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Introduction

Terahertz (THz) radiation corresponds to electromagnetic spectrum lying between
microwaves and infrared at frequency range from 0.1 to 30 THz (1THz = 10!2Hz =
4meV). Most organic materials, chemical compositions, biological agents exhibit
spectral fingerprints in this region. However, THz range is rather complicated to
implement into practice because operation principles for devices are neither truly
electronic, nor truly optical. Progress in development of coherent THz Time-Domain
(TDS) spectroscopy systems in last decade allowed to exploit this frequency range in
various scientific as well as numerous practical applications [1]. Although coherent
systems exhibits very large dynamic range, they are not very well suited for fast and
compact THz imaging systems due to necessity to measure THz impulse waveform.
That is why non-coherent THz imaging systems with fast operation are considered for
practical applications (such as security systems, quality control, etc.). Possible option
would be to avoid coherent detection, but this would require new more powerful
emitters and amplifiers and/or more sensitive detectors. Therefore, beam shape of
THz emitter and its influence on image quality is also rather relevant, especially when
dimensions of emitter is decreased below wavelength and additional beam shaping
may add some power loss.

As for modern room temperature THz emitters, Quantum Cascade Lasers (QCL)
with intracavity difference-frequency generation are now of particular interest [2].
However, these devices operate at higher frequencies (=~ 3THz), but for practical
needs, longer penetration depth is needed, hence, frequencies below 1 THz are of
preference. Invention of Molecular Beam Epitaxy technology stimulated huge sci-
entific interest in artificial materials, having desirable properties defined rather by
materials layer thickness than properties itself. One of the exciting options in mate-
rials engineering was semiconductor superlattices (SL) as a medium to excite Bloch
oscillations (BO) as it was suggested by Esaki-Tsu in 1971 [3].They were discovered
in optical experiments, however, still neither scientific works revealing signatures of
electrically pumped BO nor Bloch lasing are published.

Special technological requirements are considered for spectroscopic THz imaging
systems essential for practical applications allowing one direct determination of ma-
terial composition without measuring full spectrum. For real-time operation fast
response broadband THz detectors or cameras with a few color pixels are required.
Recent development of THz detectors resulted with some high performance sensors,
such as Schottky diodes and field effect transistors, but complicated technology de-

termines high prices of such devices. THz sensors displaying good sensitivity, fast
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operation speed, resistant to electrostatic noise, suitable for array fabrication, and
manufactured by industrial low cost technology remains an important issue. Also,
the preference would be devoted to planar technology solutions.

This doctoral thesis concentrates on finding, investigating, and applying new so-
lutions for fast, compact, relatively easy to use, room-temperature spectroscopic
imaging systems. Comprehensive complex study was carried out involving all main
devices of THz imaging systems including sources, amplifiers, optical components
and detectors. Main results of this work are distributed throughout 4 main chapters.

In the 1st chapter the results of experimental study on THz surface emitter based
on p-i-n-i-type AlGaAs/GaAs heterostructure designed by A. Reklaitis [4] are pre-
sented. The 2nd chapter is dedicated to consistent investigation of AlGaAs/GaAs
superlattice diode as a medium with strong homogeneous electric field required for
the manifestation of stable and modulated Bloch gain. In the 3rd chapter exper-
imental study revealing how usage of multimode laser source influences quality of
THz images. Spectroscopic THz imaging system employing TEMg; laser mode was
applied for the THz imaging of silicon solar cells. The last 4th chapter of the the-
sis is dedicated to the investigation and application of new innovative non-coherent
THz detector solutions. Using spectroscopic imaging the principal component ana-
lysis of explosive simulators based on sucrose and tartaric acid was carried out. In
such experiment broadband bow-tie InGaAs diodes and resonant antenna-coupled
field effect transistors were used as THz sensors for the first time. As for THz ima-
ging systems with optoelectronic emitters, usually used in coherent THz time-domain
systems, non-coherent sensitive low noise sensors based on titanium microbolometers
were applied for spectroscopic imaging of samples made of lactic acid and tartaric

acid compounds.

Main goal and objectives

Main goal of this doctoral thesis is to find, investigate, and apply new solutions for
compact room temperature spectroscopic imaging systems for terahertz frequency
range based on solid state components.

To achieve this goal the following objectives were addressed:

1. Experimental investigation of terahertz surface emitter based on delta-doped
p-i-n-i GaAs/AlGaAs heterostructure exciting it with femtosecond optical pul-
ses and compare its operational characteristics with InGaAs and InAs surface

emitters.



2. Development of electrically pumped environment suitable for the manifestation

and experimental observation of Bloch gain:

a) adaptation of controlled injection theoretical principles, similar to sub-
critical Gunn amplifiers, to the superlattice-based diode.

b) theoretical determination of conditions necessary to form homogeneous ele-
ctric field profile in semiconductor superlattice;

¢) application of nanosecond DC voltage pulses together with microwave tech-
niques for the investigation of high electric field induced phenomena in
semiconductor superlattice, development of fast computer controlled data
acquisition software required to realize experiment;

d) investigation of high electric field induced Bloch gain signatures in micro-

wave frequency range in semiconductor GaAs/AlGaAs superlattices.

3. Investigation of spatial resolution and applicability of imaging systems using
terahertz radiation source with higher order beam mode.
4. Exploration of innovative compact teraherz radiation detector solutions and

their applicability for spectroscopic imaging in a direct detection mode.

Scientific novelty

Scientific novelty of this work is based on the following statements.

1. For the first time delta-doped p-i-n-i GaAs/AlGaAs heterostructure designed
for efficient emission of terahertz radiation under excitation with femtosecond
optical pulses by A. Reklaitis (Phys. Rev. B 77, 153309, 2008) was experimen-
tally investigated. It was revealed that such structures are effective terahertz
emitters which efficiency under certain conditions is better than InGaAs and
InAs surface emitters.

2. Diodes based on strongly coupled Silicon doped GaAs/AlGaAs superlattices
with injection limited contacts designed to create environment suitable for Bloch

gain manifestation were investigated both theoretically and experimentally:

a) using similar theoretical principles as for injection controlled sub-critical
Gunn amplifiers, the analytical model was proposed for superlattice diode,
allowing to find suitable condition to implement homogeneous electric field
profile necessary for Bloch gain;

b) it was experimentally shown that using injection controlled GaAs/AlGaAs
superlattice diode stable and modulated Bloch gain can be observed in

microwave frequency range at room temperature.
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3. TEMyp; laser mode was applied for THz imaging of silicon solar cells. It was
shown that for given multi-mode laser operation the proper selection of focusing
optics allows one to write high quality images.

4. Innovative compact THz radiation detectors were applied in direct detection

spectroscopic imaging:

a) asymmetrically-shaped InGaAs diodes were applied for spectroscopic ima-
ging in the frequency range of 0.5-2.52 THz and employing principal com-
ponent analysis explosive simulators fabricated from sucrose and tartaric
acid were identified;

b) frequency range for spectroscopic THz imaging was extended up to 4.25 THz
using patch-type antenna-coupled field effect transistors as THz sensors ex-
ploiting plasmonic mixing phenomenon;

¢) non-coherent room temperature detectors based on titanium microbolome-
ters were applied in spectroscopic imaging system with optoelectronic THz

emitter.

Statements to defend

1. Delta-doped p-i-n-i GaAs/AlGaAs heterostructures excited by femtosecond la-
ser pulses are effective terahertz radiation emitters with emitted power excee-
ding power emitted by InGaAs and InAs surface emitters if optical pump fluence
does not exceed 0.711J/cm? and 7 pJ/em? for pump pulse repetition rate of 82
MHz ir 1 kHz, respectively.

2. Asymmetric injecting /blocking contacts — Schottky contact and heterostructure
- can be used to create homogeneous electric field in GaAs/AlGaAs superlattice
within a range of applied bias voltage values. Under these conditions in strongly
coupled GaAs/AlGaAs superlattice diode Bloch gain can be observed.

3. The use of focusing optics with short focal distance in the imaging system with
a radiation source emitting TEMgy; beam mode of terahertz radiation allows
one to record good quality terahertz images with spatial resolution close to the
diffraction limit.

4. InGaAs bow-tie diodes are suitable for room temperature active spectroscopic
imaging in terahertz frequency range under the conditions of emitters operating
in milliwatts power range. Upper limit of imaging frequency range is determi-
ned by electron momentum relaxation time. Frequency range for spectroscopic

imaging can be extended using plasmonic mixing in nanometer field effect tran-
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sistors.

5. Non-coherent room temperature detectors are suitable for spectroscopic imaging
systems with optoelectronic terahertz radiation emitters if their noise equivalent
power is in order of 10 pW//Hz.
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1 Coherent terahertz radiation emission from

photoexcited electron-hole plasma

Wide bandwidth terahertz radiation emitted from photoexcited semiconductor sur-
faces with femtosecond laser pulses [5] is widely used for spectroscopic needs. Under
high-repetition-rate excitation conditions the best THz surface emitter is known to
be p-type InAs due to a combination of strong optical rectification and a pronounced
photo-Dember effect. Other materials like n-type InAs and InGaAs was found to be
of lower efficiency [6]. If one considers emitters employing transient photocurrents
in surface depletion fields , such as p-i-n GaAs or low temperature grown GaAs,
its efficiency is limited because only a part of excited carriers contributes to the
transient current. Reasons for this are (I) the exited region extends far beyond the
surface-field region, and (II) the built-in electric field may rapidly be screened by the

excited photocarriers. Second, the plasma frequency of the excited carriers depends

on photoexcited carrier density as @ = \/®3 — y2/4, where wp = SEZL frequency of
undamped plasma and 7y is momentum relaxation rate. Due to that plasma frequen-
cy is position-dependent both in vertical and horizontal directions. Therefore, the
amplitude of the resulting transient current rapidly drops due to interference effects
[4]. To improve the efficiency of emitters, the electric-field and absorption profiles
need to be optimized. A new type of efficient THz emitter, based on cascade p-i-n-i
GaAs/AlGaAs heterostructure, was suggested by A. Reklaitis [4].

In this work experimental investigation of such emitter was carried out. Opti-
mal excitation conditions were found and emission from p-i-n-i heterostructure was

compared with that of p- and n-type InAs and InGaAs emitters.

1.1 GaAs/AlGaAs p-i-n-i emitter

For the experiment GaAs/AlGaAs p-i-n-i heterostructure was grown by K. Kéhler!

using molecular beam epitaxy. Heterostructure design was calculated by A. Reklai-

tis?.

! Fraunhofer-Institut fiir Angewandte Festkoperphysik, Freinburg, Germany
2Center for Physical Science and Technology, Lithuania
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Figure 1. Design of Al,Ga,_;As/ Aly45Gag 55As heterotructure terahertz emitter.

A plot with the design of heterostructure is shown in Fig. 1. It is composed of
five periods of unintentionally doped Al,Ga,_jAs/Aly45Gag ss5As layers. Alternating
n- and p-type 6-doped GaAs layers are inserted at the Al,Ga,_1As/Aly4s5Gag ssAs
interfaces. The different aluminium mole fractions x of the Al,Ga,_1As layers ran-
ging from 0.08 (top, & = 1.524eV ) to 0.00 (bottom, & = 1.424eV) are selected to
ensure equal average electron and hole densities in each layer after photo-excitation.
This is achieved by means of a slight increase of the absorption coefficient o; in the

Al Ga,_1As layers, thus counteracting the decrease of excitation intensity with inc-
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reasing penetration depth. o; values for each optically-active layer are 0.55; 0.65;
0.75; 0.95 and 1.25um™!, respectively, for wavelength A = 800nm. Inverse absorption

coefficient Oci_l

exceeds layer thickness L = 0.30um, so that the condition oL < 1 is
satisfied, meaning homogeneous distribution of photocarriers in each layer.

When heterostructure is excited by optical pulse, carriers are generated only in
the Al,Ga,_1As layers, while their movement in z-direction is restricted due to the
presence of the Aly45GagssAs barriers. Due to the strong internal electric fields the
photo-carriers are accelerated in their separate layers simultaneously which drives a

coherent plasma oscillation resulting in an enhanced THz emission.

1.2 Experiment

Experiment setup for THz emission excitation is shown in Fig. 2. Femtosecond
Ti:sapphire laser pulses were focused on the surface of emitter. So called z-scan
technique was implemented to vary excitation density via changing the distance
between the sample and the focusing lens. The emitted radiation was collected
by a parabolic mirror. The power of the emitted THz radiation was measured by
either a liquid-helium-cooled bolometer or a Golay cell. The setup was purged with

N2 gas or dry air in order to avoid absorption by water vapor.

[ ﬂ M2
J \ ;

| 4 THz detector
ey

Ti:saphire laser,
P,<450 mW, t__ <100 fs,

7 %imp

A,=750..800 nm, f_, = 82 MHz

v Trep

Optical Surface
modulator emitter

Figure 2. Experiment setup used for the excitation of THz emitters.

Initially the optimal excitation conditions were determined. By changing cen-
ter of the wavelength and pump power of the high-repetition-rate Ti:sapphire laser
(frep = 82MHz, T4, < 100fs), it was established that the highest power of the THz
radiation (1.25uW at the pump power of 400 mW) was found around 780 nm. Using
this wavelength z-scan experiments were carried out for p-i-n-i heterostructure and
compared with (111)-oriented p-type InAs (Ny =2 x 10'®cm™3), (100)-oriented 7n-
type InAs (Np =2 x 10'°cm™3) and undoped (100)-oriented Ing 53Gag.47As (thickness

500 nm) emitters excited under the same conditions.
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Figure 3. Emitted THz power dependence on the distance between sample and lens me-
asured with z-scan technique. Data for GaAs/AlGaAs p-i-n-i heterostructure is compared
with InAs and InGaAs emitters. Ay = 780nm, Py = 450mW, lens focal distance is 30.5cm.
[AS]

Experimental results using z-scan technique is presented in Fig. 3. It is seen that at
low optical fluences (z < 23cm), the Al,Ga,_;As/Aly45GagssAs emitter is found to
deliver the highest THz output power outperforming even the p-InAs emitter. The
emission from the Al,Ga,_1As/Alp45GagssAs emitter peaks at an optical fluence
of 0.71J/cm?, but then it saturates and decreases much earlier than for all other
emitters (InGaAs: 1.41J/cm?, n-InAs: 5.5 pJ/cm?, p-InAs: 8.5J/cm?). In all cases,
saturation results from the screening of the internal fields.

Screening of the internal fields by photo-exited carriers is one of the main effects
limiting maximum emission power of surface THz emitters. As it is seen from z-
scan results (Fig. 3) electric field screening leads to a dip in the THz power curve.
For the p-i-n-i emitter screening effect is much more pronounced than that for other
emitters. The reason behind this is long-lived charge carriers, because in the designed
heterostructure photo-exited electrons and holes are separated spatially making thus
recombination rather complicated.

In order to prove the aforesaid effect additional measurements were carried out
using low-repetition-rate laser system [7] (1 kHz instead of 82 MHz) with time-domain
electro-optical detection. In this case longer time between pump pulses allows carrier
to recombine, thefore, and screening by surviving carriers should drastically reduced.
Experimental data for low-repetition-rate excitation case are given in Fig. 4.

In this case Al,Ga,_1As/Alp45Gag s5As emitter saturates at 10 times higher optical
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Figure 4. (a) THz pulse energy values and (b) THz waveforms measured with low-
repetition-rate excitation from the p-i-n-i heterostructure for a series of optical fluences
from 0.45J /cm? to nearly 40J/cm?. [A5]

fluence of 71J/ cm? compared with high-repetition-rate case presented earlier. With
lower repetition rate screening of electric field is caused by carriers excited during
one pump pulse instead of over many pulse cycles. This is proven by the measured
THz waveforms shown in Fig. 4b. With rising optical fluence, around the saturation
point, the THz pulse is emitted earlier, shifting forward in time by several hundred
femtoseconds. This shift reflects the faster field dynamics at higher fluence, with the
consequence that the trailing part of the optical pulse contributes less and less to
THz emission because the internal field is screened more and more already by the
carriers excited by the leading part of the pulse.

The peak field reaches 300 V/cm (corresponding to a pulse energy of 8 pJ) when
the radiation is focused. As it is shown in Fig. 4a, the pulse energy remains higher
than that of the n-InAs sample up to the saturation point.

To summarize, for the first time THz surface emitter based on d-profile doped
p-i-n-i Al,Ga,_1As/Aly45Gag ssAs heterostructure was experimentally demonstra-
ted. Under excitation of femtosecond laser pulses z-scan technique was used to find
optimal excitation conditions. Obtained results were compared with InAs and In-
GaAs emitters measured under same excitation conditions. It was shown that THz
emission power from p-i-n-i emitter exceeds THz power emitted from InAs and InGa-
As emitters if excitation optical fluece does not exceed 0.7 pJ/cm? and 7 pJ/cm? for
pump pulse repetition rate of 82 MHz and 1kHz, respectively. THz emission power
can be increased with increasing carrier recombination rate. Solving this problem

may display p-i-n-i heterostructure emitter as a promising alternative to InAs THz
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emitters.

From the results presented in this chapter the 1st statement to defend
was formulated: Delta-doped p-i-n-i GaAs/AlGaAs heterostructures excited by
femtosecond laser pulses are effective terahertz radiation emitters with emitted power
exceeding power emitted by InGaAs and InAs surface emitters if optical pump fluence
does not exceed 0.711J/cm? and 7 pJ/cm? for pump pulse repetition rate of 82 MHz
and 1kHz, respectively.
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2 Signatures of Bloch gain in microwave frequency

range in controlled injection superlattice diode

Semiconductor superlattices (SL) are artificial periodic structures consisting of al-
ternating layers with different thickness. Esaki-Tsu suggested to use SL as an envi-
ronment to explore different physical phenomena of quantum origin in a solid state
or employ them as essential ingredient in modern devices including generation and
amplification of microwave and terahertz frequencies [3]. SL served as environment
to realize Bloch oscillations — quantum beats with spatial displacement excited by
femtosecond laser pulse [8]. In a stationary electrical transport approach, the Bloch
oscillations reveal themselves in terms of negative differential mobility (NDM) for
electric fields larger than some critical value. A device employing these features of
superlattice — electrically-pumped Bloch oscillator — is still not realized up to now.
On the other hand, from the point of view of modern devices, tailoring of electronic
transport in SL were successfully employed in realization of quantum cascade lasers
(QCLs) [9].

In contrast to QCLs operating at fixed frequencies, inherent feature of Bloch gain
is a broadband operation — the effect allows one to amplify electromagnetic radiation
(optical gain) below the Bloch frequency [10]. To realize the Bloch gain very high
and at the same time homogeneous as much as possible electric fields are needed.
In real experimental situations, the electric field is far from homogeneity [11] or its
homogeneity exists within a very short time, e. g. 10 ps scale[12].

The issue of the inhomogeneity of the electric field was known for a long time
in other type of semiconductor devices with NDM — in sub-critically doped Gunn
diodes [13]. It is worth noting, however, that if the Kroemer criterion, n x L, is less
than some critical value, despite of NDM regime, moving electric field domains does
not form. In order to set the operation into broadband gain dominated by NDM
mechanism, one needs to make electric field more spatially homogeneous and avoid
formation of undesirable regions with local fields strengths falling below the critical
value. To overcome the problem energy barriers were introduced at the injecting
contact into the devices [14]. In more general case, however, both dc and ac currents
in the stable amplifier will be determined not only by bulk space charge in the active
region, but also by properties of attached contacts [15].

In this chapter of thesis, investigation of injector-controlled strongly-coupled Ga-
As/AlGaAs superlattice diode designed for experimental observation of Bloch gain

was carried out. Design of molecular beam epitaxy grown SL based on GaAs/Aly3Gag7As
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heterostucture is shown in Fig. 5. SL was designed to have wide miniband of 104
meV, enabling thus stable operation up to electric field strength of 31E,,, where E., =
5.5kV /cm is Esaki-Tsu critical field. Length of active layers (L =236nm) and doping
density (N; = 10'®cm™3) was selected to satisfy stability criterion o = ek 57 <7

SOSrEcr
to avoid formation of electric field domains.
Schottky contact
(a) ! AuTi _! Control contact
GaAs, i 30 nm
Al,,Ga,,As, i 1nm
O 16 -3
30 x GaAs:Si, 10° cm 5nm 180 nm
Alo.sGawAsl i 1 nm
GaAs, i 25 nm
Al Ga, As:Si, T
21075910 et 100 nm Injection
x=0.3—=>0 contact
Al,,Ga,,As:Si, 2:10" cm®
800nm
ALGa, As:Si, 210" cm® | 450 (b) Waveguide
x=0>03 >
GaAs:Si, 10" cm® 100 nm : ,
. Gold wire
Sample
GaAs substrate, ~10" cm” g
- Coaxial connection Filter
%

Ohmic contact

Figure 5. Architecture of GaAs/AlGaAs superlattice diode (a). Cross-section view of
sample placement in waveguide (b).

The SL structure is embedded between asymmetrically designed non-ohmic con-
tacts — the Schottky and the heterostructure ones to create injection controlled media
with close to homogeneous electric field profile. The physical reason for this approxi-
mate homogeneity is related to the blocking nature of the injected contact, which
does not provide enough mobile carriers for developing of any electric field variation
with a large gradient.

Processed samples were placed in waveguide-type sample holder, which enables
to apply both microwave electric field and DC voltage bias. Microwave setup is
presented in Fig. 6. By applying DC bias to the sample the changes in microwave

transmission power are measured. To achieve very high DC electric field required
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for Bloch gain, nanosecond DC voltage pulses were applied via transmission line
technique. This enabled to observe high electric field induced microwave signatures

with nanosecond time resolution.

L4

Dr

Figure 6. Setup for microwave measurements consisting of the following components:
MW gen. - microwave generator, Aj > 3 - precise microwave power attenuator, FC - ferrite
circulator, FV1 and FV2 - ferrite valves, ZC - quarter wavelength impedance transformer,
Dr and Dy - detectors for reflected and transmitted power measurement, OSC - digital
oscilloscope.

The application of nanosecond pulses enabled to resolve four different physical
processes occurring in the SL diode with applied bias voltage. It is illustrated via
current, conductivity and transmission plots given in Fig. 7. It is seen that in region
I (below 1 V) — the increase in current and conductivity is observed. The second
part — voltage within 1-2.7 V, region II — exhibits peculiarity: increase of current be-
comes significantly slower, while conductivity experiences plateau. A peak appeared
around 2.7 V can be attributed to the Zener tunneling via gap of 47 meV between
the first and the second minibands of the SL. With further increase of voltage —
within 2.7-4 V voltage range, region III — signatures of tunneling process between
adjacent quantum wells becomes more pronounced, resulting in instability because
of negative differential conductivity — voltage above 4 V (region IV. Hence, applica-
tion of the voltage over the structure allows one to tune the SL via various working
regimes. This is illustrated in Fig. 7c where microwave radiation experiences signifi-
cant peculiarities with the variation of the forward bias voltage applied over the SL
structure. One must note that microwave set-up is aligned so that reflection is kept
to be minimal. Therefore, all the microwave transmission features can be attributed
purely to the physical processes in the SL, but not to the change in the impedance
matching/mismatching in a microwave circuitry.

As it is seen for the forward DC bias case at low voltages weak absorption signatures
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are observed. With further increase of the applied voltage absorption disappears
and the SL enters into the microwave gain area where DC bias induced transmission
difference is positive. Whereas for the reverse DC bias no microwave gain is observed.
Moreover, it is seen that microwave gain /absorption manifests strong correlation with
the four regions aforesaid above.

To get more details in physical picture behind, we have performed analytical and
numerical calculations by solving Poison and continuity equations for SL with drift
velocity expressed as v(F) = v01+F7‘ differential equation for electric field spatial
profile in SL can be written as (1), where F = E/E,, is electric field normalized to
Esaki-Tsu critical field, ¥ =x/L — normalized coordinate, J = j/(engvo) - normalized
current. Equation (1) has two stationary solutions (r.h.s = 0) expressed as 2, where
electric field is the same and equal F(0) through all SL length. F, point is always
in the NDM region and it is called Kroemer point — here the electric field is uniform
[15]. To reach it the electric field at the contact (F(0)) should be increased to a value
equal to Fy. It also can be shown that for low current J case equation (1) has an

analytical solution where electric field profile is close to homogeneous for large interval
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of electric field values F(0). In this work we call this interval — Kroemer interval.
That is why to implement such low current regime GaAs/AlGaAs superlattice was

placed between injection controlled contacts.

dF J(14+F2 V1—4J?
E:a(¥—l) (1) Fu() = V240 2)

By numerically solving equation (1) electric field profiles were calculated. The
results are displayed in Fig. 8a, where the electric field F = E/E,, is plotted as
function of normalized coordinate x for different initial conditions F(0). For SL to
be tuned to amplification regime electric field should exceed Esaki-Tsu critical field
E... At low F values field profile has linear dependency with negative slope and
amplification area covers only part of the SL. With further increase of the electric
field, slope is decreasing and the amplification area extends over all the SL (F =5E,,).
When electric field reaches 10E,,, Kroemer point Fy is reached, and the electric field
does not depend on the coordinate and becomes homogeneous within the whole SL
length. The gradient of the electric field is zero here, and it continues to be small
within a rather wide range of electric fields forming Kroemer interval. In such cases
different type of Bloch gain may be observed. We will call it modulated Bloch gain,
because of similarities with Bloch gain manifesting under excitation of modulated
bias voltage [16].

Using aforegiven model, the results of microwave transmission measurements dis-
played in Fig. 8b were explained. For this reason electric field values corresponding
to applied bias were calculated. Within the range of 0 —5.4E., (1.3V), drastic inc-
rease in gain is observed. Around 1.9 V corresponding to 10 E,,, the gain is nearly
independent of applied voltage, whilst in range of 15 E.— 27 E,, it smoothly raises
up. The existence of the plateau range is signature of the SL operating in stable
Bloch gain regime. Wings around this region can be associated with the modulated
Bloch gain: from the low-voltage side it is due to negative gradient of the electric
field, while from the higher-one — because of the positive one. According to the
theoretical predictions, the structure should be stable until the electric fields reach
value of 31E.,. As it is seen from the experiment, instabilities are observed around
4V//~147kV /cm//~ 27E,, — which is in reasonable agreement with theoretical es-
timates.

The situation becomes significantly different in the case of a deep barrier contact,
for which current J is smaller, and, therefore, the position of the core, together with

the embedded Kroemer point Fy = 1/J, is shifted towards larger bias values (see
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intervals in Fig. 4). Now the role of the left, low-voltage (depletion) wing of Kroemer
interval in the transition to high frequency amplification drastically increases. In the
far left of the wing, for which F < F,, we have a complete depletion of the mobile
carriers. Indeed, everywhere within Kroemer interval the scaled electron density
N =n/ny is related to the bias F as N = JF, however, specifically in the case F < F,
follows that N < 1. This strong depletion is accompanied by a relatively big negative
values of the electric field gradient, which in turn require large values of Fj, in order
to realize the NDM regime in a sufficient part of the superlattice. Thus, for the
deep barrier contact, not only the threshold voltage for amplification is larger, but
also the coefficient of amplification is weaker. In the left wing of Kroemer interval
(Fig. 8a), the mechanism of amplification is the modulated Bloch gain, for which an
electron always spends some time in the low electric field state providing stable, but
still weak high frequency gain. One can emphasize that this weak gain achieved in
the superlattice often cannot overcome external losses arising in the whole device.
This circumstance can explain the fact that in the case of reverse biased superlattice,
the diode displays only decrease in absorption, but no net gain up to a rather large
voltages.

To sum up results of this chapter, wide miniband GaAs/AlGaAs superlattice diode
with injection-controlled contacts allows to create homogeneous electric field spatial
profile in SL. It was demonstrated that stable electric field profile can be achieved
within large interval of applied DC bias by extending Kroemer point to the Kroemer
interval in the structure. By applying nanosecond pulsed DC bias signatures of Bloch
gain in microwave frequency range were observed in room temperature experiment.

From the results presented in this chapter the 2nd statement to defend
was formulated:

Asymmetric injecting/blocking contacts — Schottky contact and heterostructure -
can be used to create homogeneous electric field in GaAs/AlGaAs superlattice within
a range of applied bias voltage values. Under these conditions in strongly coupled
GaAs/AlGaAs superlattice diode Bloch gain can be observed.
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3 Terahertz radiation modes and their influence on

terahertz imaging

Main criteria for selection of teraherz (THz) radiation source for imaging are based
on emitted power and spatial beam profile. To achieve high imaging resolution either
THz source operating in fundamental TEMgy mode should be used or beam profile
correction should be employed. The latter technique adds additional power losses
resulting in reduced signal-to-noise ratio of imaging system. On the other hand,
single mode lasers usually emit lower power than multi-mode ones. Beam quality
becomes especially important for compact THz sources, such as quantum cascade
lasers (QCL). For instance QCL beam profiles have been thoroughly investigated
[17] and plasmonic structures on the facets are developed for beam profile correction.
However, as far as we know, there are no works aiming to study how imperfect beam
profile affects THz imaging quality. Therefore this chapter of the thesis is dedicated
to the investigation of THz imaging system based on multimode laser source.

In this experiment commercial continuous wave THz laser (FIRL-100, Edinburgh
Instruments) providing a well-defined TEMO1 beam was used. The setup for reflec-

tion imaging system is shown in Fig. 9.

M1 M2 Lock-in
Lock-in / |
R
XY
THz M3 112
laser -

" Mod. BS1 BS2 Sample

(a) t>|
M4

</>

Figure 9. (a) THz imaging setup for reflectance measurements. (b) Measured beam profile
of laser TEM(; mode.

The laser beam is divided into two parts by the beam splitter BS1. Reflected part
is directed to detector D1 for laser output power monitoring. The transmitted part
was used for reflectance measurements of the sample placed in the focal plane of
the off-axis parabolic mirror M4. Radiation reflected from the sample is collected

with the same mirror M4 and guided to the detector D2 by means of additional
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beam splitter BS2 and spherical mirror M2. Imaging performance of the system
was studied by replacing M4 with focusing mirrors of different focal lengths. The
sample was always kept in the focal plane of the focusing mirror. Three mirrors with
diameter of D = 5cm, but different focal length f of 5, 10, and 15cm, were used for
the experiments.

The THz radiation was modulated by mechanical modulator and measured with
large aperture (9mm) pyroelectric detectors D1 and D2 using lock-in amplifiers. De-
tector signals were recorded synchronously with the sample movement. The sample
was placed on a two-axis (XY-plane) translation stage and was raster scanned at a
constant speed up to 300 mm/s in the X axis direction and with fixed size steps in
the Y axis. Frequency of amplitude modulation and integration time constant of the
lock-in amplifier were 235 Hz and 10 ms, respectively. Pyroelectric detectors D1 and
D2 were placed in the focal plane of the spherical mirror M1 and M2, respectively, to
ensure that the entire laser beam was measured without any spatial modes filtering.
Depending on size and resolution it took 5-15 min. to scan one THz image.

For the experiment THz laser was tuned to the frequency of 2.52 THz providing
well defined first-order Hermite-Gaussian (TEMp;) mode shown in Fig. 9b. The
maximum emitted power was 20mW and beam size of w = 30mm was measured at
1/e? level.

Performance of THz imaging system was evaluated using specially made high re-
solution target, so called "Siemens star'. The target was fabricated by using direct
laser writing technique® from metalized silicon wafer. A photo of the fabricated tar-
get is shown in Fig. 9(b). The target was patterned with 18 equal trapezium rays
equidistantly displaced in a full circle. The width of each trapezium increases from
75to 1750 pm going outward from the center. The diameter of central metal circ-
le was about 860 um. Some open areas were additionally processed to reduce THz
reflectance by forming black silicon [18] visible as black areas in the photo.

THz images of the “Siemens star” recorded with the multimode laser beam using
different focal length mirrors are shown in Fig. 10. In the case of the largest focal
length mirror of 15cm patterns of the target appeared doubled and blurred (Fig. 9a).
Misrepresentations were already smaller for the case of f = 10cm (Fig. 10b) still
preserved in the central part of the image and they became almost invisible using
the mirror with f = 5cm (Fig. 10c). To prove that misrepresentation of THz images
occurred due to multi mode beam profile additional image were taken for the case

f = 15cm with detector aperture limited to 1 mm. This ensured that only one lobe

3High resolution target was fabricated by B. Voisiat, Center for Physical Science and Technology, Lithu-
ania.
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of TEMp; is measured. As a result blurring and doubling effects were not visible
(Fig. 10d) with spatial mode filtering applied. The same result may be achieved by

using f = 5cm mirror together with multi mode laser beam.

x (mm) X (mm)

Figure 10. Terahertz reflectance images of "Siemens star" target measured using different
focal length f parabolic mirrors: (a) and (d) — f = 15cm, (b) — f = 10cm, (c) — f = Scm.
Image in section (d) was measured with detector aperture limited by pinhole to 1 mm. Red
line corresponds to Rayleigh circle with radius rg = 42mm. [A3]

To evaluate maximum resolution of the system imaging for the case f =5cm was
repeated using slower scan velocity (Fig. 11). In this case only minor blurring occurs
around the edges of the center circle. More detailed analysis of the image revealed
that patterns as small as 100 pm can be distinguished via THz imaging with TEMg,
mode. This corresponds to the resolution of 0.84A. Also areas with black silicon are
visible, where measured reflectance was less than 1 %.

Resolution of imaging systems can be estimated by Rayleigh length criterion [ =
1.22Af/D. In this work for the "Siemens star' target it is more convenient to use Ra-

1.22ANf
D

yleigh circle criterion with its radius rg defined as rg = . Here A is wavelength,

N — number of rays, f —focal length, and D is diameter of radiation beam. Rayleigh
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Figure 11. (a) High resolution THz reflectance image of "Siemens star" target measured
with f = 5cm mirror. Red line marks Rayleigh circle with radius rg = 1.4mm. (b) Photo
of high resolution target "Siemens star". [A3]

radius corresponds to a distance between the center and a point where the width
of trapeziums is equal to Rayleigh length. Using N = 18 and numerical aperture
values NA=D/f =0.6, 0.3 and 0.2 Rayleigh radius of rg = 1.4, 2.8, and 4.2mm was
calculated for the focal length of 5, 10, and 15cm.

Using Rayleigh circle it was possible to describe the imaging system based on
the single-mode (Fig. 10d) and the multimode lasers (Fig. 11) but with the 0.6 NA
focusing mirror only. The multimode laser system with smaller numerical aperture
focusing mirrors was not efficient in terms of subwavelength resolution imaging since
the blurring effects extended beyond the Rayleigh circle. In this case, rg should be
multiplied by 2 because of increased beam width in the focal spot [19].

Designed THz imaging system with multimode laser source and correctly selected
optics was applied for solar cell imaging Fig. 12. It is worth noting that due to high
resolution, THz imaging allowed to inspect tab and finger wire defects.

To sum up, TEMy; laser mode was successfully applied for high resolution THz
imaging at the radiation frequency of 2.52 THz. High resolution target is patterned in
75 pm scale. It was shown that by using short focal length parabolic mirror imaging
resolution is limited by diffraction limit and not by the beam profile quality. TEMq,
laser mode was successfully applied for investigation of solar cell contacts.

From the results presented in this chapter the 3rd statement to defend
was formulated:

The use of focusing optics with short focal distance in the imaging system with a

radiation source emitting TEMg; beam mode of terahertz radiation allows one to
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Figure 12. THz reflectance image (a) of silicon solar cell measured at 2.52 THz frequency
using f = 10cm (NA = 0.3) focusing mirror. Image consists of 300 x 38 pixels with pixel
size being 300 x 300um?, acquisition time is about 12 min. White line marks contact
defects shown in photos (b) and (c). [A3]

record good quality terahertz images with spatial resolution close to the diffraction

limit.

28



4 Application of compact non-coherent detectors for

spectroscopic terahertz imaging systems

Terahertz radiation (THz) is well known for its ability to propagate through non-
conducting substances including common packaging materials. This provides a pos-
sibility to screen objects inside package via active THz imaging [20]. Because of
many organic materials, including drugs, explosives, chemical and biological agents,
exhibit characteristic spectral signatures in THz range [21], special attention is pa-
id for spectroscopic THz imaging systems capable to reveal and inspect potentially
dangerous materials.

Implementation of such THz systems may be based on spectroscopic THz imaging
[1] combined with a principal component analysis (PCA) [22] allowing qualitative
discrimination of materials if their spectra are a priori known. Practical applica-
tion of such systems requires not only high sensitivity, low-noise and higher dynamic
range of the sensing components — key features become speed, stability and robust-
ness as well as wide bandwidth operation. Therefore, this chapter is dedicated to
the investigation and application of innovative non-coherent THz detectors such as
InGaAs bow-tie (BT) diodes, CMOS field effect transistors (TeraFET) and Ti mic-

robolometers for spectroscopic THz imaging systems.

Mod. BS

THz 1
source

Lock-in

=

Lock-in

Figure 13. Spectroscopic THz imaging system in transmission geometry.

Typical experimental setup for spectroscopic THz transmission imaging is presen-
ted in Fig. 13. THz radiation emitted by optically pumped molecular THz laser
(FIRL-1000) is used to measure sample transmittance. Detector D1 is used to mo-
nitor changes in laser power. Sample under investigation is placed in the focal plane

between two off-axis parabolic mirrors. THz radiation transmitted through sample
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is measured with THz detector D2. Signals of detectors are measured with lock-in
amplifiers. Experiment is carried out at room temperature.

To acquire 2D transmission images sample is raster scanned in XY plane using
fast position synchronized measurement (dx = 0.1 mm) while positioning stage moves
with constant velocity in X axis direction and stepped motion in Y axis direction
(dy =0.3mm).

To test spectroscopic imaging systems with different detectors special samples were
prepared. As one of the most attractive applications of spectroscopic imaging is in
security systems, instead of real explosive materials, for the safety reasons, explosive
imitators should be used. It is known that in THz range sucrose (SC) and tartaric
acid (TA) display spectral lines similar to PETN and RDX, respectively [23].

Therefore, to demonstrate spectroscopic imaging possibilities a number of pellets
were prepared containing different materials such as lactic acid (LA), tartaric acid
(TA) and sucrose (SC). For the LA, we used commercially available medicine pellet.
As TA and SC materials are highly absorbing THz radiation, only small concentration
mixtures with PTFE (Polytetrafluoroethylene ) were found suited for experiments.
Four sample mixtures were made containing 10% TA, 10% SC, 5% TA-5% SC, and
100% PTFE. Under application of pressure, pellets of 1.4 mm thickness and 13 mm
diameter were formed from powder mixture.

Principal component analysis requires material spectra to be a priori known. The-
refore transmittance spectra were measured for TA, SC and PTFE samples with
custom Fourier transform spectrometer. Spectrum of LA pellet was measured via
THz Time-Domain spectroscopy. Results are shown in Fig. 14 in a form of trans-
mittance and absorbance —In(T). As it is seen, LA has significant absorption line at
0.54 THz. TA and SC displays spectral signatures within range 0.6 —4.5THz. THz
laser frequency lines used in experiment are marked by arrows in Fig. 14a. One can
see that for qualitative identification between 10%TA and 10%SC the most suited
frequency lines are 0.762 THz and 1.840 THz, because transmittance differs 2 and
4 times, respectively. It is worth noting that at 2.52 THz transmittance difference

amounts to only 20%.

4.1 Spectroscopic imaging with InGaAs bow-tie diodes for

frequencies up to 2.52 THz

Detection of THz radiation with asymmetrically shaped 2D electron layers was su-
ggested in works [24, 25]. However, sensitivity was determined to be around 0.3 V/W,

therefore, application of such detectors for spectroscopic imaging is complicated as
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Figure 14. Transmittance T (a) and —In(T) (b) spectra of pellets made from lactic acid
(LA), tartaric acid (10% TA), sucrose (10% SC) and 100% PTFE.

higher sensitivity is needed. Because the detection principle is based on carrier
heating, the sensitivity can be increased by selecting proper materials with higher
mobility:.

In this experiment wide bandwidth detector based on asymmetrically shaped (bow-
tie, BT) InGaAs diode [26] was used. Schematic design of the detector is shown in
Fig. 15. The diode was fabricated from IngssGagaeAs/InP heterostructure with

3 and

2DEG layer which electron concentration and mobility are about 2 x 10" cm™
13300 cm? / Vs, respectively. The device was designed as bow-tie antenna with one of
two semiconductor leaves being metalized. Active area was formed by etching 3 pm
height mesa. Detector dimensions are: d = 12pm, a = 50pm, [ = 250 pm,L = 500 pm
ir w=100pm. The diode was attached to a hemispherical 6 mm diameter silicon lens
for effective coupling of incident radiation. Important parameter is detector response
time, which is found to be less than 7ns [27].

It worth noticing that unlike nanometer field effect transistors, BT diode detector

has dimensions of ym. Therefore, it exhibits reasonable reliability to electrostatic
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discharge and high incident power of microwave-THz radiation [27].

Ti/Au/Pt

3

Figure 15. InGaAs bow-tie diode detector coupled with silicon lens: (a) - schematic view;
(b) - diode structure and dimensions; (c) - design of InGaAs/InP heterostructure used for
detector fabrication.

InGaAs bow-tie diode was applied for spectroscopic THz imaging. For that reason
optimal working conditions were found by measuring detector sensitivity at 0.762 THz
and noise voltage dependencies on DC bias current. As it is shown in Fig. 16 the
sensitivity increased by about 20% after application of reverse current of only in
the range of 31A. However, at the same time detector noise also increases. The
noise equivalent value (NEP) of the device was calculated as a ratio between the
noise voltage and the sensitivity. The sensitivity of the BT diode was found to be of

about 10 V/W and an unbiased connection provided the lowest NEP value of about

5.8nW/vHz.
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Figure 16. Sensitivity and noise voltage dependencies on DC bias current for InGaAs
bow-tie diode. [A4]
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Using InGaAs BT diodes pellets framed in metallic holder were imaged at discrete
0.585, 0.762, 1.40, 1.63, 1.84, and 2.52 THz THz laser frequencies. Results are shown
in Fig. 17.

TA SC TA-SC PTFE

O = N W B~ O

1.40THz 0.76THz 0.58THz

1.84THz 1.63THz

2.52THz
y (mm)

0 10 20 30 40 50 60 70 80
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Figure 17. THz absorbance (—I/n(T)) images of TA, SC, TA-SC and PTFE pellets taken
at different THz frequencies. [A2]

Images were obtained by measuring sample transmittance T and calculating absor-
bance —1gT. It is seen that at frequencies 0.58, 1.40 and 1.63 THz, absorbance of TA
and SC is similar. However, images at frequencies 0.76, 1.84 and 2.52 THz samples
differs strongly. By comparing average absorbance values measured via spectroscopic
imaging and Fourier transform spectrometer data good agreement between the results
was indicated. Signal-to-noise ratio of the system was found to be no less than 300.
Imaging results show inhomogeneous absorbance distribution in the pellets because
of inhomogeneous material distribution in pellets.

More precise distribution of materials in the samples was estimated using PCA by
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solving overdetermined system of linear equations

Inm - Xm =Yy, (3)

where Zy y is coefficient matrix composed of sucrose and tartaric acid absorption
values (M = 2) measured by Fourier transform spectroscopy (or a priori known), and
Yy is spatial map of absorbance measured by the spectroscopic THz imaging system
at N = 6 frequencies. The component map Xj; was found performing a standard
least squares fit. Found admixtures map is shown in Fig. 18. The range of interest
of square area fitted into the pellet was taken into consideration and the mean and
standard deviation values were calculated. The results were summarized in Table 1.
One can see that the BT diode-based spectroscopic THz imaging system provides
reasonably good accuracy data consistent with initial concentrations of SC and TA

used for preparation of pellets.
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Figure 18. Sucrose (a) and tartaric acid (b) distribution in the samples. Dark color corres-
ponds to higher concentration, white - to lower. [A2]

Table 1. Sucrose and tartaric acid concentration in the samples measured via spectroscopic

imaging.
Component Nr. 1 Nr. 2 Nr. 3 Nr. 4
Sucrose (%) 0.1+1.1 0.0£0.9 6.1£0.8 —0.3£0.9
Tartaric acid (%) 9.94+0.7 10.1+1.4 25+1.3 03+1.4

Spectroscopic imaging experiment was also repeated for the samples enclosed in
HDPE box. Similar results were acquired. Data can be found in [A2] publication.

Spectroscopic THz imaging systems with InGaAs BT diodes operated reasonable
in the frequency range up to 2.52 THz. High frequency limit is defined by the band-

with of detector. Sensitivity dependence on frequency for the diodes produced of
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Figure 19. Frequency dependence of sensitivity for bow-tie diodes fabricated from InGa-
As, GaAs/AlGaAs [24] ir GaAs [28]. [B1]

different materials is shown in Fig. 19. Up to 1 THz sensitivity varies weakly and it
is about 10V/W. Above 1 THz sensitivity drops drastically because of momentum
relaxation time and reduced efficiency of antenna coupling [26]. Frequency range
for spectroscopic imaging can be extended using plasmonic mixing phenomena in

nanometric field effect transistors.

4.2 Spectroscopic imaging with field effect transistors

Nanometric field effect transistors (TeraFET) intended for sensitive detection of THz
radiation were designed by prof. H. Roskos group in J.W. Goethe university (Frank-
furt/M, Germany). Resonant patch antenna coupled TeraFETs were manufactured
by commercial 90 nm CMOS technology. The detectors were specifically designed to
be resonant at molecular THz laser frequency lines: 2.52 THz, 3.18 THz and 4.25 THz.
Different frequency detectors were manufactured as multicolor array on single chip
which was connected to compact microcircuit with a possibility to change active de-
tector. More detailed information about TeraFET detectors can be found in work
by A. Lisauskas et al. [29].

At the first stage of experiment sensitivity and NEP of the detectors were measured.
Obtained results are shown in Table 2.

TeraFET detectors were employed for spectroscopic THz imaging of the same
samples as in the previous section. Transmission images of pellets were recorded
at 0.7619, 1.8397, 2.5242, 3.1075, ir 4.2475 THz frequencies. Frequencies of 0.7619

and 1.8397 THz were detected by additional sensors with antenna-resonant frequen-
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Table 2. Sensitivity and noise equivalent power (NEP) for TeraFET detectors.

Frequency (THz) Sensitivity (V/W) NEP(pW/+/(Hz))
2.52 336 63
3.12 308 85
4.25 230 110

cies near the laser lines, 0.648ir 1.63 THz, respectively. Despite of small detuning,
their performance was found to be sufficient enough for THz imaging. More details
on these detectors are available in Ref. [A1].

THz images were recorded with spectroscopic imaging setup presented in Fig. 13.
Measured THz images are shown in Fig. 20. Images at different frequencies were
taken by changing THz laser line and switching to appropriate detector to selected
frequency. After each change, the detector position was adjusted to maximize the
signal. Recorded images display dynamic range of 22dB and for some cases even
more. Only in the case of 1.84 THz increased noise level was present resulting in
smaller dynamic range of 18dB because of discrepancy between the laser line and

the detector resonant frequencies.

0.76 THz 1.84THz 2.52THz 3.1 THz 425THz dB

~—
o
~

(b)

10% SC

10% TA 5% SC/TA PTFE

-30

Figure 20. (a) Spectroscopic transmission images of explosive imitators measured with
resonant TeraFET detectors. (b) Calculated spatial distribution of sucrose (SC) and tartaric
acid (TA) concentrations in the samples. [A1]

More detailed analysis of images were carried out by calculating average transmis-
sion values for each pellet at different frequencies. Obtained values were compared
with Fourier transform data (Fig. 3). Good agreement is evidenced.

Spectroscopic imaging allows one to determine admixture distribution in sample.

By using PCA (3) distribution of sucrose and tartaric acid was found (Fig. 20b). As
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Table 3. Transmittance values of explosive imitators measured with TeraFET detectors
and Fourier transform spectroscopy (FTIR). [A1]

TeraFETs FTIR
f[THz] || 10% TA | MIX | PTFE | 10% SC || 10% TA | MIX | PTFE | 10% SC
0.76 0.489 0578 | 1 0712 0.410 0488 | 0.798 | 0.724
1.84 0.130 0.046 | 1 0.030 0.133 0.048 | 0.838 | 0.028
2.92 0.030 0.017 | 1 0.017 0.038 0.021 | 0.858 | 0.017
3:1 0.040 0.052 | 1 0.116 0.038 0.051 | 0.844 | 0.118
4.25 0.015 0.006 | 1 0.004 0.022 0.009 | 0.792 | 0.002

it is seen, concentration of components is distributed inhomogeneously in the samples
which is consistent with the results obtained by using InGaAs BT diodes presented

in previous section.

4.3 Application of microbolometer detectors for spectroscopic

imaging system with optoelectronic THz emitters

Terahertz time-domain spectroscopic systems (THz-TDS) are widely used for spect-
ral measurements and imaging in room temperature conditions with higher than
60dB dynamic range in wide frequency range [30]. However, coherent detection used
THz-TDS systems enables high sensitivity, but are complex and relatively slow in
recording image in two-dimensions. For direct practical applications one needs faster
and more compact systems. As a solution for such issues non-coherent detectors
could be employed for the detection of THz radiation emitted from optoelectronic
emitter. Such configuration displays advantages such as an increased performan-
ce speed because measurement of pulse time dependence is no longer necessary. It
simplifies the systems and reduces price because of no needs to guide optical probe
pulses to the detector through mechanical delay line, which is also not needed in
such configuration. However, to proceed in this direction very sensitive detectors are
required because of low average power of optoelectronic emitters.

In the following section of this work resonant antenna-coupled titanium microbo-
lometers are applied for the detection of THz radiation emitted from optoelectronic
emitter. Detector were fabricated by prof. J. Trontelj group in University of Ljubl-
jana, Slovenia. Microbolometers were optimized according to criteria such as high
temperature coefficient, low noise, manufacturing process is compatible with com-
mercial silicon technology, long-term stability. Design and photo taken by electron

microscope of optimized titanium microbolometer are shown in Fig. 21. More details
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Figure 21. Cross-section view (a) and SEM photo (b) of Ti microbolometer detector. [31]

about Ti microbolometer detectors can be found in Ref. [31].

In this work, detectors designed for resonant frequencies of 0.3THz (LV3) and
0.6THz (LV6) were selected. Detectors were integrated into microcircuits with low
noise amplifiers. Its basic characteristics are: response time less than 1 s, sensitivity
up to 300 V/W and NEP below 14pW /+/Hz.

High sensitivity and low NEP allowed to measure response spectra with Fourier
transform spectrometer. Result are shown in Fig. 22. In case of LV3 detector
(Fig. 22a) antenna gain characteristic calculated via ANSYS HFSS software packet®
is also plotted. Experimental results show good agreement with calculated data.
For the LV6 detector (Fig. 22b) two peaks are observed. The first one is related
to the resonant frequency of 0.6 GHz, whilst another side peak, at 1.3 THz, is pro-
bably observed due to not optimal resonator. Note that other optimized detector
do not exhibit such peak. For further experiments presented in this section, side
peak influences on results negligibly, because the power of optoelectronic source and
transmittance of the samples drops significantly in the frequency range above 1 THz.

Spectroscopic imaging was carried out using Titanium microbolometers in equi-
valent imaging system as presented in Fig. 13. As THz source served LTG-GaAs
photoconductive antenna emitter, excited with femtosecond optical pulses genera-
ted by Titanium:saphire laser. The emitter generates wide bandwidth radiation of
1.2 pW average power. Due to the wide bandwidth operation of the emitter frequency
selectivity required for spectroscopic THz imaging was obtained by resonant antennas
coupled with microbolometers.

To test proposed spectroscopic THz imaging system pellets containing lactose acid
(LA), and tartaric acid (TA) were imaged using LV3 and LV6 microbolometer detec-
tors. Samples were enclosed in high density polyethylene (HDPE) box as it is shown
in Fig. 23a. Measured THz images are displayed in Fig. 23b-c.

Pellets containing LA and TA exhibit different transmittance in the images taken

4Calculations were carried out in Ljubljana university.
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Figure 22. Response spectra of microbolometer detectors LV3 (a) and LV6 (b) with reso-
nant frequency at 300 GHz and 600 GHz, respectively, measured with Fourier spectrome-

ter. For LV3 case calculated antenna gain is presented. [C4]

with LV3 and LV7 detectors. Transmittance spectra obtained via Fourier transform

spectroscopy LA and TA were used to estimate distribution by solving 3 equations

(Fig. 23d-e). As it is seen, the highest LA concentration was observed in pellet 1

(lighter color), whereas highest TA concentration was found in pellet 2.

Experimental results prove that Ti microbolometers can be used to record high

quality images in spectroscopic THz imaging systems with optoelectronic emitters.

The THz imaging system presented in this section was published in Lithuanian patent

IMAGING SYSTEM OF TERAHERTZ FREQUENCY BAND [B2].
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2) Tartaric acid (10%)

3) Tartaric acid and
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Figure 23. Photo of the samples placed in HDPE box (a); THz images of the samples
measured with LV3 (b) and LV6 (c) microbolometer detectors; lactose acid (d) and tartaric
acid (e) distribution calculated via principal component analysis. [C4]
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Chapter summary

In this chapter innovative compact room temperature THz detectors were applied
for spectroscopic imaging systems working in direct detection mode. InGaAs bow-
tie diode detectors were used for THz imaging and principal compositional analysis
of samples containing sucrose and tartaric acid in the frequency range from 0.5to
2.5THz. Frequency range for spectroscopic imaging was extended up to 4.25 THz by
using antenna coupled CMOS field effect transistors employing plasmonic mixing for
THz detection. Antenna coupled titanium microbolometers were applied in spect-
roscopic imaging system based on small average power optoelectronic emitter. It
was demonstrated that small NEP value in order of 10pW/v/Hz of such devices is
sufficient for the detection of THz radiation emitted by optoelectronic emitters in
spectroscopic imaging system.

From the results presented in this chapter 4th and 5th statements to
defend were formulated:

InGaAs bow-tie diodes are suitable for room temperature active spectroscopic ima-
ging in terahertz frequency range under the conditions of emitters operating in milli-
watts power range. Upper limit of imaging frequency range is determined by electron
momentum relaxation time. Frequency range for spectroscopic imaging can be exten-
ded using plasmonic mixing in nanometer field effect transistors.

Non-coherent room temperature detectors are suitable for spectroscopic imaging
systems with optoelectronic terahertz radiation emitters if their noise equivalent po-
wer is in order of 10pW /v/Hz.
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5 Conclusions and main results

1. Delta~-doped p-i-n-i GaAs/AlGaAs heterostructure designed was experimentally
investigated under excitation by femtosecond laser pulses. Such structures are
effective THz radiation emitters with emitted power exceeding power emitted
by InGaAs and InAs surface emitters if optical pump fluence does not exceed
0.7 nJ /em? and 71J/cm? for pump pulse repetition rate of 82 MHz ir 1 kHz,
respectively.

2. From z-scan experiments optimal excitation conditions were found to achieve
efficient THz emission from p-i-n-i GaAs/AlGaAs heterostructure. Results were
compared with InGaAs and InAs surface emitters.

3. Radiation power of delta-doped p-i-n-i GaAs/AlGaAs heterostructure can be
enhanced with increasing carrier recombination rate.

4. Using the same theoretical principles as for injection controlled sub-critical
Gunn amplifiers, analytical model was created for superlattice diode. It al-
lowed to determine conditions required to create homogeneous electric field.
It was showed that if injection diode has a blocking contact homogeneity of
electric field can achieved in wide voltage range, meaning that Kroemer point
for sub-critical Gunn amplifiers extends to Kroemer interval, i.e. creating thus
interval of uniform electric fields.

5. GaAs/AlGaAs superlattice with asymmetric injecting/blocking contacts was
investigated experimentally. It was showed that such structure can be used to
create homogeneous electric field under range of bias voltage applied.

6. In the injection controlled GaAs/AlGaAs superlattice diode under circumstan-
ces of homogeneous electric field created by forward and reversed biased nano-
second DC voltage pulses stable and modulated Bloch gain can be observed in
room temperature.

7. The use of focusing optics with short focal distance in the imaging system with
a radiation source emitting TEMy; beam mode terahertz radiation allows one to
record high quality terahertz images with spatial resolution close to diffraction
limit.

8. TEMy; laser mode was applied for the imaging of silicon solar cells. Selecting
appropriate focusing optics results in high quality THz imaging using multimode
laser operation.

9. InGaAs bow-tie diodes were applied for room temperature spectroscopic ima-
ging using THz sources with power of the order of milliwatts. High frequency

limit is determined by electron momentum relaxation time.
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10.

11.

12.

Using spectroscopic imaging together with principal component analysis allows
one to depict material distribution in THz radiation transparent objects. Such
technique was carried out for sucrose and tartaric acid mixed in PTFE matrix.
THz frequency range for spectroscopic imaging compared to InGaAs bow-tie
diodes can be extended using plasmonic mixing in nanometer field effect tran-
sistors coupled with patch type antennas manufactured by 90 nm CMOS tech-
nology.

Non-coherent room temperature detectors based on titanium microbolometers
are suitable for the detection of THz emission and spectroscopic imaging using
optoelectronic THz emitters if its noise equivalent power is in the order of
10 pW//Hz.
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Santrauka

Sis darbas skirtas naujy sprendimy paieskai kompaktiskoms teraherciniy dazniy ruo-
70 vaizdinimo sistemoms. Jis apima visus jos komponentus - emiterius ir stiprintuvus,
mody kokybés problemg bei kompaktisky kambario temperaturos jutikliy spektros-
kopiniam vaizdinimui tyrimus.

Saltiniy problematikoje buvo pirmg karta eksperimentiskai istirtas heterosandii-
rinis delta-profiliu legiruotas p-i-n-i GaAs/AlGaAs THz emiteris zadinant jj fem-
tosekundinés trukmeés optiniais impulsais. Gautus rezultatus palyginus su tokiomis
paciomis salygomis zadinamy InGaAs ir InAs pavirSiniy emiteriy duomenimis, nu-
statyta, kad emiterio galia virsija InGaAs ir InAs pavirSiniy emiteriy emisija prie
tam tikry suzadinimo salygy.

Ieskant naujy THz spinduliuotés stiprinimo aplinky siame darbe buvo teoriskai ir
eksperimentiskai istirti diodai su stipriai susietomis GaAs/AlGaAs supergardelémis.
Remiantis kontroliuojamos injekcijos teoriniais principais buvo sukurtas analitinis
teorinis modelis diodui su supergardele, reikalingas surasti salygas sudaryti vienalytj
elektrinj lauka reikalinga Blocho stiprinimui pasireiksti. Eksperimentiskai parody-
ta, jog kontroliuojamos injekcijos stipriai susiety GaAs/AlGaAs supergardeliy diode
esant vienalyc¢iam elektriniam laukui, sukurtam nanosekundinés trukmeés nuostovios
jtampos impulsais, kambario temperaturoje mikrobangy ruoze gali buti stebimas
Blocho stiprinimo reiskinys.

Saltiniy mody problematikoje TEMg; lazerio moda buvo sékmingai pritaikyta THz
vaizdy uzrasymui su didele skiriamaja geba esant 2.52 THz spinduliuotés dazniui.
Lazerinis TEMy; pluostas buvo sékmingai pritaikytas silicio saulés elementy kontakty
kokybés tikrinimui.

Spektroskopiniam THz vaizdinimui buvo pritaikyti inovatyvus kambario tempe-
raturos kompaktiski terahercinés spinduliuotés detektoriai. Asimetriskai susiaurinti
InGaAs detektoriai buvo panaudoti sacharozeés ir vyno rugsties bandiniy vaizdinimui
ir ju komponentineés sudéties nustatymui dazniy ruoze nuo 0.5 iki 2.52 THz. Vaizdini-
mui naudojama dazniy sritis buvo isplésta iki 4.25 THz panaudojant, detektorius su
antenomis kaupinamais lauko tranzistoriais, veikianciais plazmoninio maisymo prin-
cipais. THz vaizdinimo sistemoms su mazos vidutinés galios optoelektroniais emi-
teriais buvo pritaikyti antena kaupinami titano mikrobolometrai. Nustatyta, kad
ju maza 10 pW//Hz eilés triuksmy ekvivalentiné galia leidzia juos panaudoti op-
toelektroniniy emiteriy THz spinduliuotés detekcijai bei objekty spektroskopiniam

vaizdinimui THz dazniy ruoze.
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