(w)/A(w) = [Ug(@)/U;i(w)]t19ts; expl —a(w)L/2]

X exp[i(k(w) — ky)L], (2a)
As(w)/Ai(0) = [Us(w)/Uq(w)]t 197217 21t 21

X exp[—3a(w)L/2]

X expli(3k(w) — k,)L], (2b)
Az(w)/Ay(w) = [Us(w)/Us(w)]raoire; expl —a(w)L]
X exp[i2k(w)L]. (2¢)

Knowing that the absorption of FZ-Si is very low, the
Fresnel coefficients t19, t9;, and ry; have a negligible
complex component. We also expect that U;, U,, and
U; have small complex terms. The measured phase
angles given by the ratios of the complex spectra as de-
scribed by Egs. (2) enable us to determine the index of re-
fraction ng; of FZ-Si. However, before we can do this, we
must discuss some experimental details about how these
phase data are obtained.

Although time-shifted pulses 1-3 appear to overlap in
time, through our computer-controlled stepping-motor de-
lay line, we know that the starting position of the scan for
pulse 2 is delayed from that of pulse 1 by ATy
= 316.317 ps and that the scan for pulse 3 is delayed
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from that of pulse 1 by AT'5; = 1210.775 ps. These time
shifts are given by the relationship ATy = 2(L,
— Ly)np(vis.)/c, where L, is the delay-line start posi-
tion for pulse 2, L; that for pulse 1, and n;(vis.)
= 1.00027 is the index of refraction of air at 1 atm, room
temperature, 40% humidity, and 800 nm; the given value
for n »;(vis.) does not change with =5 °C changes in tem-
perature or =10% changes in humidity. ¢ = 2.99793
X 10' ecm/s is the speed of light in vacuum. The
stepper-motor delay-line system (Newport MTM250PP.1)
is usually set to make 5-um steps. The system has an ac-
curacy and resetability of =0.2 um. This situation is de-
scribed by the following equations:

[ pa(w) = d1(@)] = (27/No)[ng1(w) — nay(THz)]L

- wAT217 (33)
[ b3(w) = d1(w)] = (27/\o)[3nz1(w) — na(THz) L
- (DAT31, (3b)

[ P3(w) = do(w)] = (27/N\o)2n39(w)L — wAT3s,

(30)

which define the indices ngy(w), ns(w), and ns(w),
where the small phase angles of the corresponding ratios
of the transfer functions are included in these indices.
These equations are much more precise to determine the
frequency dependence of the index, because the very large
phase terms due to the different transit times through the
samples have been accurately subtracted off experimen-
tally by the precision delay line.

In the initial analysis, the weakly frequency-dependent
indices ny(w), n3j(w), and nsy(w) determined by Egs.
(3a), (3b), and (3c), respectively, slightly disagreed, al-
though they were all within the range from 3.4180 to
3.4184 for frequencies between 0.5 THz and 4.5 THz.
These results were achieved by assigning a total sample
length of L = 39.222 mm. However, we cannot measure
our individual plate thicknesses to better than *5 um;
thus our length is uncertain on the scale of £10 um.
When the sample thickness was changed by micron-step
sizes in the analysis, the three measurements came into
precise agreement at the length of L = 39.231 mm. This
intersection occurred owing to the different dependence
on length L, as shown in Eqgs. (3), for which precise agree-
ment between the three values of the index will occur for
only the correct value of L. This situation is similar to
that reported in an earlier experiment.!” Extremely ac-
curate data are required to enable the determination of
both the correct length of the sample and the correspond-
ing measurement of the index. This remarkable result
shown in Fig. 4 illustrates the accuracy and reproducibil-
ity of the phase measurement. It also shows that from
0.5 to 4 THz, the phase angles associated with the trans-
fer functions are less than 10 mrad, as evidenced by the
slight differences between the index curves. Here, one
can see the extremely weak frequency dependence of the
index over the frequency range from 0.5 to 4.5 THz, where
the index monotonically increases from 3.41745 at 0.5
THz to 3.41753 at 3 THz, followed by a small but distinct
resonance feature at 3.66 THz. This weak resonance has
been previously observed by an absorption measure-
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Fig. 4. Measured indices of refraction, ny; (open circles), ns;
(dots), nsy (connected dots). These measurements are consid-
ered accurate between 0.5 THz and 4.5 THz.

ment.? As will be discussed in more detail, we believe
that U;(w)/Us(w) is very close to unity, and therefore the
curve n3y(w) is our most accurate measure of n(w), the
index of refraction of high-resistivity, float-zone silicon.

Although we believe the very low dispersion (frequency
dependence) of the measured index to be correct, because
of possible unresolved frequency-independent systematic
experimental effects, we consider the indicated index val-
ues to be accurate to £0.0002. Thus the entire curve
shown in Fig. 4 could move up or down by +0.0002. Pos-
sible systematic concerns are the accuracy of the index of
refraction of air at 800 nm and THz frequencies and the
associated effects of temperature, air pressure, and hu-
midity. We consider the values for air used in our analy-
sis to be accurate to +10%. Accuracy of the precise
length of travel of the delay line and associated effects of
thermal expansion are of concern. In addition, the ther-
mal dependence of the index of silicon and a possible
small phase shift between the silicon plates are a source
of possible error.

From Egs. (2), it is easy to solve explicitly for the ab-
sorption coefficient:

a(w) = (2/L)Ln|Us(0)/Uy(0)]
— (2L)Lof|Ay(0)/Ay(0)/(trats)],  (4a)
a(0) = [2/(3L)1Ln|Us()/Uy(0)]
— [2/(3L)]Ln[|A(0)/A () |/(t1or sirats))],
(4b)
a(w) = (VL)Ln|Us(0)/Us(0)|
— (UL)Lo[|Ay(0)/Ay()l/(rars)].  (40)

The heart of the measurement problem for absorption
is obtaining the ratios of the unknown transfer functions
in Eqgs. (4). If the effect of the transfer functions were
small compared with the measured absorption, they could
be neglected. If they were the same for the different
sample configurations, they would cancel out of the mea-
surement. The ratio described by Eq. (2¢) for the reflec-
tion method uses the directly transmitted incident pulse
through the sample as the reference pulse and the first
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reflected pulse in the output pulse train as the sample
pulse. Because this method does not require any move-
ment of the sample and the actual physical length L of the
sample is smaller than the effective measurement length
3L owing to the use of multiple reflections, it was ex-
pected to have a significantly smaller power transfer-
function effect. As will be discussed below, we have per-
formed a self-consistent analysis to set an upper limit to
a(w), based on this intuitive assumption. First, we define
the new absorption coefficients ay(w), a3;(w), and
ags(w) that formally include the transfer functions as
shown below:

|Ag(w)/A1(w)| = t19ta exp[ —ag(w)L/2], (5a)
|As(w)/A1(w)| = tioroirartar expl —3ag(w)L/2], (5b)
|As(w)/Ag(w)| = raire; expl —agy(w)L]. (5¢)

These three absorption coefficients are given explicitly be-
low and are related to the desired absorption coefficient
a(w):

asi(w) = —(2/L)Ln)[|Ay(w)/A()|/(t19t21)]

= a(w) — (2/L)Ln|Uy(w)/ Uy (o), (6a)
ag(w) = —[2/(3L)]Ln[|A3(w)/A1(0)|/(t 19791721t 91)]

= a(w) — [2/(B3L)]Ln|Us(w)/U; ()], (6b)
agy(w) = —(VL)Ln[|A3(w)/Ag(w)|/(rarar)]

= a(®) — (UL)Ln|Us(0)/Us()|. 60)

Using the three pulses and their corresponding ampli-
tude spectra shown in Fig. 3, we calculate the three ab-
sorption coefficients defined in Egs. (5) and (6), which in-
clude the ratio of the amplitude transfer functions. The
resulting frequency-dependent power absorption coeffi-
cients @y, ag;, and asy determined from our experimen-
tal data are displayed in Fig. 5. The deviation of these
curves from one another is due to the different transfer-
function relationships included in the three curves. The
results shown in Fig. 5 clearly demonstrate the effects of
changes of the system transfer function caused by the in-
sertion of high dielectric-constant samples placed in the

0.35 T T —————
0.30
0.25 - S— I

0.20

Power Absorption Coefficient (1/cm)

. L i
00 05 10 15 20 25 3.0 35 40 45
Frequency (THz)

Fig. 5. Measured power absorption coefficients aq;(w) open
circles, a3;(w) dots, and a35(w) connected dots. These measure-
ments are considered accurate between 0.5 THz and 4.5 THz.
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standard THz-TDS system. However, from the relatively
small magnitude of the effects, it can be seen that, for the
usual type measurements of much higher absorption co-
efficients, these changes can be ignored, but not for the
work presented here.

The measured intersection at 2.60 THz is relatively
sharp and well defined; here we consider that all the
transfer functions have the same value and that the ab-
sorption coefficients are equal to the intrinsic absorption
coefficient a{w). This assumption is physically reason-
able and is a mathematical solution of Egs. (6), but is not
the only solution. This assumption will be given more
credibility by the additional measurements discussed be-
low and made with different samples and with different
THz beams.

From equations (6), it 1is clear that if the
quantities Ln|Uy(w)/U(w)|, Ln|Us(w)/Ui(w)|, and
Ln|Us(w)/Uy(w)| are negative, indicating that the trans-
fer function for the reference pulse is closer to unity than
that of the signal pulse, the measured absorption coeffi-
cients agi(w), as(w), and asy(w) will be upper limits to
the absorption a(w); the converse applies if the quantities
are positive. In addition, the absorption «(w) is obtained
at the crossing points of 0.5 and 2.6 THz, shown in Fig. 5.
Other measurements taken with a single plate show a
crossing point at 3 THz, which gives a measure of a(w) in
agreement with as(w) in Fig. 5. As discussed above, we
consider that |Us(w)/Uy(w)| is the ratio closest to unity.
We also consider that above the 2.6 THz crossing point,
the ratios |Uy(w)/U;(w)| and |U5(w)/U;(w)| are less than
unity, but that below this point, until the crossing point at
0.5 THz, they are greater than unity, indicating that
within this frequency range the transfer function is closer
to unity with a sample in place than without.

This opinion is supported by an additional series of
measurements with a different THz beam profile achieved
by placing 4-mm-diameter apertures in front of the silicon
lenses of the transmitter and receiver. The resulting
measurements are similar to Fig. 5, indicating that the
goal to achieve more efficient transfer functions by trans-
mitting only the main lobe of the emitted beam was not
achieved. However, these measurements do have an in-
tersection point at 1.5 THz, thereby giving another mea-
surement of a(w), which agrees with a35(w) shown in Fig.
5. Consequently, we consider asy(w) to be an accurate
upper limit to the intrinsic power absorption coefficient
a(w) of high-resistivity, float-zone silicon. In Fig. 6(a), we
present aso(w) as this upper limit. A similar logic holds
for the index of refraction for which the transfer-function
effects are much smaller; consequently, we present 7 35(w)
in Fig. 6(b) as the most accurate measurement to date of
n(w).

With respect to the experimental error in the measure-
ments of the absorption coefficient a(w) and the index of
refraction n(w) as shown in Figs. 6(a) and 6(b), the follow-
ing considerations apply. For our system, each presented
data point logically corresponds to an independent mea-
surement. Consequently, the measurement error is indi-
cated by the data scatter, which for most of the length of
the presented curves for e(w) and n(w) is seen to be less
than the diameter of the plotted points.

Our main source of experimental error is the relatively
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Fig. 6. (a) Upper limit asy(w) to the power absorption coefficient
a(w) of float-zone, high-resistivity silicon. The estimated experi-
mental error in asy(w) is £0.0015 cm ™! in the region from 0.5 to
2.7 THz, +0.003 cm ! in the region from 2.7 to 4 THz, and
+0.006 cm ™! in the region from 4 to 4.5 THz. These frequency
regions are located between the vertical dashed lines together
with the corresponding calibration points centered in the circles
indicating the experimental error. (b) Measured index of refrac-
tion ngy(w). The estimated experimental error of +0.00001 for
the frequency dependence of the index of refraction nsy(w) is
smaller than the data-point diameters shown in Fig. 6(b); al-
though because of possible unresolved frequency-independent,
systematic experimental effects, the entire curve shown in Fig.
6(b) could move up or down by *+0.0002. These measurements
are considered accurate between 0.5 THz and 4.5 THz.

slow variations of the generated THz pulses with respect
to their amplitude and phase. Our data-taking proce-
dure to minimize this problem will now be described. Be-
fore initiating a series of measurements, the THz system
was stabilized until the fluctuation of the peak spectral
amplitude at 1 THz of any one of ten consecutive mea-
surements of the reference THz pulse (pulse 1) was less
than *+0.5 percent. The measurement of a single pulse
took 250 seconds. After this stabilization, the data-
taking sequence was initiated. We first measured the
reference pulse (pulse 1 with no sample in the system).
The sample was then moved into position without letting
any water vapor into the sealed experimental enclosure,
and pulse 2 was measured. Finally, pulse 3 was mea-
sured. This sequence was repeated seven times, in order
to obtain a complete data set for which all the correspond-
ing pulses were averaged together. Figure 2 shows such
an averaged data set for the three pulse types. Before ac-
cepting a data set, the amplitude spectra of the individual
pulses were compared with the amplitude spectrum of the
averaged pulse.
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A comparison of the measured amplitude spectra of the
individual members of the data set divided by the ampli-
tude spectrum of the averaged pulse shows that the indi-
vidual spectra deviate from the average spectrum by less
than +0.5% from 0.5 to 2.7 THz, by less than +1% from
2.7 to 4 THz, and by less than +2% from 4 to 4.5 THz. A
similar comparison of the corresponding relative phase of
the individual members of the data set to the phase of the
averaged pulse shows that the individual phase varia-
tions are less than +0.015f radians, where [ is the fre-
quency in THz (f =1 at 1 THz). Assuming random
variations, the average of the seven-member data set re-
duces the above individual deviations by the factor 1/4/7.
Consequently, the deviations for the average spectrum be-
come less than +0.2% from 0.5 to 2.7 THz, less than
+0.4% from 2.7 to 4 THz, and by less than =0.8% from 4
to 4.5 THz. Similarly, the deviations of phase of the av-
eraged pulse are considered to be less than +0.006f radi-
ans. Again considering random deviations, for the ratio
of the pulse amplitude spectra used to calculate the ab-
sorption, the above values are increased by 2. There-
fore the deviation of the ratio becomes less than +0.3%
from 0.5 to 2.7 THz, less than *£0.6% from 2.7 to 4 THz,
and less than *1.2% from 4 to 4.5 THz. Similarly, the
deviations of phase ratio used to calculate the index of re-
fraction are considered to be less than +0.01f radians.

Because we are in the limit of small absorption, the de-
viation in a{w) L/2 is given by that of the ratio of the am-
plitude spectra. Consequently the estimated experimen-
tal error in a{w) is =£0.0015 cm ™! in the region from 0.5 to
2.7 THz, +0.003 cm ! in the region from 2.7 to 4 THz, and
+0.006 cm ™! in the region from 4 to 4.5 THz. These fre-
quency regions are located between the vertical dashed
lines in Fig. 6(a) together with the corresponding calibra-
tion points centered in the circles indicating our esti-
mated experimental error in these regions. The corre-
sponding deviation &, in the index of refraction n(w) is
given by the relationship =0.01f = 2765,L/\,. Evaluat-
ing this relationship yields &, = =0.00001 for the esti-
mated experimental error of the index of refraction, which
is smaller than the data-point diameters shown in Fig.
6(b). However, because of possible unresolved frequency-
independent, systematic experimental effects discussed
above, the entire curve shown in Fig. 6(b) could move up
or down by =0.0002.

Compared with the previous work, these absorption re-
sults are dramatically lower and cover a broader fre-
quency range. The first THz-TDS measurement!® of
FZ-Si set an upper limit to the power absorption coeffi-
cient @ < 0.05 cm ™! for frequencies below 2 THz, which is
clearly consistent with Fig. 6(a). The fact that the mea-
sured absorption upper limit a35(w) is less than 0.01 cm ™!
in the frequency band from 0.2 to 1 THz and is less than
0.025 cm™! in the frequency band from 0.2 to 2 THz is
quite significant. This result lowers by the factor 2 the
previous upper limit!? for a(w) over this frequency range.
There exists no other dielectric material with a compa-
rable transparency. The relatively rapid rise in absorp-
tion as the frequency is increased from 1.5 THz appears to
be due to two previously reported weak absorption bands
at 3.66 and 4.68 THz? and not due exclusively to the main
phonon band at 18 THz.
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In conclusion, although our measurements were com-
plicated by the fundamental problem of changes in the
power transfer function of the THz-TDS spectrometer due
to the insertion of the high-index silicon samples into our
apparatus, we were able to measure unprecedented trans-
parency and an essentially nondispersive index of refrac-
tion for high-resistivity, float-zone crystalline silicon (FZ-
Si). We have set a new measured upper limit for the
intrinsic absorption of this material over the range from
0.5 to 4.5 THz and observed a well-resolved absorption
feature at 3.6 THz. The index of refraction showed re-
markably little dispersion, changing by only 0.0001 over
the range from 0.5 to 4.5 THz.

These results are quite encouraging for the develop-
ment of FZ-Si single-mode THz fiber and ribbon
waveguides!®1® of up to 100-cm length for which power
absorption coefficients of less than 0.025/cm would be ob-
tained for frequencies below 2 THz and for which the in-
trinsic group-velocity dispersion would be negligible. In
addition, these measured properties enable excellent
transmissive optics of all types.
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