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Measurements of the THz absorption and dispersion of ZnTe
and their relevance to the electro-optic detection of THz radiation
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Via THz time-domain spectroscopy, we have measured the absorption and index of refraction of
single-crystal {110) ZnTe from 0.3 to 4.5 THz. We find that the absorption is dominated by two
tower-frequency phonon lines at 1.6 and 3.7 THz and not by the transverse-optical (TQ) -phonon
line at 5.3 THx as previously assumed. However, the index of refraction is deternimined mainly by the
TO-phonon line. Using these data, we discuss a frequency-domain picture of electro-optic detection
of THz radiation below the TO-phonon resonance and compare with the photoconductive THz
receiver uver the same frequency range. © 1999 American Institute of Physics.
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The application of optoelectronic techniques to the gen-
eration and detection of THz electromagnetic radiation is
now well established. These techniques have enabled the
widely practiced method of THz time-domain spectroscopy
(THz-TDS),' demonstrations of THz imaging, > 'and THz
ranging* The two primary optoelectronic methods for the
detection of THz radiation are photoconductive antenna and
electro-optic sampling. Although electro-optic {EQ) THz re-
ceivers have demonstrated exceptionally high-frequency
performance,” they have not demonstrated the continuous
spectral coverage of photoconductive receivers, duc to the
strong THz absorption and dispersion of the BO crystal,
phase mismatch between the interrogating light pulse and the
propagating THz pulse, and a strong frequency dependence
of the EO susceptibility. The comparisen of photoconductive
receivers with EO receivers is of significant interest and ex-
perimental comparisons have been performed.®’

Although ZnTec has been the primary EO detection
crystal, > 1% and even though detailed simulations have been
compared with experimental results,'® the frequency-
dependent absorption and dispersion of ZnTe have not been
previously measured to the best of our knowledge. Here, via
THz-TDS, we present measurements of the index of refrac-
tion and absorption of ZnTe from low frequencies to 4.3
THz. In comtrast to what has been previously assumed, we
find that the absorption below 4.5 THz is not dominated by
the strong transverse-optical (TO) -phonon line at 5.3 THz,
but instead the measured absorption shows several new pho-
non lines. In fact, below 3.5 THz we do not observe signifi-
cant absorption from the low-frequency wing of the TO-
phonon linc. However, as previously expected, the behavior
of the index of refraction is dominated by the TO-phonon
resonarnce.

We have recently presented a completc frequency-
domain description of electro-optic detection of pulsed THz
electromagnetic radiation, which shows the effect of EO de-
tection as the product of three spectral fillers {described in
detail later in this letter) acting on the complex amplitude
spectrum of the incoming THz pulse.'' Given our character-
1zation data for ZnTe, we can now apply this frequency-
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domain picture of EQ detection in order to gain an under-
standing of the limits of EQ detection with ZnTe below the
TO-phonon resonance at 5.3 THz.

Our THz-TDS measurements of the absorption and in-
dex of refraction of 4 series of ZnTe crystals with diffcrent
thicknesses are presented in Fig. 1 together with the spectral
response of the THz-TDS system. As can be seen in Fig.
1{a}, the amplitude spectrum of a single measurement of the
THz reference pulse with no sample in place is quite clean
with excellent signal-to-noise ratio (S/N)} and good dynamic
range. The amplitude frequency response of the THz photo-
conductive receiver employed is to a good approximation
given by the square root of this spectrum, which is indicated
by the upper dashed line in Fig. 1{(a)."? We used several
1 mm> 10 mm ZnTe crystals of lengths of 0.997, 0.192, and
(0.120 mm to obtain our results, depending on the strength of
the absorption at the frequency range under investigation.
The crystals are (110} cut and were obtained from 11-VL,
Inc. The most difficult data to obtain were the highest
frequency measurements made with the 120 zm thick crystal
optically contacted to a high-resistivity Si plate. For these
data we averaged 64 individual measurements of both the
reference and signal pulses to obtain increased S/N to enable
our measurements to 4.5 THz. The resulting power absorp-
tion coefficient shown in Fig. 1(b) has several smrprises.
First, the absorption of the wing of the strong TO-phonon
line only becornes a significant part of the observed absorp-
tion for frequencies above 3.5 THz. Second, there is a broad
resonance line centered at 1.6 THz with a peak power ab-
sorption cocfficient of 13 cm™' and another much stronger
broad feature centered at 3.7 THz with a peak absorption of
approximately 90 cm ™' These powerful features overwhelm
the weaker effect of the absorption from the wing of the 5.3
THz line, as indicated by the solid line giving the self-
consistent calculated absorption of the TO-phonon line.
These features are due 1o longitudinal and transverse-
acoustic {TA) phonon absorption fines, which have been pre-
viously indirectly ohserved by spectroscopy in the far
infrared,'® and by Raman scattering.'? The results are hoth in
quite good agreement with the ohserved lines, enabling us to
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FIG. 1. ta) Measured amplitude spectmim (dris) ol the relerence THz pulse
with e Zn'Te sample in place. The dashed line indicates the amplitude
frequency response of the photocunductive THz reeeiver (Ret. 12), (b) Our
measured {dots} power absorption cocfficient fem ™! for ZnTe crystal com-
paredt with the calculated (solid liney absorption for the TO-phonon line. The
upper curve indicated by the open circles from 0.6 w 1.7 THz i5 a previous
mesurement {Rel. 16), (¢} Gur measured (dots) index of refraction of ZnTe
crystal compared to the calenlated mdea (sulid lined Lor the TO-phonon line.
Previous measurcments (Ref. 16) at room temperature (large open circles)
and helium temperature (small open cireles. lower eurve from 0.5 o 3 THz)
are also indicated,

assign the line at 1.6 THz Lo the transverse TA(X) phonon,
and the line a1 3.7 THz 1o the longitudinal LA(X) phonon.
The open circles show a previous measurement from (.6 to
1.7 THz (upper curve).'®

The powcer absorption spectrum shown in Fig, 1(b),
which is self-consistent for all our crystals, strongly affects
EQ detection with ZnTe. In lact, due to the absorption of the
strong line at 3.7 THz, for crystal thicknesses greater than
0.5 mm the frequency response of EQ detection on the tow
side of the TO-phonon resenance extends to only 3 THz.
These results show the technical risk of extrapolating EQ
crystal performance, based only on the knowledge of the
TO-phonon trequency. For example. GaAs has a TO-phonon
frequency of 8.0 THez. but shows significant measured ab-
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sorption in the frequency range from 0.2 to 5 THz."'” In
contrast to the absorption resulis, the index of refraction
measurements shown in Fig. 1{c) are clearly dominated by
the strong TO-phonon tine, Here, we have observed a dra-
matic increase in the index as the resonance is approached.
As expected, the effect of the strong absorption line at 3.7
THz is also seen on these index data, For comparisun we
show the previous measurements at both room (large open
circles) and heliumn lemperatures (small open circles).'® Our
comparative results dramatically demonstrate the efficacy of
THz-TDS for such characterizations. These cxcellent results
for the index characterization when compared with the solid
line theorctical fit show that the resonant frequency is more
accurately 5.32 THz and enable us to determine the other
parameters of the TO-phonon resonance as shown below.

Using the dielectric response of a harmonic oscillator of
the form'’

GNI‘Q".-I,‘O
O%,— 03 +2iv0)

()=t =(n+ix)’, ()
where €{}) is the frequency-dependent dielectric constant
and &, describes the strength of the TO-phonen resvnance at
Oqg/27. We fit our measured index of refraction # with the
parameters {ro/2m=25.32"THz, €= 744, €,=238, and the
incwidth of the resonance /27 < 0,025 THz. This measured
upper limit for the linewidth is less than 1/6 the previously
assumed valuc.'" The power absorption coefficient «
=d4ark/hy, is determined by «, where Ay is the free-space
wavelength, These values can be compared to those of Ref.
16 with no damping, for which {3127 —~35.4 THz, €+«
=9.92, and €,=6.0. Clearly, as indicated by the comparisen
in Fig. 1{c), our measurements have the ability to define
these purameters more precisely than the previous work. It is
noteworthy that the index of refraction data accurately deter-
mine {1, €, and ey, bul arc relatively insensitive to the
linewidth . In contrast, the absorption data are very sensi-
tive to the parameter ¥. In our case the small contribution by
the TO-phonon line to the ttal observable absorption sets an
upper limit on ¥, which is much narrower than previously
assumed. '

Insight into THz EQ measurements with ZnTe is gained
by incorporating these precise measurements of the index
and absorption into the theoretical calculation for the EO
signal. As described in the frequency domain, the BQ signal
is given by"'

S(r)xJ. A D) (e BrgQ, (2)

where

£

iNk ., (wg. ()
(3)

This result expresses the time-dependent EQ signal S(7} us a
relatively simple Fourier integral over the THz angular fre-
quency range {1, which is easily cvaluated. f(£}) is the prod-
uct of three frequency-dependent terms that act as spectral
filiers on the incoming THz complex speciral amplitude
An(8). If f({}) would have a smooth spectral response
much brouder than Ay ,(£}), the measured EQ signal would

J) = Copl W) xei w0382, 04— £2)

I’ak.;.l‘wn.ﬂ”_ ] ]



3452 Appl. Phys. Lett., Vol 74, No. 23, 7 June 1999

10 T——— pa—y — 7 T 30
%\ . \‘\,’ﬁ . ,'I-
~MEGERS
= I 425 @
E -
E 08 * i L
€ /a0
2 H : ]
g 04 A .-
> [ S=w] &
e *
= i 415 5"
L g2t
I

ug [ n P L e . ol 1

o 1 2 3 4 2

Fraguency [THz]

FIG. 2. Caleutated x' tdashed lined shown om a relative scale (ri shl urdi-
nate). Calenlated sl nornulized 0 the unity ileft ordinate) filler function in
the brackets in Eq. (31 shown as the solid lines, using the measured absorp-
tiont and imles of refraction for ZnTe and the indicated crystal thicknesses of
L=00mm, £ D53 mm. and =2 mm.

be essentially the same as the THy pulse entering the EQ
crystal. However, usually this is not the case. For the terms
that comprise f({1) in Eq. (3%, wy, is the carrier frequency of
the optical probing pulse. and / is the crystal iength. Refer-
ring o Ref. 11 for the propagation vector mismatch Ak,
=kl D+ k(A + k(wy). which is to an exceltent
approximation” given by Ak, ~k(2)—Qfv, . where v, is
the optical group velocity. The first filter C,,(£2) is the com-
plex spectrum of the autocorrelation of the probing light
pulse. Typically. the vptical bandwidth Aem is much larger
thun the THz bandwidth so that this term has little effect.
The second filter describes the EO susceptibility x'7) . which
cun be strongly frequency dependent. and can thereby distort
the 1:0) signal and the corresponding spectrum, independent
of the thickness of the EO crystal.'’ The third filter describes
the Irequency-dependent coherence length determined by the
mismatch between the optical probing pulse traveling at the
optical group velocity and the [reyuency components of the
THez pulse propagating at their respective phase velocities
determimed by the frequency-dependent index of refraction.
The third fi{ter term enclosed by the brackets, reduces to the
well-known parametric result, { sinc( Ak _{/2) for real Ak, ,
while the imaginary part of Ak, describes the usually strong
absorption of the THz radiation by the EQ crystal. The effect
of this term is reduced by making the EO crystal thickness
as small as possible. In the limit of very small thickness. Eq.
{2) is similar to the result obtained by Auston and Nuss.'’
The combined effect of all these terms can severely distort
the EQ signal, and reduce and cause discontinuities in the
corresponding measured THz spectrum.

The relatively dramatic frequency dependence of xdf
crossing over the TO-phonon resonance has been presented
from 0 to 15 THz in Ref. 110 Here, in Fig. 2 we show
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(dashed line) the frequency dependence of x'3 from low
frequencies to 5 THe. For this range, ,\f‘“’ increases mono-
tonically with frequency by more than three times us the
TO-phonon resonance is approached. Given the index of re-
fraction and absorplion data of Fig. [, and Ak, (w,.(2). we
can cvaluate the filter function in the brackets in Eq. (3).
Figure 2 shows {solid lines) the calculaled ahsolute value of
this filter function in the hrackets for the crystal lengths of
0.1, (15, and 2 mm. ln order to normalize al] three curves to
unity. they have each been divided by their corresponding
crystal length. Although increasing the crystal length will
incrcase the detection sensitivity, increasing the length will
also increase the effects of phase mismatch and absorption,
which in twrn reduces the cffective bandwidth of the EQ
deleetion process. In order to compare these EQ frequency-
domain results with the corresponding frequency response of
the photoconductive receiver, these curves can be compared
with the dashed line in Fig. 1{a). In summary, from this
analysis ot EQ detection with ZnTe betow the TO-phonon
resonance, the useful frequency range is significantly limited
by the crystal properties. In comparison, the photoconductive
teceiver can cover this frequency range below the TO-
phonon rescnance with a smooth spectral response.
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