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Abstract
A study initiated by the European Space Agency was recently concluded, which aimed at
identifying the most promising technologies to significantly improve on the generation of
coherent electromagnetic radiation in the THz regime for space applications. The desired
improvements include, amongst others, higher output powers and efficiencies at increas-
ingly higher frequencies, wider tunability and, possibly, miniaturization.

As the title of the paper suggests, the baseline technologies considered from the start in
this study revolved around optical schemes, such as photornixing, compared to all elec-
tronic techniques. However, emphasis was put on conducting a perusal of any scheme
found in the literature and performing an overall comparison with a fixed set of criteria.
To this end, a number of universities and research institutes were involved to allow for a
sufficient coverage of all relevant technical and research areas and, thus, ensure a review
of both current and emerging technologies in this field that would be as thorough and
complete as possible.

The review study combined published results and mathematical modelling in order to de-
termine the theoretical performance limitations of a given technology and/or scheme.
The basic requirements to help crystallize selection criteria were, broadly speaking:
power performance, linewidth, tunability and space worthiness in the frequency range —1
to 3 THz.

Some of the most significant fmdings will be presented together with the two teclmolo-
gies selected for medium to short term development. These are a scheme using advanced
p-i-n photomixer superlattice structures and, reflecting recent results, THz Quantum Cas-
cade Laser technology.
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Introduction
Several Terahertz heterodyne technology development activities have been initiated and
funded in the past years by the European Space Agency (ESA) mainly in response to the
technological needs of the Herschel Observatory mission. Several of these activities are
still ongoing and were well represented at this conference [1-8].
These include:

- Superconducting mixer development [1-4]
Multipixel heterodyne HEB receiver [6]

- Far-IR optics design and verification tools [5]
- Optical Far-IR wave generation

This paper deals with the last activity, which is complementary to the mixer development
activities. In particular, any multipixel heterodyne receiver requires considerable LO
power if the same source is used for several pixels. Presently, there exists no compact
THz source to do this. Therefore, the development of compact, Spaceworthy, high power
sources is considered by ESA as an enabling technology for instruments incorporating
THz mixer arrays. The title of the development activity pointed from the outset that this
should be achieved by optical means. Indeed, this was also a conclusion of the study.

Study Rationale
The optical Far-IR wave generation activity was split into two phases. In the first phsse,
current technologies were reviewed from available scientific literature and their potential
analysed in turn using modelling and first principle calculations. In the second phase the
most promising technologies will be developed.
The first phase was articulated according to a set of tasks summarized as follows:

- Establish the theoretical limit for the maximum output power from multipliers
at the frequencies under consideration,

- Survey and assess the various novel techniques for the generation of THz
power,

- Demonstrate the experimentally achievable capabilities of photo-mixer de-
vices based on LT GaAs, p-i-n diodes, and of lasers for THz power genera-
tion,

- Survey and assess the measurement, characterisation and system techniques
and requirements for optical far-infrared power generation, and
Outline the technological development plan and a detailed technological road-
map for the most promising technology.

In this phase two competing research consortia were contracted to perform the review in
parallel. One consortium is represented by the co-authors of this paper; the Rutherford
Appleton Laboratory led the other consortium. At the end of this first phase, only one of
the two consortia would be selected to continue the actual technology development on
grounds of the novelty of the selected optical THz technology or scheme. This way, the
quality of the review was ensured through competitiveness.
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Here, only the results of the winning consortium will be presented. This will not affect
the completeness of the results since most conclusions regarding existing technologies
were similar for both consortia and only the conclusions on the implementation of the
technology roadmap differ.
The second phase is currently ongoing and focuses on development of the most promis-
ing technologies selected in the first phase according to a development roadmap.

Summary of Results
The selection criteria used in the review reflected both the desired characteristics of an
ideal THz source for space applications as well as the actual technologies considered in
the study. Without loss of generality, however, one can summarize the following list of
criteria:

- Maximum output power
Conversion (optical) efficiency

- Electrical efficiency
Maximum output frequency
Frequency stability
Linewidth
Spectral purity

- Tunability
- Operating conditions (temperature, current, voltage, magnetic field, vac-

uum, etc...)
- Coupling issues
- Miniaturization

Space qualifiability

The current state-of-the-art THz source technology for space is represented by solid-state
frequency multiplication. Therefore, the theoretical limit of multiplier circuits with
Schottky varactor diodes were established in this study by simulation and the simulated
results were subsequently used for comparison with experimental results from photornix-
ing and laser experiments. Although impressive results have been demonstrated up to
almost 2 THz [9-10], the resulting efficiencies and output powers are really only suffi-
cient to drive single pixel mixers rather than mixer arrays. Furthermore, efficiency
plummets at higher frequencies such that is believed to be difficult to push these results
above 2.5 THz. This is due to the fact that the doping concentrations for the Schottky
varactor devices employed in these multipliers ought to be well above 1 .10 17 1cm3 . At
these doping levels the contribution of the parasitic tunneling current becomes large and
the Cr./C.-fin ratio is lowered. Consequently, the efficiency rapidly deteriorates.

Furthermore, a large number of other known and published techniques for the generation
of THz power, with special emphasis on their CW THz power capabilities have also been
considered in the study but have been rejected from the technology development road-
map, at least for the time being, on the basis of their shortcomings with respect to selec-
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tion criteria listed above. In the following sections these results will not be presented for
brevity's sake.

In summary, the technologies selected for the development roadmap are optical pho-
tomixing and direct THz laser generation. The state-of-the-art in the area of photomixing
is currently set by two device concepts, namely the LTGaAs MSM structures and the p-i-
n diode structures. Both device concepts have already demonstrated the working princi-
ple but are still far from the requirements in output power for receiver applications at
THz frequencies. These techniques and the other published in the literature will be con-
sidered in this study report.
Direct generation of THz power with either Quantum Cascade Laser structures or p-Ge
lasers was also thought to be very promising. In particular THz QCLs have been intro-
duced only recently and their potential in performance, especially for operation in the
higher end of the THz frequency range, is of great interest in the preparation of new ap-
plications.

Introduction to Photomixers
The generation of high frequency radiation by photomixing is based on generating peri-
odically charge carriers in a semiconductor by two lasers emitting at nearly the same pho-
ton frequencies vo, detimed by the beat frequency Vmz. If these photo-generated carriers
are subjected to a DC electric field Fo applied between two contacts connected to an an-
tenna, a THz current ITHz(t) is induced by the photo-generated carriers, which, depending
on the load represented by the antenna, leads also to an AC voltage U THz(t) at the con-
tacts. If the beat frequency is low compared to the inverse carrier transport time lit, the
AC current and voltage will follow the carrier generation fully in phase with the beat fre-
quency and with an amplitude,

I° = e (dN/dt) e rip", (PL/hvo) (1)

Here, e stands for the elementary charge, dl\l/dt is the electron-hole pair generation rate,
which is equal to the average photon absorption rate iph PL/hvo; PL is the laser power, hvo
the lasers photon energy and rip ', the fraction of incident photons absorbed in the active
part of the mixer. The "carrier transport time" can be either the transit time between the
contacts or the recombination lifetime. Assuming reasonable values for the high-field
drift velocities vdr of electrons and holes of the order of 107 cm/s and contact separations
L of the order of a tim, we expect transit times ttr = L/Vdr of the order of 10 ps, i.e. the
condition for maximum AC photocurrent is fulfilled only if the beat frequency is <<
1/lops = 100 GHz. In general, when this condition is not fulfilled it can be shown that
the following relation relates the AC current to the average current:

= I (14-2nivpiir try' cos(27tv-no = e liph (PL/hvo) (1+27civ TH,Ttr)
1 cos(2mvnizt) (2)
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Thus, at THz-frequencies the amplitude of the THz-current ITHz° is much smaller than I°.
At first glance, the situation would seem to improve drastically, if the carrier transport
time were to become much smaller than the transit time This happens if transit times are
limited due to the recombination lifetime Tree << T tr, so that Trec replaces T tr in Equ. (2).
However, in this case each photo generated carrier no longer contributes the same

•amount to Io , as its drift length ldr Vdrtrec is now only the fraction ldr /L, i.e., the photo-
conductive "gain" g ldr /L = (Trec/T tr) becomes << 1.
Now, by replacing the expression for I° given in Equ. (1) by the following,

I° = e (dNidt) (vT/L) = e lph (PAVO) ( r rechtr) (3)

into Equ. (2), one finds that

ITHz(t) (1-1-27tiviliztrec)  COSPITNITHz0 e (TreeiTtr) (14-21TiVTHzTrec)-1

COS(27EVTHzt) (4)

We see that for Tree << Ttr: (i) the 3dB-frequency becomes much larger, i.e. V3dii =

1/27Etrec, instead of V3dB 1/27ritr, (ii) the amplitude of the AC current for VTHz >> V3dB
given by IT H2

0

 e rlph (PL/hvo) (21CVTHirtr) -1 is unchanged, whereas (iii) the DC current I°
is strongly reduced by g 1dr /L (erechtr)-

For arbitrary \Pm, the emitted THz power can be estimated by,

PTHz = 1/2 (ITHz())2 Ra = 1/2 le riph (Pdhvo)} (T iT I- 1 +0 V I2 , -rec -tr, 2 	THz - rec

(Tree/TO /2 /[1±(27LVTIlztrec)2]

where,

PTI-Iz id le Ilph (PL
/ W0)} 2 Ra

211D THzid

(5)

(6)

corresponds to the THz-power emitted by an ideal photomixer, assuming ri ph--- 1. Ra is
the radiative resistance of the antenna, which is typically in the order of 50 to 100 Si For
an ideal GaAs photomixer (with hvo = 1.43 eV 7-- E g) the following values are expected:
Ra = 70 C) and PL = 10 mAY value of P rnizid = 1.7 mW, corresponding to a conversion effi-
ciency 'gnu = PTHz/PL = 17 %.

Assessment of Photoconductors
LT-GaAs is used in photoconductive photomixers because of the short electron and hole
capturing and recombination lifetime. Minimum values of trec = 130 fs have been re-
ported, corresponding to a 3dB frequency of 1.2 THz. In optimized LT-GaAs-
photomixers the photoconductive area consists of an LT-GaAs-layer with a thickness of
the order of 1 gm and an interdigitated contact structure with contact separations of L =
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1.8 pm, covering a quadratic area of 8 x 8 111112. Using again vdr = 107 cmis we obtain 'Eh-

= 18 ps. The maximum laser power is typically about P L 100 mW. With these values
Equ. (5) yields, at 1 THz, a value of 

PTHzth 

170mW (0.130ps/18ps) 2/(1+0.67) = 5 lAW,
or an optical conversion efficiency of = 5 x 10 -5 . These values are rather close to
the best-reported experimental values of PTHzexP = 2 pEW and r1THz" P = 2 x 10 -5 , respec-
tively [11]. It should be noted that, although in this case VTHz is slightly smaller than V3dB,
the low efficiency at this frequency does not result primarily from the short recombina-
tion lifetime, but rather from the long transit time. For tree >> 130 fs, Equ. (5) yields only
a slightly higher value of PTHz PTHzid (1/27EVTHICtr) 2 = 13 JAW.

In fact, the real advantage of the short recombination lifetime is the reduction of the
steady-state carrier density at such high laser power. A simple estimate yields an average
photo-induced carrier density in the LT-GaAs layer of about 10 15cm-3 for the present ex-
ample. Although seemingly small this carrier density tends to screen the electric fields
between the contacts, thus lowering the photocurrent, provided that the drift velocities of
electrons and holes are not equal. Even if the steady state carrier density were deter-
mined by an ideal carrier transit time of about 20 ps, the photo-induced carrier density
would be larger than 10 17 cm-3 . In this case, even extremely high external voltages would
be nearly completely screened by space charge building up near the contacts.

Inspection of Equ. (5) suggests that the most promising approach for improving on the
performance of photomixers might be a reduction of the transit time by reducing the con-
tact separation L. Unfortunately, a reduction of L, while keeping the active area constant,
results in an increase of the capacitance approximately proportional to L -2 . Taking into
account that the present example represents already the design where the RC-3dB fre-
quency vRc = 1/27cRaC LT 1THz (CLT is the capacitance of the LT-GaAs layer with the
interdigitated contacts) this implies a superlinear roll-off of the AC current I TH, with de-
creasing L which overcompensates the expected linear increase.

These simple theoretical design considerations are supported by the empirical observation
that in spite of significant efforts no fundamental improvement of performance has been
achieved in the field of LT-GaAs photomixers during the past years. In principle, the
RC-roll-off problem can be overcome by taking advantage of the traveling wave concept.
At suitably chosen angle of incidence of the photomixing lasers the interference pattern
and, thus, the phase of maximum photocurrent generation can propagate with the same
speed as the THz mixing signal in an active transmission line with LT-GaAs in between
[12-15].

Assessment of Photodiodes
Similar considerations as outlined above can be applied also to p-i-n photomixers. One
obtains the ideal value for the emitted THz power, according to Equ. (6) if the amplitude
of the AC current, ITHz° , is affected neither by the RC nor by the transit time roll-off, pro-
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vided that riph =1. In the general case the product of the corresponding roll-off factors
reduces the emitted power:

PTHz 1/2 (ITHz°)2 Ra
 

[14-(vniz/vRo r PTHzid [ 1 ±(VTHz/V RC)21 - 1 [ +(VTHz/Vtr)23-1

The RC-3dB frequency vRc = 1/(27uRc)= 1/(2nRaCpin) (with Cpin= 8L,Ly/47rLz and & =
dielectric constant) scales linearly with the i-layer thickness L z and inversely with the
sample cross section. Thus large L and small cross section appear attractive. On the
other hand, the transit time 3dB-frequency vn.  1/2tn. increases with the transit times be-
coming short. Thus, small values of Lz appear attractive. An optimum value of L, for a
pm photomixer can be determined from the condition v Rc = v tr. The transit time is (con-
ventionally) determined by Ttr = Lz/Vdr, where for typical fields Vdr = Vsat 107cmis is
taken for electrons in GaAs, as the electrons are traveling at the (nearly field independ-
ent) saturation velocity Vsat, whereas vdt

.
 = [thF is taken for the holes. Taking Vdr =

107cm/s for electrons and holes and assuming a reasonable minimum value of the cross
section (Lx Ly =- 5 litn) we obtain Lz°Pt = 0.33 gm and 'et = 150 Gflz. According to
Equ. (7) the emitted THz power is then expected to be a factor of 4 less than P T Hzid . At 1
THz the emitted THz power should be still about 0.05 % of the ideal value. A major
limitation of pin-photomixers is due to field screening effects. As the photo generated
electrons and holes drift towards the n- and the p-layers, respectively, with transit times
in the ps range, a stationary space charge distribution — changing from positive sign near
the p-layer to negative sign towards the n-layer — builds up in the i-layer. In order to
maintain a sufficiently high field for the fast transport throughout the whole i-layer an
increasingly large reverse bias is required if the laser power increases. In our case about
10 V reverse bias are necessary for P . = 100 mW. With a photocurrent of 70 mA a dissi-
pated electrical power of 700 mW () would result. With Ra = 70 c-2, e.g., a value of PTHz

75 gW, would be obtained, which would represent a drastic improvement by 1 to 1 V2
orders of magnitude compared to the theoretical or the best experimental LT-photomixer
results, respectively.

There are only a few reports on pin photomixers found in the literature. The best results
reported are 2mW 100 GHz and 100 nW @ 0.625 THz achieved with 100 mW laser
power [16-17]. More recently, 17 mW 120GHz was obtained [18].

Novel n-i-pn-i-p Superlattice Photodiode Concept

As the current in photomixers is uni-directional, the transport time ideally should be less

Figure 1: In order to reduce the drift length but keeping the capacitance of the
whole structure constant, the pin-diode is subdivided into N nano - pin-diodes.
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than about one half of the THz period, i.e. tr < Tniz/2. As these times are in the fs
range, this implies that for the time of interest the transport can be ballistic. During this
time electrons acquire a velocity strongly exceeding the high-field drift velocity and, con-
sequently, contribute a much larger amount to the current and propagate over a longer
distance. As transport for times > T-ç/2 is counterproductive it is advantageous if the
electrons are stopped after a time of about Tniz/2. As (ballistic) holes are much slower, it
is desirable that transport is mainly carried by the electrons. To a good approximation
ballistic electron transport in the uniform electric field of a pin diode can be described by
a velocity linearly increasing in time until the minimum energy for scattering into higher
side valleys, AErt 7=-, 250 meV in the case of GaAs, is reached. The average velocity is

Vbal Vmax/2 = 5 x 107cmis with Vmax determined from mcvmax2/2 = AEFL (where mc stands
for the effective conduction electron mass in the F-valley). As v bai is by a factor of 5
higher as vsat, for a given flight time of T-riu/2 the electrons travel over correspondingly
larger distances I, = vbaITTH,/2 = vbai/(2v-mz). For VTHz = 1 THz, e.g., we obtain 1, = 250
nm. In order to avoid that the capacitance becomes too high and, hence, the RC-3dB
frequency too low, we keep Lz sufficiently large to assure that v3dBt �_ v-m, by subdividing
L, into a superlattice consisting of N nano — p-i-n diodes of length 1,, i.e. L, = N lz, as
shown schematically in Fig. I. As the photo-generated carriers are now distributed over
N superlattice periods the AC current amplitude hHz° is reduced by a factor of N. Hence,

PTHz = PTHzid N-2 [ 1 ±(VTHz/VRC)2r [ ±(Viliz/V)21-1 (8)

For a given THz-frequency, vu lz, the optimized number of superlattice periods, N°Pt, is
obtained from the conditions vRc = VTHz and vtr = v-rHz. For a superlattice of N periods
vRc is given by V3c1g= 1/(2nRaCtot) with

Ctot = LL/(471N1) = vilizEL„Ly/(27iNvbat), (9)

which yields, together with vt, = 1/2Ttr = vbat/21z

N'Pt = (Vmz)2RagLxLy/Vbal (10)

and

PT z°Pt = y2  riph PLi
hVo)

2 Ra I (2N00) -2 = y2 (e riph PL/hvo)2 Vbal2/[4Ra (VTHz2ELxLy)2 1 ( 1 1)

Equ. (11) suggests that the THz power increases quadratically with the laser power and
decreases with the 4-th power of the THz frequency and quadratically with the cross sec-
tion of the mixer. For sufficiently high values of v-m, the emitted THz power is, in fact,
limited only by the maximum laser power, which can be dissipated by the mixer and the
minimum device dimensions Li, and Ly that can be achieved. In the range of 1 THz, how-
ever, the minimum cross section at a given laser power is limited by the maximum toler-
able field changes in the i-layer, where the ballistic transport takes place. This field
change is proportional to the laser power and inversely proportional to the THz fre-
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quency, the number of periods and the capacitance. Using Equ.s (9) and (10) for C tot and
Nwt we see that ultimately the field changes are proportional to PL(L„Ly)-2VT1-1;4.
For our estimates we take P 1 =100 mW (as typically used in the LT GaAs photomixing
experiments; the n-i-pn-i-p photomixer can most probably tolerate even higher power, as
no external voltage is to be applied to these devices, in contrast to the LT GaAs pho-
tomixers, where the high voltage at the Schottky contacts is the origin of thermal failure
near PL exceeding 100 mW). At vTHz = 1 THz one finds lz°

Pt
 = 250 nm. The condition

that periodic field changes should be less than ± 25 % yields Lx = Ly = 9 pm and 1
\
1°

Pt 
=

10. According to Equ. (11) one finds PTHz = 425 pW. For N
I
THz = 3 THz one finds lz =

93 nm. At this frequency the periodic field changes turn out to be far below the critical
values, even if the dimensions are reduced to Lx Ly ---- 5 pm (the smallest values which
can be achieved "easily"). In this case one finds N° Pt ---- 28 and PTH, = 54

For the realization of the concept one has to bear in mind:

1) The transport should predominantly be carried by the (light, and therefore fast) elec-
trons

2) The potential drop between the starting and arrival point of the electrons should be of
the order of the energy difference AFL between F- and L-valley (in case of GaAs).

3) Although after arrival the velocity of the carriers is zero the electrons at the minimum
of the conduction band have to recombine fast enough with the holes at the valence
band maximum in the neighboring n-i-p-diode (See Fig. 1) in order to avoid too much
carrier accumulation.

4) Although we discuss here only the example of GaAs-based photomixers other com-
pound semiconductors (like InGaAs) have even more favorable properties regarding
V

bal and the critical energies for scattering into side valleys AFL or Arx.

In Fig. 2 one period of the proposed "n-i-pn-i-p superlattice" structure, designed to meet
these requirements is shown. The individual "n-i-p-electron - transport diodes" which
are designed to have the optimum length le for the ballistic electron transport and a short
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transport length lb for the holes for the chosen THz-frequency are connected to each
1z

lz,h

Figure 2: Band diagram, Al-content and doping profile of
one period of the n-i-pn-i-p-superlattice

other by "recombination pn-junctions". These junctions are highly doped and contain a
thin electron-hole recombination layer composed of either LT-GaAs or ErAs [19] and
will be discussed in more detail below. The Al-content is asymmetrically graded in the i-
layers (see Fig.2). Because of the varying band gap in the i-layer the electron generation
takes mainly place near the point of minimum band gap as indicated in Fig.2, if the laser
photon energy is suitably chosen. In Fig. 2 the band diagrams are shown for both the
ground state and the excited state at illumination with high excitation energy. The
ground state (dotted lines) is characterized by a common Fermi level in the n- and the p-
layers. The sheet electron and hole density in the ground state is no (2) and po(2) , respec-
tively. As the photo-generated electrons and holes do not recombine instantaneously an
additional sheet electron and hole density dn (2) = Ap(2) builds up under illumination. This
space charge partially screens the built-in potential. This results in a splitting of the
quasi-Fermi levels for the electrons in the n-layers and the holes in the p-layers (I)np = 

(
kn -

(1)p (full lines in Fig. 2). Under photomixing conditions the average photocurrent gener-
ated per period of the n-i-pn-i-p superlattice, f/N, is flowing through the recombination
diode as a (nearly constant) recombination current. The value of (1)np und thus also the
potential drop within the "n-i-p electron — transport diodes" and the "rip recombination
diodes" corresponds to eUnp , where Unp stands for the forward bias at which just this cur-
rent I0/N is flowing in the "pn recombination diode". Under ideal operation conditions
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the average value of (1)/1p = eUnp should be somewhat larger than Eg — AFL and the ampli-
tude of the (THz)-periodic variation of stsnp should be significantly smaller than Onp, as
discussed in the paragraph following Equ. (11).

Simple estimates show that depending on the laser power and the number of periods the
current density in our devices will be in the order of j av 

1 to 100 kA/cm2 because of the
small cross sectional area 1.,x1..,y, required according to Equ.s (9) to (11). As these values
are required for a photo-induced Fermi level splitting of (f)np = eUnp 1 eV these values
turn out to be by many orders of magnitude larger than in standard pn-junctions. There-
fore, special "pn recombination diodes" have to be used, as shown in Fig. 2. In Fig. 3 the
measured current density vs voltage curves for strongly doped p-n diodes with a 1.2
monolayer thick ErAs recombination layer at the interface and n D = 5 * 10 18 cm-3 and nA
= 2 * 10 19 CM-3 are compared with reference diodes with the same doping densities, but
without ErAs recombination layer. We see, that using this trick, the required high current
densities are, in fact, accessible at the required excitation level.

In order to support our simple estimates from Section 4 we show in Fig. 4 the results of
Monte Carlo calculations for the transient high field transport in bulk material. From this
figure it can be seen, that our estimates regarding the average ballistic velocity v bal , the
transport time and distance, Ttr and l, respectively are quite realistic. In particular, we see
that the position of the electrons after a given time of flight does not depend too critically
on the actual field.

bias U [V]
Figure 3. current density vs voltage curves of highly doped pn-junctions without (dashed) and with ErAs recombi-
nation layer. Recombination diode (with ErAs-layer): black lines = measured, grey lines = corrected for contact
layer series resistance; reference diode (without ErAs-layer): dashed line.

The distance reached after 0.5 ps, e.g., is nearly the same, if the field changes between 10
and 20 kV/cm. Recent fs- studies of the transient transport in similar nanostructures
have quantitatively confirmed our Monte Carlo simulations [20-21].

338



1.000.00 0.25 0.50 0.75
time (ps)

300
1 OkV/cm

5kV/cm

20kV/cm

50kV/cm
1 00kV/cm

0.25 0.50 0.75
time (ps)

Figure 4: Monte Carlo results velocity and position vs time.

1 .00

9x107

14th International Symposium on Space Terahertz Technology

5 kV/cm
- 10 kV/cm
—-- 20 kV/cm
7-7

,
7 50 . ky/cm.

...sm. 100 kV/cm
1 onset of polar optical emission
i onset of intervalley scattering

*  —1
.

3x107 1 • • ° ° ° ° ° . . ° ' ..... ° ° . .... . „
. .. _ ....... . ,

-.Nebo.- AS; 0.- ' WillirmIllemillerail....110.4

We conclude that the main drawbacks of conventional LT-GaAs based photomixers as
THz-sources result from the low photoconductive gain. Our approach based on ballistic
transport in a n-i-pn-i-p superlattice, in contrast, yields optimized THz-currents and THz-
voltages. Impedance matching to the antenna can be achieved by suitable choice of the
number of periods N of the superlattice. Moreover, this approach overcomes the usual
problem of the frequency limitation due to the carrier lifetime in LT-GaAs. Therefore,
particularly interesting results are expected at frequencies up to about 3 THz.

Quantum Cascade Lasers
Quantum cascade lasers are unipolar lasers that exploit the radiative transitions between
two subbands of a multi quantum well system [22] or two minibands of a superlattice
[23]. The basic cell is composed of an injector and an active region. The injector, usually
doped, provides electrons to the upper level of the active region. Under sufficiently high
electric fields, a population inversion builds up between such upper level and the lower
one, which in turn depletes itself via non-radiative transitions with the level(s) of the ac-
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tive region sitting at even lower energy. The basic cell is repeated for 30 to 40 periods in
order to enhance the output power.
Quantum cascade lasers have been built on the InGaAstInAlAs systems (lattice matched
to InP) and GaAs/AlGaAs one (lattice matched to GaAs) [24-27]. They are usually n-
type and operate in the range 5-20 11,M, with output power of the order of few mW, under
CW conditions (at least of to 200 K) or under pulsed condition up toroom temperature
and higher. Weak electro luminescence in the THz regime (above 5 THz) has been re-
ported in [28-30]. Recently, two Monte Carlo simulations have indicated that it is possi-
ble to achieve population inversion and lasing action in this regime. One of the analyses
[31] was based on a conventional QCL with a 2-well active region.
Population inversion is achieved up to 77 K with an electric field of about 35 kV/cm.
The second con-sidered a SL GaAstAlGaAs QCL [32], with well width of 22 nm. An
experimental verification of the THz QCLs was announced [33] recently. The laser
works at 4.4 THz with an output power of 2 mW up to a temperature of 45 K.
More recently progress in the filed has been rapid with experimental results achieved at
3.4 and 2.3 THz [34,35].

Stressed p-Ge Lasers
A candidate for tunable THz generation would have been the cryogenic p-Ge "hot hole"
laser that emits broadband THz radiation resulting from transitions between the light- and
heavy hole bands [39]. However, the large excitation power needed to obtain "streaming
motion" of holes under crossed magnetic and electric fields prevents CW operation.
More recently, it has been observed that for p-Ge under large uni-axial external pressure,
laser action occurs at moderate excitation powers, without the need of a magnetic field
[36]. The proposed population inversion mechanism is illustrated in fig.a [40, 37]. Un-
der uni-axial pressure the light- and heavy hole sub-bands split up and, for P > 2.5 kbar //
[100] and P > 4 kbar II [111], the acceptor ground state connected with the heavy hole
band enters the continuum of the light hole sub band and becomes a so-called resonant
state. Under impact ionisation conditions, the scattering of the holes at this resonant state
results in a trapping of the holes near this state, leading to a maximum of the non -
equilibrium hole distribution function near this energy [42]

Fig.5. Energy level scheme showing the heavy
hole is resonant state in the light hole con-
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tinuum + possible laser transitions [40]

Lasing action occurs between this resonant state and the bound ground- and excited states
of the acceptor connected to the light hole sub-band, as shown in fig. 54401
Frequency tuning between from 2.5-10 THz is possible by changing the pressure (fig. 6).
The low excitation voltage needed to reach laser action proves that in this case, contrary
to the p-Ge hot hole laser, no streaming motion of the holes is necessary to create a popu-
lation inversion. Due to heating, for bias voltages above 10V/cm only pulsed operation is
possible at a mW power level. For lower voltages CW operation at the microwatt level
has been observed at 2.5 THz with a lasing threshold excitation power of only 10 mW
[38, 41].

Conclusions and Further Work
The novel photomixing scheme presented in this paper is believed to be the only way
forward in improving THz performance of photomixers, as a result of this study. In order
to introduce the advantages of this scheme a detailed, and lengthy, explanation of pho-
tomixer physics and state-of-the-art performance was hardly avoidable. The other two
technologies presented, THz QCLs and p-Ge lasers, are thought to be equally promising
and their development is ongoing without this study. Presently, the second phase of this
ESA study has begun for some time and has focused on the realisation of the superlattice
photodiode as well as the duplication of the THz QCL and p-Ge results reported in the
literature. Emphasis is also put on QCL modelling in order to better understand the ulti-
mate theoretical limitations, in terms of lower frequency and operating temperatures.
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