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Abstract

We present our studies on both photoconductive (PC) and electro-optic (EO) responses of
(Cd,Mg)Te single crystals. In an In-doped Cdy 9oMgp.osTe single crystal, subpicosecond electrical
pulses were optically generated via a PC effect, coupled into a transmission line, and,
subsequently, detected using an internal EO sampling scheme. For both photo-excitation and EO
sampling, we used femtosecond optical pulses generated by the same Ti:sapphire laser. The
shortest transmission line distance between the optical excitation and EO sampling points was 75
um. By measuring the transient waveforms at different distances from the excitation point, we
calculated the transmission-line complex propagation factor and then reconstructed the
electromagnetic transient generated directly at the excitation point, showing that the original PC
transient was subpicosecond in duration with a fall time of ~500 fs. Finally, the measured EO
retardation, together with the amount of the electric-field attenuation, allowed us to determine
the magnitude of the internal EO effect in our (Cd,Mg)Te crystal. The obtained THz-frequency
EO coefficient r4; was equal to 0.4 pm/V, which is at the lower end among the different values
reported for CdTe-based ternaries, possibly due to the twinned structure of the tested (Cd,Mg)Te
crystal.



Cadmium telluride is a very well studied II-VI semiconducting compound possessing a wide
range of applications including solar cells [1, 2, 3], x-ray and gamma detectors [4] and optical
modulators [5]. In addition, the incorporation of elements such as Zn, Mn, or Mg into the CdTe
lattice results in tunable ternary compounds, that have led to a myriad of novel devices ranging
from photoconducting and optoelectronic to magneto-optic. (Cd,Zn)Te is one of the main
materials used as an x-ray and gamma-ray detector and is commercially available [6, 7], while
(Cd,Mn)Te is among the best-known diluted magnetic semiconductors [8, 1]. In addition,
(Cd,Mn)Te has been known for its interesting properties, both magneto- and electro-optic [9,
10], and recently has been successfully implemented in time-resolved x-ray detectors [11].

Cadmium magnesium telluride [(Cd,Mg)Te, (CMgT)] is the most-recent extension of the CdTe-
based ternary family [12], but the extent of research performed on this material has been limited
to its bulk properties [13, 14, 15, 16] consisting mainly of absorption and refractive nonlinearity
studies [17]. As the other members of the family, Cd; Mg, Te has a stable zinc-blende crystalline
structure and direct energy bandgap that can be linearly tuned for Mg concentrations x up to
0.70, while maintaining the parent lattice structure. In the case of the CMgT, however, this
tuning range of the energy bandgap is the steepest, extending from the near infrared to the visible
part of the spectrum [18]. The latter means that the optimal energy bandgap is attainable using
the lower (as compared to other ternaries) content of Mg in CdTe and in this way minimizing
lattice distortions and other alloy broadening effects. Another important advantage of CMgT is
that its lattice constant is very similar to both MgTe and CdTe crystals, ensuring growth of high-
quality CMgT single crystals with reduced stress. The latter features make CMgT a highly
promising material for x and y-ray detection, e.g., as a handheld radioisotope identifiers [12].

As the other members of the CdTe-based ternaries, CMgT has a non-centrosymmetric crystalline
configuration, which permits the Pockels effect, i.e., a linear birefringence that can be induced on
an appropriately polarized optical input beam [19, 20]. This type of electro-optic modulation is
based on voltage-dependent retardance. For a polarized optical beam passing through a CMgT
crystal, the phase retardation ¢ related to the Pockels effect is expressed as

2nn(A)314,VL
= 1
d , (1)
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where n(4) is the refractive index of CMgT at a given wavelength 4 of an optical input beam, V' is
the applied voltage, d is the electrode separation distance, 14 is the electro-optic coefficient, and
L is the interaction length, i.e., penetration of the electric field through the crystal. The crystal
only has one electro-optic term, r4;, because it is a member of the 43-group point symmetry [19].
The phase retardation presented in Eq. (1) corresponds to the best-case scenario (the maximal
EO effect), i.e., when the electric field vector £ is aligned along the <110> crystalline direction,
while the transmission line is deposited on the (110) surface of the CMgT crystal.



The aim of this paper is to demonstrate that highly resistive CMgT single crystals simultaneously
exhibit strong photoconductive (PC) and electro-optic (EO) effects. In order to demonstrate this,
we designed a so-called “experiment-on-chip” measurement, using a single, (110) oriented
CMgT platelet with a deposited Au coplanar transmission line. Next, we optically triggered a
sub-picosecond electrical transient using an ultraviolet pump pulse (surface excitation of carriers
between a dc-biased coplanar transmission line), coupled it into the transmission line and,
subsequently, time-resolved it with a subpicosecond resolution at a distance of ~75 ym away
from the excitation point with the help of an internal EO effect in the CMgT volume. An infrared
probe pulse transmitted through a volume of the crystal was used in the measurement. The above
arrangement allowed us to directly measure the CMgT photoconductive response and a
subsequent nonequilibrium, intrinsic carrier relaxation dynamics in the CMgT crystal-these
features are most important properties for the crystal radiation detection applications. At the
same time, we managed to determine the magnitude of the EO effect in our CMgT material.

Our CMgT test samples were In-doped Cdy9:Mgp osTe single crystals grown using a vertical
Bridgman method, following the procedure described in Ref. [12]. After the growth, the crystals
were cut into (110)-oriented platelets and annealed in Cd vapor in order to improve their
crystallinity and reduce the number of Cd vacancies, common for all Cd-based crystals.
Subsequently, the surfaces were mechanically polished to remove any micro-scratches, followed
by a chemical polishing in a 1% bromine-in-methanol solution. X-ray diffraction studies
revealed that in our specimens the top surface, actually, deviated up to 10 degrees from the
normal [110] direction. In addition, the crystals were strongly twinned and a twin mosaic had
grains with sizes up about 20 um. The latter, as we show below, affected our ability to observe
the maximal EO retardation, as described in Eq. (1). In the next step, the platelets were moved
into a sputtering deposition system where they were pre-cleaned in an argon ion plasma at 300 V
bias for 20 s in order to remove native oxides. A 200-nm-thick Au film was sputtered on the
surface of the CMgT sample with a coplanar strip (CPS) transmission line patterned in a lift-off
process that is shown in the bottom-right inset in Fig. 1. The CPS lines are 100-ym wide with a
25-um gap.

Electrical characterization of our sample was carried out by measuring the dc current voltage (I-
V) characteristics, both in the dark and under 400-nm pulsed light illumination with a nominal
average power of 12 mW. The I-V curves (not shown) exhibited, in both cases, an ohmic
behavior, and the resistivity of our crystals measured in the dark was on the level of 10* Q-cm.
The responsivity, calculated for a 12-mW light power with a 50-um-diam spot size, linearly
increased with the bias and reached a value of 22 mA/W at a 10-V bias, corresponding to a
photon detection efficiency of ~3.4%.

Time-resolved measurements of the CMgT photoresponse were performed using the laser system
described in detail in [21]. Briefly, we used a mode-locked Ti:sapphire laser emitting a train of
~100-fs pulses at 820-nm wavelength and a 76-MHz repetition rate. The laser output was split
into two beams, designated as “the excitation and sampling trains,” respectively, using a 60/40



beam splitter. The train of excitation pulses was frequency doubled using a BaB,0O4 crystal and
modulated with an acousto-optic modulator operating at 243 kHz, while the sampling train,
directly generated by the laser, was delayed with respect to the excitation pulse by passing
through a computer-controlled delay stage. The excitation pulses were focused to a ~50-um-
diameter spot to uniformly illuminate the gap between the dc-biased CPS lines, forming a so-
called sliding contact [22] (see the bottom-right inset in Fig. 1) and triggering photo-generated
electrical transients, which were launched into the CPS line. The sampling pulses, in turn, passed
through a half-wave plate to align the beam polarization parallel to the electric-field transient
generated across the transmission line via the PC effect. These pulses were focused to a 25-um-
diameter spot, and, finally, passed through the gap between the CPS lines. In the presence of an
electric field from a propagating electrical transient, their polarization plane was tilted by ¢
degrees due to the Pockels (EO) effect, following Eq. (1). On the other side of the sample, the
sampling beam was sent through a quarter-wave retarder that acted as a compensator, fed into a
polarizing beam splitter, and, finally, detected by a pair of balanced photodetectors. The output
from the photodetector was linked to a lock-in amplifier, which was synchronized to the
modulation frequency of the pump beam. The 820-nm wavelength of the sampling train beam
was chosen in order to assure that 1.52-eV energy of the sampling photons was not only below
the 1.63-eV Cdy.o:MgoosTe energy gapl but also below the band-tail states, which, in turn, would
ensure high transmissivity of the sampling train through our 1-mm-thick CMgT platelet.
Photoconductivity measurements with our sampling beam showed no significant response
dismissing the possibility of excitation by two-photon absorption or ionization of deep levels.
The system response was calibrated by measuring the voltage response (amount of birefringence)
induced by a continuous-wave signal with an amplitude of 1.16 V and frequency of 243 kHz
applied between the coplanar strip lines. The low-frequency EO sampler calibration has been
done under a standard assumption that the EO effect is not sensitive to the electric field
frequency as long as the energy of probing photons is below the energy gap of an EO crystal
[23].

We collected a number of CMgT photoresponse transients at several distances away from the
excitation point, ranging from 75 ym to 325 um. The transient recorded at the shortest distance,
namely 75 um, is presented in Fig. 1. The signal exhibits a 2.3-ps rise time (based on the 10% to
90% amplitude criterion), while its trailing edge represents the photo-carrier relaxation dynamics
and can be very well fitted by a single exponential function with a decay time equal to 3.7 ps.
Obviously, the temporal shape of the pulse is affected by a relatively long propagation distance
from the excitation spot, which is discussed in the next paragraph. The top-right inset in Fig. 1
presents the same pulse, but it is shown on a much-longer time scale. We note that the main
transient is followed by a series of post-pulses corresponding to the reflections from the contact
pads located at both ends of the transmission line. The indicated ~40-ps delay between the main

"The energy gap was determined using a Perkin-Elmer Lambda 900 spectrometer; the value agrees well with the
literature [12].



pulse and the first reflection peak corresponds to the round-trip distance between our sampling
spot and the CPS biasing contacts, and the second feature is “a reflection of the reflection.”

Figure 2 shows the full-width-at-half-maximum (FWHM) values (solid circles) of the measured
photoresponse as a function of the distance along the CPS line from the excitation spot. We note
that the dependence is linear, as one would expect from the electric transient propagation in the
quasi TEM regime. To determine the amount of distortion introduced by our CPS line, we
performed a standard frequency-domain analysis of our signals [24] following an approach
presented in [25]. First, we computed the frequency dependence of the complex propagation
factor y(f) for our transmission line by dividing the frequency spectra of the waveforms measured
at points 125 um and 175 um from the excitation spot. Next, knowing y(f), we numerically back-
propagated one of the experimental transients toward its zero-distance plane (excitation spot) on
the CPS line. The actual intrinsic transient generated by the photodetector is shown in the
bottom-right inset in Fig. 2. We see that it has a peak amplitude of 730 mV, a FWHM of 600 fs,
and a fall time of ~500 fs. The FWHM of the zero-distance pulse is indicated by the open circle
in Fig. 2. Note that our intrinsic photoresponse signal has a 3-dB bandwidth up to 480 GHz and
a 10% bandwidth above 1.8 THz. The signal’s leading edge corresponds to the integral of the
excitation pulse (optical energy delivered), while the subpicosecond fall time indicates that our
CMgT crystal must have a large number of shallow traps, and that trapping is the main relaxation
mechanism [26]. The top-left inset in Fig. 2 presents the peak amplitudes (solid circles) of our
experimentally measured photoresponse transients as a function of the propagation distance from
the excitation point. As expected, the experimental data can be very well fitted (solid line) with
an exponential decay and an attenuation constant of & = 0.005 ym™.

In our experimental configuration, the CMgT crystal acts as an EO intensity modulator and
measures the change in probe intensity that, subsequently, is recorded by the photodetector and
read out by the lock-in as the voltage AV. Therefore, the differential transfer function of our EO
sampling system is [27]

AV 1 .

— = =sin(d) =

v 2 (2)
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where V) is the dc component induced by our sampling beam with no excitation, and ¢ is given
by Eq. (1). Throughout our measurements the A¥V/V; ratio remained below 107, so 0 was always
much smaller than 7.

Figure 3 presents the measured AV values of our photoresponse transients as a function of the
average power of the excitation train for a sampling train characterized by 100 ©W of average
power, a spot size diameter of 25 um, and a CPS bias voltage of 10 V. We note that while for
low pump powers, our data points follow a linear dependence, the overall dependence can be
fitted very well (solid black line in the Fig. 3 main panel) using a saturable absorption-type curve
ox/(1+px) [28], where o represents the linear response for small pump powers, and 1/p is the



power necessary to achieve a half the maximum response voltage. In our case, the linear
response is 6 = 3 uV/mW, while half the maximum response voltage occurs at 86 mW.

Next, by combining Egs. (1) and (2), we calculated the EO coefficient r4; of our CMgT sample.
As a reference point, we used the pump power of 12 mW, since most of our experiments were
performed using this pump power (see, e.g., Figs. 1-2). Under these conditions, AV =30 uV
(Fig. 3) and the dc offset /'y = 0.15 V, corresponding to the static birefringence. Simultaneously,
n(A=820 nm) = 3.0, determined by the independent ellipsometry measurements. The inset in Fig.
3 shows a simulated electric-field distribution across our 1-mm-thick CMgT crystal under CPS
lines with the separation of 25 ym and applied transient peak voltage of 580 mV (see the main
panel in Fig. 1). The bulk of the electric-field penetration is extended to about 200 xm under the
crystal top surface. The latter value corresponds very well to the field penetration depth taken as
the inverse of the attenuation a obtained from the top-left inset in Fig. 2, and was used in our
calculations as the field interaction length L in Eq. (1). Using the above values, as well as the
CMgT dielectric properties, i.e., its dielectric permittivity and the finite resistivity value, and the
dimensions and parameters listed previously, we calculated r4; to be ~0.4 pm/V. The latter value
is near the lower end of the range of EO coefficients reported in literature for other CdTe-based
ternaries [5]. It is possible, however, that our low value of r4; is to some extent due to the quality
of the crystal we tested, i.e., a twin mosaic and the crystal surface 10° misorientation. Ultimately,
see Eq. (1), one should use a twin-free crystal with a transmission line deposited on the (110)
surface along the <100> crystalline direction, so the E field is along the <110> direction.
Materials with a low concentration of tail-band states may also exhibit better EO properties.

In conclusion, we demonstrated simultaneous subpicosecond PC and EO effects, measured in the
same CMgT single-crystal sample. The intrinsic PC transient, generated using 100-fs-wide, 410-
nm-wavelength optical pulses, exhibited a 600-fs pulse width with an amplitude of over 700 mV.
Only 75 um away from the transient generation point, the signal was sampled in the same crystal
via the internal EO effect with subpicosecond resolution. By sampling the PC transients at
different points along the transmission line, we managed to fully characterize the propagation of
the signal along the CPS line, specifically the attenuation constant, the inverse of which was used
as the EO effect interaction length, allowing us to determine the THz-bandwidth EO coefficient,
rq = 0.4 pm/V, for the In-doped Cdy9:Mg 0sTe crystal. The observed subpicosecond
photoresponse for CMgT demonstrates that these crystals should function well as ultrafast
radiation detectors, and it is expected that ultrahigh-resistivity crystals (>10° Q-cm) would
exhibit even better PC properties. Finally, CMgT also possesses an EO coupling coefficient in
line with similar materials.
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Figure 1: A time-resolved CMgT photoconductive response measured at 75 um from the
excitation spot via the electro-optic effect. The top-right inset shows the same signal but in a
larger time window, showing the post-pulse peaks caused by the reflection of the optical pulse at
the bias contacts, 2.5-mm away from the probe site. The bottom-right inset features a picture of
our CPS lines fabricated on a (110) surface of the CMgT crystal with the excitation and sampling
beams indicated, blue and red dots marks, respectively. The excitation average power was 12
mW, and the pump-pulse wavelength was 410 nm. The CPS line DC bias was 10 V.
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Figure 2: Full with at half maximum of the photoresponse pulses recorded at different distances
from the photoswitch. All measurements (solid circles) were performed using the pump pulses
with 12 mW of averaged power. The open circle denotes our intrinsic, “back-propagated” pulse.
The sampling train had an averaged power of 1 mW and 820-nm wavelength. The 600-fs
FWHM of the intrinsic pulse (open circle) was calculated using the methods of Whittaker et al.
[24]. The simulated waveform of the intrinsic pulse (at zero propagation distance) is included in
the bottom-right inset. The top-left inset shows the peak voltages of pulses sampled at different
distances from the photoswitch (red dots) and the single-exponential fit (black line) with an
attenuation constant a = 0.005 ,um'l.
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Figure 3: Amplitude of the PC-generated pulses (red dots) as a function of pump power with the
sampling beam held fixed at 100 xW at 820 nm, and the bias fixed at 10 V. The data points were
fit (black line) to a saturable absorption model having the initial linear response of ~3 uV/mW.
The inset features a COMSOL simulation of the electric-field distribution throughout our 1-mm-
thick CMgT crystal. The simulation assumes a 580-mV, transient-peak voltage amplitude across
the CPS line, as measured at the distance of 75 um from the excitation point (see Fig. 1).
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