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Abstract: We investigate the generation of free-space terahertz (THz) radiation from
photoconductive antennas using single crystal and polycrystalline ZnSe substrates. The
photoconductive antennas have been excited above (400 nm) and below (800 nm) the
bandgap. We investigate the dependence of the THz electric field radiated from biased
ZnSe emitters on the applied bias field and on the incident optical fluence for bias fields as
high as 26 kV/cm and for optical fluences of 0.005-3 mJ cm~2. The saturation fluence is
observed to be significantly different both above and below bandgap excitation. These
results show that, in comparison with GaAs substrates, ZnSe has strong potential as a high-
power THz emitter.

Index Terms: Terahertz (THz) sources, semiconductor materials, second harmonic
generation, terahertz, two-photon processes.

1. Introduction

The generation of radiation at terahertz (THz) frequencies has become a well-established
technique, with many applications in both science and technology [1]. There has been a recent
surge in the research conducted on generating high-energy, ultrashort THz pulses, which is being
driven by applications in imaging [2], [3], security [3], [4], and THz spectroscopy [3], [5]. Recently,
single-cycle THz pulses with 1.5 uJ energy and an energy conversion efficiency of 3.1 x 10~° have
been generated via optical rectification in a large-aperture ZnTe crystal [6]. Another method to
generate high-energy THz pulses is by phase matching between an optical pulse and a THz pulse
using the tilted-pulse-front technique to overcome the large difference in the refractive index at 800 nm
and at submillimeter wavelengths [7]-{10]. Stepanov et al. have generated 30 pJ, single-cycle THz
pulses using 28-mdJ femtosecond optical pulses, giving an optical-to-THz conversion efficiency of
1.1 x 103 [11]using a long LiNbOg3 crystal. The tilted-pulse-front technique induces strong dispersion
of the 800-nm pulse during the propagation inside the long crystal [12], which leads to a relatively
narrow THz spectrum and a longer pulse width. Such novel, intense THz sources are currently
allowing researchers to conduct new experiments and to study the nonlinear optical response of
materials at THz frequencies and at picoseconds timescales. Techniques such as optical-pump/
THz-probe, THz-pump/THz-probe, and open aperture Z-scan experiments have been used to ex-
plore the nonlinear electron dynamics of semiconductor crystals such as GaAs and InGaAs [13]-[15].
Moreover, strong saturation of free carrier absorption in n-doped GaAs and InSb at THz frequencies
has been demonstrated by using THz-pump/THz-probe techniques [16]. Recently, intense THz
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sources have enabled the study of the Kerr effect, in which a THz intensity-dependent birefringence is
induced in liquids at THz frequencies [17].

Since intense THz sources based on optical rectification involve the conversion of infrared
photons to THz photons, the maximum efficiency of THz generation via optical rectification is limited
to approximately 10-3. In contrast, the large aperture photoconductive antenna (LAPCA) is an
attractive method to overcome such limitations, since THz radiation from these sources is extracted
from an externally applied bias field [18]. To date, the largest optical-to-THz conversion efficiency
was obtained with a LAPCA, and was 1.6 x 103 [19]. Half-cycle THz pulses have been generated
with 0.8-uJ energy from a 3.5-cm gap GaAs antenna and a pulsed bias voltage of 48 kV.

The mechanism of THz generation from biased photoconductive antennas can be understood
using the current-surge model [18]. A femtosecond, pulsed laser illuminates the gap of a semi-
conductor crystal and creates carriers in the conduction band. An external bias field accelerates the
carriers up to the saturation velocity, leading to a transient photocurrent. This transient current
radiates an electromagnetic field at the surface of the semiconductor. From Maxwell’'s equations,
the THz electric field in the far field is proportional to the time derivative of the transient current [18],
which can be expressed as [20]

oJ dn(t)
E(t)O(EO(Eb o

Here, J is the current density, E, is the applied bias field, and nis the carrier density. From (1), we
can see that the THz electric field scales linearly with the applied bias electric field.

An important saturation process for the large aperture photoconductive antenna is the screening
of the bias field by the emitted THz field [18], [21], [22]. This saturation process limits the THz
energy conversion efficiency. The conversion efficiency depends on the optical excitation
fluence F and can be written as [23]

2 2
_ TE} ( F ) . )

1= 2Fn0 \F + Fea

(1)

Here, 7 is the time duration of the THz pulse, 7 is the impedance of free space, and Fg is the
saturation fluence of the photoconductor. We can write Fgy as [22]

B hv(1 + /%)
" eumo(1— R)’ ©

Here, hv is the photon energy of the pump laser and e is the electron charge. Equation (3) shows
that the saturation fluence depends on various parameters of the photoconductive substrate, such
as the dielectric constant, carrier mobility n, and the reflectivity R of the substrate at the laser
wavelength.

We also define the maximum conversion efficiency nmax, which is obtained when we generate
THz radiation with an excitation fluence equal to the saturation fluence [23]

2
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As we can see in (4), the maximum conversion efficiency is proportional to the square of the bias
field and inversely proportional to the saturation fluence, which in turn is inversely proportional to the
mobility. Consequently, the maximum conversion efficiency is linearly proportional to the mobility.
Many works on THz generation from photoconductive antennas have used GaAs and InP crystals as
substrates, since they can be pumped above the bandgap with Ti:sapphire lasers. Both crystals have
large carrier mobilities and high breakdown voltages (for example, 3000 cm?/Vs and 10 kV/cm,
respectively, for GaAs).

Equation (1) shows that the maximum THz electric field is determined by the bias field. For this
reason, wide bandgap semiconductor crystals are very attractive. Unfortunately, wide bandgap

Vol. 3, No. 2, April 2011 Page 175



IEEE Photonics Journal Toward High-Power Terahertz Emitters

24mJ @ 1 kHz
800 nm-120 fs

Black Polyethylene Sheet

Pellicle

Balanced

< ZnSe or GaAs antenna
Detection

W Chopper

2mm ZnTe

Detector Crystal ﬂ H D
BBO Crystal
——— T
Optical Delay Line

Fig. 1. Experimental setup for the generation and the detection of THz radiation from biased
photoconductive antennas.

semiconductor crystals (with a large dielectric strength) also have lower mobility, which tends to
decrease the THz energy conversion efficiency. Diamond is a natural alternative as a substrate to
improve the magnitude of the radiated THz electric field, and the THz energy conversion efficiency,
because of its very high breakdown voltage (1000 kV/cm), despite its very low mobility (10 cm?/Vs)
[24]. However, efficient operation of diamond switches requires pumping above its high band-
gap (5.6 eV), which in turn requires high-energy ultraviolet laser pulses that are difficult to
generate and work with.

A good compromise between GaAs and diamond is ZnSe. ZnSe has high dielectric breakdown
strength (over 70 kV/cm [25]) and a carrier mobility of approximately 140 cm?/Vs [26]. ZnSe also
has a bandgap of 2.67 eV, and therefore, above-bandgap pumping is possible with the second
harmonic of a standard Ti:sapphire laser or by pumping below the bandgap at 800 nm via a two-
photon absorption process. CVD polycrystalline ZnSe antennas have previously been studied [27].
For example, micrometer-scale antennas have been pumped below the bandgap (800 nm), and it
was demonstrated that CVD polycrystalline ZnSe could be pumped up to 28 mJ cm~2 without
observing any saturation of the radiated THz electric field, and a bias field as high as 120 kV/cm
could be applied without breakdown of the crystal.

In this report, we perform systematic investigations of THz radiation emitted from ZnSe photo-
conductive antennas. The work presented here examines both mono- and polycrystalline ZnSe
excited both above and below the bandgap, as well as the scaling of THz emission with the applied
bias field and the optical excitation fluence. The motivation for this work is to determine the
suitability of ZnSe LAPCAs for generating high THz pulse energies, which is timely given the recent
interest in such sources. We also compare THz radiation from single crystal ZnSe and
polycrystalline ZnSe with GaAs antennas to explicitly demonstrate that single crystal ZnSe
antennas holds strong potential as a high-power THz emitter.

This paper is presented as follow. In Section 2, the experimental setup is presented. In Section 3,
we present our experimental results with ZnSe antennas. Then, in Section 4, we discuss the optical-
to-THz energy conversion efficiency of ZnSe antennas. We also discuss the advantages and the
consequences of working with ZnSe photoconductive antennas instead of GaAs antennas.

2. Experimental Setup

Fig. 1 shows the experimental setup used to generate and detect THz radiation from externally
biased photoconductive antennas. We used an amplified Ti:sapphire laser with a 2.4-mJ pulse
energy, 800-nm center wavelength, and a 120-fs pulse duration, operating at 1 kHz repetition rate.
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Fig. 2. Typical normalized THz pulse waveform of ZnSe single crystal and polycrystalline ZnSe antenna
(a) and Fourier amplitude of the waveforms of the THz pulse from polycrystalline ZnSe antenna (b).

The Ti:sapphire laser beam is split into two paths using a beam splitter. Ninety percent of the laser
energy is used in the pump path, and the remaining 10% is used in the probe path. A beta Barium
Borate (beta BaB,O,) crystal in the pump path is used to generate the second harmonic of the Ti:
sapphire laser, which in turn is used to pump the ZnSe antenna above the bandgap. The BBO crystal
is removed when we pump the antenna at 800 nm. GaAs, mono-, and polycrystalline ZnSe antennas
were investigated. Electrical contacts were formed with silver paint. Electrodes are placed on
opposite sides of the crystal surface to avoid breakdown in air. All substrates used in this study were
0.5 mm thick and polished on both sides. The electrode width is 2 mm, and the gap size is 1 mm.
Silicon epoxy covers the silver paint electrodes to avoid corona discharge [28]. The external bias field
is provided by a DC power supply. THz radiation is radiated into free space and is collected by a pair
of /2 off-axis parabolic mirrors. Two layers of black polyethylene placed after the antenna blocked
any 800- or 400-nm pump leakage. The ZnSe antenna was illuminated above the bandgap using a
lens, which reduces the beam size and consequently increases the fluence. The antenna was placed
before the focus, where the beam diameter was measured to be 3 mm using a knife-edge technique.
The emitted THz wave was detected by time-resolved electrooptic sampling with a 1-mme-thick [110]
ZnTe crystal [29]. The ZnTe crystal was oriented so that the (001) direction was parallel to the
polarization of the THz field. The probe was focused using a 4-in focal length lens, and a pellicle beam
splitter was used to reflect the probe beam so that it was collinear with the THz beam in the ZnTe
detector crystal. Two balanced photodiodes detected the orthogonal polarization components of the
probe split by a Wollaston prism. The THz waveform was recorded using a lock-in amplifier.

3. Experimental Results

3.1. THz Pulse Shape and Spectrum From ZnSe Antennas

Fig. 2 shows typical THz waveforms obtained using a mono- and polycrystalline ZnSe large
aperture photoconductive antenna, with a gap size of 3 mm and 8 mm and a pump fluence of
250 uJ cm™2 and 350 uJ cm™2. The bias field was 3.3 kV/cm and 3.1 kV/cm for mono- and
polycrystalline ZnSe antenna, respectively.

In this experiment, one off axis mirror was used to focus the THz beam on the ZnTe crystal
detector. The waveforms were normalized to unity in order to compare the shape of the two
waveforms. In Fig. 2(a), we observe an initial positive pulse with a full-width at 1/e-maximum
temporal duration of 560 fs, followed by a very long negative tail, which is similar for both
waveforms. A shorter negative tail (3 ps) appears for the ZnSe single crystal (compared with a 6-ps
tail for polycrystalline ZnTe), which can be understood based on the faster decay of the transient
photocurrent in single crystals. X-ray diffraction (XRD) measurements indicate that the ZnSe single
crystal wafers contained iron impurities. The faster decay can therefore be explained by the
presence of more defects in the ZnSe single crystal due to a slight doping of iron, which leads to a
faster carrier recombination rate. The oscillations in the waveforms result from water absorption,

Vol. 3, No. 2, April 2011 Page 177



IEEE Photonics Journal Toward High-Power Terahertz Emitters

210 . . . 0 ————————————————
S 9 (@) = === 5?2:('3) g
=] e - 14F
© 6 ] o) [ . .
el e o s i 12
L P o 10F
bl S
§ 4 -f- * ‘ ‘g 81 . ]
il o w ep 7 A4 .
x oHpe x 4L i
< . e = 5kV/em © = 7.5 kV/icm
2 o[ gttt S * 3KkV/om e, :glé\{(/\cllngm ]
N 0 o ] 1 1 1 11KVIcm E O 1 1 1 1 1 1 1 - 1 1
E 0,0 0,5 1,0 1,5 2,0 2,5 30 F+ 0005 10 15 20 25 30 35 40 45
Fluence (mJ/cm2) Fluence (mJIcmz)

o’g 1.4 T T T

E "l

5 1,2 :

€ i b T

—= 10} 1 T alll

@

Q

c 0,8

[}

3

i 06}

c

Q2 04

=

I

E 0,2 r 9 ® MonoZnSe

© ) m _ PolyZnSe

(75} 0,0 L 1 1

o

2 4 6 8
Applied bias field (kV/cm)

Fig. 3. Fluence dependence of the peak THz electric field at several values of bias fields for (a) ZnSe
single crystal antenna and (b) polycrystalline ZnSe antenna. Solid lines indicate best fitted curves with a
saturation fluence of 0.15 mJ cm~2 for single ZnSe crystal and 1.01 mJ ¢cm~2 for polycrystalline ZnSe
and (c) the saturation fluence dependence versus bias fields for mono- and poly-crystalline ZnSe
antennas.

and the small positive peak at 12 ps is a reflection from the ZnSe crystal. Fig. 2(b) shows the
spectral intensity of the THz spectrum for a polycrystalline ZnSe antenna, which extends to above
4 THz. Dips in the spectrum at 1.4, 1.85, 2.22, and 2.4 THz are due to the strong water absorption
lines in the THz frequency range [30]. The additional modulation in the frequency spectrum can be
attributed to multiple reflections of the THz pulse in the ZnSe crystal emitter. The spectrum is
comparable with that obtained experimentally using a GaAs large aperture photoconductive antenna
[31], [32].

3.2. Scaling of the Radiated THz Field With Optical Excitation Fluence

In what follows, it is important to note that the values reported for the peak THz electric field are in
arbitrary units. Calibration of the peak THz electric field was difficult, due to insufficient THz pulse
energies for detection by an infrared camera or a pyroelectric detector. However, the values of the
peak field plotted on the same graph have the correct relative magnitudes, but those magnitudes
are not simply related between different graphs. The reason for this is that probe power, lock-in
amplifier constants, and other parameters that affect the magnitude of the detected signal were
varied in the different experiments.

In Fig. 3(a) and (b), the peak electric field radiated from mono- and polycrystalline ZnSe
photoconductive antennas is plotted as a function of the optical excitation fluence for three different
bias voltages. The antennas were illuminated with pump photon energies above the bandgap
(400 nm). As expected, the THz peak electric field is proportional to the bias electric field and the
pump fluence. All data in the figure have been fitted using (5), which takes into account the
saturation behavior of the THz field amplitude [6]-[17]

F
EradtHz =~ 8 (T/ﬁ) . (5)
sa
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Fig. 4. Bias field dependence of peak THz field from a ZnSe single crystal photoconductive antenna
(a) and from a polycrystalline ZnSe antenna (b) illuminated above the bandgap for three different
fluences.

Here, [ is a constant reflecting the amplitude of the radiated field, which depends on the applied
bias field.

In Fig. 3(a) and (b), the points are the experimentally measured values, and the solid curves are
fits to the data using (5). The peak THz field plotted as a function of the fluence shows clear
saturation behavior. By fitting the experimental data with (5), the saturation fluence was measured
to be 0.15 + 0.02 mJ cm 2 and 1.09 =+ 0.07 mJ cm~2 for mono- and polycrystalline ZnSe antennas,
respectively. Using these values in (3), we obtained a carrier mobility of 267 cm?/Vs for single
crystal ZnSe and 40 cm?/Vs for polycrystalline ZnSe. The carrier mobility for ZnSe single crystal is
higher than expected, which is due to iron impurities, which increases the carrier mobility.

In Fig. 3(c), the saturation fluence is plotted as a function of the applied bias field. The saturation
fluence is found to be independent of the applied bias field, which is particularly important for
scaling the THz antennas to higher output pulse energy. This is because the conversion efficiency
is a strong function of the bias field and saturation fluence, and thus, for (4) to be a reasonable
approximation, the saturation fluence must be independent of the bias field. The results presented
in Fig. 3(c) shows that this is indeed the case for both mono- and polycrystalline ZnSe.

3.3. Scaling of the Radiated THz Field With Applied Bias Field

In this section, we study the dependence of the bias field on the THz emission from mono- and
polycrystalline ZnSe antennas excited above the bandgap. In Fig. 4, we present the peak field of the
THz pulse from (a) ZnSe single crystal antenna and from (b) polycrystalline ZnSe antenna as a
function of the bias electric field for three different fluences. The three fluences are 3 x 1072,
7.5 x 1072, and 0.25 mJ cm 2 for the ZnSe single crystal antenna and 0.3, 0.8, and 1.2 mJ cm 2
for the polycrystalline ZnSe antenna. These three different fluences have been chosen so that one
is lower than the saturation fluence, the second is approximately equal to the saturation fluence,
and the third is higher than the saturation fluence of both crystals.

From Fig. 4(a), a linear dependence of the THz electric field is observed with the bias field up to
23 kV/cm for ZnSe single crystal for the three different fluences. At higher applied bias fields, strong
corona discharge was observed that damaged the crystals and reduced the emitted THz radiation.
From Fig. 4(b), we do not see a linear dependence of the peak THz field for polycrystalline ZnSe
antenna. This behavior has previously been reported in GaAs antennas [20]. The nonlinear
behavior was attributed to the nonohmic resistance in the metal contact of the semiconductor. In
our case, we observe a quadratic dependence at low bias field that becomes linear for bias fields
higher than 15 kV/cm. Also, consistent with what was reported in [20], the field threshold decreases
with increasing laser fluence as the conductivity of semiconductors crystal increases with
increasing carrier density. For the highest fluence, we observe the onset of saturation of the peak
THz electric field starting at 23 kV/cm. This may come from heating in the crystal with these higher
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bias voltages, which induce corona discharges reducing the bias voltage and limiting the THz
emission.

3.4. THz Emission Characteristics of ZnSe Antennas Excited Above and
Below the Bandgap

In Fig. 5, the peak THz electric field from a ZnSe single crystal photoconductive antenna is plotted as
a function of the excitation fluence, when pumped above (A = 400 nm) and below (A = 800 nm) the
bandgap (E4 = 2.67 eV). The applied bias voltage was 3 kV/cm. A strong saturation of the peak THz
electric field is observed in both cases, saturating to the same value. The saturation of the peak THz
field begins at a lower fluence when pumped at A = 400 nm compared with excitation below the
bandgap. This is expected since the latter is driven via two-photon absorption, in comparison with
direct linear absorption in the former process. The peak THz electric field, when excited at 400 nm,
follows (7). At 800 nm, the behavior of the peak THz electric field is completely different. Because of
the nonlinear absorption process, the THz peak electric field increases quadratically at low fluence.
For high fluence, we observe a linear dependence of the THz peak electric field from 0.7 mJ cm 2
up to 2.1 mJ cm~2. At even higher fluence, the THz peak electric field saturates to a value similar to
that observed at 400 nm. If we define the saturation fluence to be when the THz emission is one
half of the maximum peak THz field that is radiated, we obtain a saturation fluence of 1.23 mJ cm™2
for below the bandgap excitation. In comparison, the saturation fluence of the ZnSe single crystal
antenna excited above the bandgap is only 150 1J cm™2. In order to achieve the highest optical-
to-THz energy conversion efficiency, it is therefore necessary to drive ZnSe antennas above the
bandgap. We have also observed that when the antenna is pumped at 800 nm, the antenna
lifetime is reduced as a result of corona discharges that are created at the surface of the crystal.

3.5. Comparison of THz Emission From ZnSe and GaAs Antennas

In this section, we compare the performance of GaAs and ZnSe antennas. This comparison is
useful for two reasons: i) to estimate the optical-to-THz energy conversion efficiency and to
compare it with the most common LAPCA and ii) to evaluate the scalability of THz emission from
ZnSe single crystal antennas to determine if it has the potential to be a useful high-energy THz
source.

In Fig. 6, the peak THz electric field from GaAs, ZnSe single crystal and polycrystalline ZnSe
photoconductive antennas is plotted as a function of the excitation fluence. The bias voltage is fixed
at 2.5 kV/cm for the three different antennas. The GaAs antenna was excited at 800 nm and the
mono- and polycrystalline ZnSe antennas at 400 nm. The points are the experimental data and the
solid lines are the best-fit curves to the data using (5).

All antennas have the same design with a gap size of 1 mm and an electrode width of 2 mm. From
Fig. 5, we can see that the THz emission from the GaAs antenna is saturated at low excitation fluence,
which is in agreement with observations by many groups [16], [19], [27]. We can also observe a clear
saturation of the THz peak electric field for the ZnSe single crystal antenna. Such a strong saturation of
the THz electric field was not observed for the polycrystalline ZnSe antenna, even when illuminated
with a fluence as high as 3.5 mJ cm 2. Itis expected that if the fluence could be increased even further,
the THz peak electric field would saturate to the same value as for the GaAs and ZnSe single crystal
antennas. It was not possible to increase the fluence further because the output second harmonic
generation energy from the BBO crystal was a maximum for our laser system.

The difference between the three antennas can be explained by the difference in the carrier
mobilities of the three crystals, resulting in three different saturations fluences. Fitting the
data gives saturation fluences of 0.011+7 x 104 mJ cm2, 0.15+0.022 mJ cm2, and
1.07 + 0.065 mJ cm 2 for the GaAs, mono- and polycrystalline ZnSe antennas, respectively. The
second fitting parameter is the maximum THz peak electric field, whose values are 8.55 + 0.11,
8.50 + 0.13, and 8.52 + 0.1(arbitrary units) for GaAs, mono- and polycrystalline ZnSe antenna,
respectively. We can conclude that the THz field amplitudes saturate to the same absolute
value, which is expected in the THz-field-screening saturation regime.
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polycrystalline ZnSe photoconductive antenna. Squares are the experimental data, and solid lines are
fits to the data based on (5).

Fig. 7 shows the THz peak electric field from ZnSe single crystal and GaAs antennas as a
function of the bias voltage. Both antennas have been pumped above the bandgap (800 nm for the
GaAs antenna and 400 nm for the ZnSe single crystal antenna). The fluence was fixed at 92 ;.J cm™2
for the GaAs antenna and 700 1.J cm~2 for the ZnSe single crystal antenna. These two fluences were
chosen to be over the saturation fluence for each crystal. Breakdown of the GaAs antenna was
observed at 11 kV/cm, but for the ZnSe single crystal antenna, breakdown was not observed even at
bias fields of 14 kV/cm. Fig. 7 shows that compared with GaAs, stronger THz electric fields are
radiated with the ZnSe single crystal antenna. Also, Fig. 7 shows that the two curves have different
slopes. The slope of the GaAs antenna is higher than the slope of the ZnSe single crystal antenna
because of the different saturation fluences. This results in a slightly higher THz peak field with a
GaAs antenna at 92 ;J cm~2, compared with a ZnSe single crystal antennas at 700 pJ cm™2 (cf.
Fig. 6), which in turn results in a higher slope for the GaAs antenna seen in Fig. 7.

4. Discussion

In the previous section, the fluence dependence and the bias voltage dependence of mono- and
polycrystalline ZnSe antennas was presented. The comparison of the THz radiation between ZnSe
antennas and GaAs antennas was also presented. These results allow us to calculate, compare,
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TABLE 1

Parameters Used in the Calculation of the Optical to THz Conversion Efficiency Based on (4) as
Presented in Fig. 8

Parameters GaAs Zn3Se single crystal
Carrier mobility p (cmzlvs) 4000 267
Saturation fluence Fsat (HJem™) 10.5 150
1/e THz pulse length duration 1 (ps) 0,9 0,56

and discuss the optical-to-THz energy conversion efficiency and to examine which emitter is more
efficient and under what conditions it should be operated.

Since THz emission from photoconductive switches extracts energy from the bias field,
photoconductive antennas are expected to have a high optical-to-THz energy conversion efficiency,
making it attractive as a high-energy THz source. It was demonstrated that with the same antenna
design, higher THz electric fields could be generated with ZnSe photoconductive switches and,
therefore higher THz pulse energy in comparison with GaAs antennas. In this section, the scaling
behaviors investigated in previous sections will be used to demonstrate that we can expect to have
a better optical-to-THz energy conversion efficiency with ZnSe antennas than GaAs antennas.

First, we examine the question of which emitter most efficiently converts optical energy to THz
energy. In the experiments, breakdown fields occur at 11 kV/cm in GaAs antennas. Nonetheless, it
is safer not to apply bias fields higher than 10 kV/cm so that the GaAs crystal is not damaged. On
the other hand, for ZnSe antennas, breakdown did not occur with bias fields of 23 kV/cm. However,
it has been reported that ZnSe switches can withstand applied bias fields of up to 80 kV/cm [32].
Also, Holzman et al. worked with up to 125 kV/cm bias voltage with polycrystalline ZnSe
photoconductive antennas, pumped below bandgap, and did not observe saturation of the THz
electric field [27]. From (4), we calculate the maximum THz conversion efficiency expected from a
GaAs and ZnSe single crystal photoconductive antenna at different bias fields. The values used in
the calculation are summarized in Table 1. The results are plotted in Fig. 8.

Fig. 8 shows the quadratic dependence of the maximum efficiency on the applied bias field. As
we can see in Fig. 8, the maximum optical-to-THz conversion efficiency is lower with a ZnSe
photoconductive antenna at a bias field of 23 kV/cm, compared with a GaAs antenna at bias field of
10 kV/ecm (7.13 x 10~ versus 2.84 x 1079).

However, it is not possible to apply bias fields higher than 11 kV/cm on a GaAs antenna without
breakdown. If we apply a bias field of 48 kV/cm to a ZnSe single crystal antenna, we could expect
an optical-to-THz energy conversion efficiency equal to that of a GaAs antenna with a bias field
of 10 kV/cm. To apply such bias field, the antenna must be placed in a vacuum because the
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Fig. 8. Maximum THz efficiency versus applied bias field for ZnSe single crystal antennas and GaAs
antennas excited above the bandgap.

breakdown voltage of air at atmospheric pressure and room temperature is around 30 kV/cm.
However, if we are able to apply a bias field of 80 kV/cm with ZnSe antennas, we could expect to
have a maximum optical-to-THz efficiency of 7.92 x 10~3, which is approximately three times higher
than the efficiency with GaAs antennas. Operating with the ZnSe is more complicated, however,
because it requires pumping above the 2.67 eV bandgap, which requires a frequency doubling
crystal, such as BBO, to generate the second harmonic of the Ti:sapphire laser, which has an
efficiency that is usually in the range of 30-40%. Under these conditions, we can expect that the
optical-to-THz energy conversion efficiency from ZnSe antennas, including the conversion of the
frequency doubling crystal, is competitive with the 800-nm optical-to-THz energy conversion
efficiency of GaAs antennas.

The optical-to-THz energy conversion efficiency values calculated in Table 1 are the expected
values based on (4). The THz electric field was not calibrated in these experiments because of the
difficulty in measuring the THz beam spot profile and calibrating the linear electrooptic response of
the ZnTe crystal. Nonetheless, in Table 1, we calculate a maximum optical-to-THz efficiency with
GaAs antennas at 10 kV/cm of 2.84 x 10~2, which is slightly higher than the 1.6 x 1073 efficiency
that You et al. obtained when they generated 0.8 uJ THz pulses [19]. The difference could be
attributed to the 40 pJ/cm? fluence that You et al. used to excite the GaAs antenna, which
corresponds to a fluence around four times higher than the saturation fluence. Equation (4) is also
an approximate expression that can be expected to be reasonable to within a factor of two. It does
not take into account the THz pulse characteristics in space for example.

Next, to ensure that the estimates made above are realistic, we calculate and compare the ratio §
between the optical-to-THz energy conversion efficiency of ZnSe antennas and the optical-to-THz
energy conversion efficiency of GaAs antennas. 6 can be expressed as

2
At
20

Whhz =

(6)

Here, 7 is the optical-to-THz conversion efficiency, which is defined by

Wrhz
n= ( " ) )

Here, Wi, is the optical energy and Wry, is the THz energy, which can be approximated by [23]

pk |2
rA|EFY,

210

Wrhz ~

(8)
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TABLE 2

Parameters Used in the Estimation Using (13) of the Ratio of Optical to THz Conversion Efficiency
Between a ZnSe Antenna and a GaAs Antenna

Parameters GaAs ZnSe single crystal
THz peak electric field (Arb. Units) 4.26 4.26
Bias field (kV/cm) 3 3
Optical energy Win (uJ/icm?) 10.5 (800 nm) 133 (400 nm)
1/e pulse length duration t (ps) 2.39 2
Ratio of efficiency & 6.6x1072

Here, 7 is the 1/e THz pulse width, A is the area of the THz beam at the detector, and Ery; is the
THz peak electric field. When the THz peak electric field from ZnSe antenna is equal to the THz
peak electric field of the GaAs antenna, and if we assume that the area of the THz beam on the
crystal detector for ZnSe and GaAs antenna are equal, 6 becomes

§ A (TZnSe VVin,GaAs) ' (9)
TGaas Win znse

Table 2 summarizes the different parameters of GaAs and ZnSe single crystal antennas
during the experiments of Fig. 5, where we compared the THz radiation from ZnSe and GaAs
antennas.

From Table 2, we find that the ratio 6 = 6.6 x 10~2 between the optical-to-THz efficiency for the
ZnSe single crystal antenna and the GaAs antenna at a bias field of 3 kV/cm and with fluence close
to the saturation fluence. In comparison, the same ratio 6 from the optical-to-THz efficiency
calculated from Table 1 at 3 kV/cm for ZnSe and GaAs antenna is 4.3 x 1072, The two results are
comparable. Therefore, the results in Table 2 indicate that our calculated optical-to-THz energy
conversion efficiency with ZnSe antennas in Table 1 is realistic.

Based on our experiments and on (4), we showed in this section that ZnSe single crystal
antennas excited above the bandgap could operate with higher optical-to-THz energy conversion
efficiency, in comparison with GaAs antennas or optical rectification sources (i.e., ZnTe and LiNbO3
sources). Thus, there is strong incentive to work with ZnSe antennas pumped above the bandgap to
create an intense THz source with high THz pulse energy using an amplified Ti:sapphire laser and a
moderate-sized crystal. For example, if we work with a 6-cm gap ZnSe single crystal antenna, we
will require a pump laser of at least 5.5 mdJ at 400 nm (around 16 mJ at 800 nm) to work at the
saturation fluence. With a THz efficiency of 7.92 x 1073, we expect to generate THz pulse energy of
43 pd. On the other hand, if we were to work with GaAs antennas and generate THz pulse energy of
43 uJ, we would require at least 15 mJ (2.84 x 1023 THz efficiency) to work at the saturation
fluence (10.5 pJ/cm?) at 800 nm, which requires a 38-cm gap size GaAs antenna. Working with
such a large antenna and laser beam size is highly inconvenient, requiring one to work with large
optics and crystals. With this very simple example, we can see that in comparison with a GaAs
antenna, scaling up to high THz energy using ZnSe single crystal antennas is advantageous
because of its higher optical-to-THz energy conversion efficiency and its higher saturation fluence.
We should note that the use of high bias fields (80 kV/cm) to the ZnSe antennas requires one to
work in a vacuum. At the ALLS laboratory of the INRS, we have already developed a THz source
with large ZnTe crystal that is placed in a vacuum, which can generate a 1.5-uJ THz pulse [6]. Once
the scaling up of the ZnSe single crystal antenna is completed, we plan to pump the ZnSe antenna
with the 100-Hz laser at the ALLS laboratory using this vacuum chamber.

5. Conclusion

In conclusion, we have generated THz radiation with ZnSe large aperture photoconductive
antennas excited above and below the bandgap. We demonstrated that it is unfavorable to work
below the bandgap, because of the low optical-to-THz conversion efficiency and thermal runaway
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of the antenna. We also demonstrated that it is more advantageous to work with ZnSe single crystal
than with CVD polycrystalline ZnSe, due to the higher mobility in the single crystal ZnSe, which
results in higher optical-to-THz conversion efficiency. Finally, we compared the performance of
ZnSe and GaAs antennas, and we conclude that higher THz electric fields can be generated with
ZnSe antennas and higher THz pulse energies and that ZnSe antennas are expected to have a
higher optical-to-THz conversion efficiency compared with GaAs antennas. While the higher
conversion efficiency in ZnSe requires a more complicated set-up than GaAs, the advantages over
GaAs become clear when scaling to high optical energies, which are particularly interesting for
investigating nonlinear THz-matter interactions.
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