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Introduction

This chapter is mainly focused on the generation of continuous waves in the THz frequency range by
using the optical heterodyne, also called photomixing of two slightly detuned (of a frequency Av),
spatially overlapped, infrared laser beams in an ultrafast photodetector. We are not able to present
exhaustively all the works which have been carried out in this field these last twenty years and we
will focus on two standard photomixers devices: ultrafast photoconductors based on sub-picosecond
carrier lifetime semiconductors (e.g. low-temperature grown GaAs, InGaAs:Fe, etc.) and uni-

travelling-carrier InP/InGaAs photodiodes.

1 Photomixing Basics

1.1 Photomixing Principle

Let's assume two continuous-wave (cw) laser beams spatially overlapped of angular frequencies

1 1 . N
Wy = Wy +Zwp and w, = wg — S Wp and wave vectors having a same polarization (parallel to e_y’)



and magnitude. In a plane wave approximation and assuming that the direction of propagation of the
lasers is alongthe z-axis, the electric field of one laser can be written as:

t.1 E(z6) = Egcos(wit — kiz)ey=Egcos(wit + ¢;(2))e,
The total electric field is then:

Eq. 2 E(z,t) = Ey[cos(wyt+¢,) + cos(w,t+¢;)]e,

1 1 1
= 2E, [cos (w0t+§(<p1 + <p2)) cos (5‘%“‘5(‘.01 — <p2)>] e,

We recognize here a carrier at angular frequency wymodulated by an envelope at angular frequency

1(1)
2 %b

The energy flux density of the superposition of the two fields is then

- — — - 2_)
Eq. 3 S(z,t) =E(z,t) NH(z,0)=yo|E(z,0)| &,
. L . 1 L1 1
|5(Z, t)| = YOlE(Z; t)l = 4yoEy” cos (w0t+z(€01 + sz)) cos (E wbt‘"E (o1 — fpz))

=y0Eo? (1 + cosQwot+(p1 + 92))(1 + cos(wpt+(p; — 93))

where y, = zio = (g0/Uo)*? is the admittance of free space.

In a photomixing experiment, the laser frequencies, wgis far above the cut-off frequency of the
photomixer, and only the time average (equal to zero) of its contribution is detected. The difference
frequency wy, = w, — wqis chosen small enough to be followed by the photodetector. The energy

flux density detected by the photomixer is therefore

Eq. 4 |§(Z' f)| = yoEo*[1 + cos(wpt+(p1 — 92)]=So[1 + cos(wpt+(p1 — ¢2)]

The detected energy flux density is composed of a dc part, which is the sum of the laser energy flux
densities taken separately %SO = %yOEoz , and a modulated part. The frequency w, of the

modulation of the energy flux density is the frequency difference of the two lasers. w;, can be easily
tuned by tuning the frequency of at least one of both lasers. As the laser frequencies are much larger
than wy, only a small relative tuning range of the laser is sufficient for the photomixer's output signal
to be widely tunable. In practice, the tuning range is limited by the frequency limitation of the

photomixer.

1.2 Historical Background
The first experimental demonstration of the mixing of two optical sources is shown in 1955 by T.A
Forrester et al. with a photocathode illuminated by two zeeman components of an atomic spectral

line separated by 10 GHz [1]. However, this technique has received a great deal of attention after the



appearance of the laser in 1960 providing sufficiently coherent and easy to use optical sources. The
first optical mixing of laser sources is done in 1962 by A. Javan et al. [2] with two single mode He-Ne
lasers mixed in the photocathode of a photomultiplier. The beating frequency is 5 MHz and is
detected by a spectrum analyzer. The main goal of the experiment is actually the measurement of
the spectral purity of the laser and not the generation of microwaves. In the same year, several
reports of photomixing with beating frequencies lying in the GHz range follow this work, in which the
photomixer is firstly a transparent cathode of a standard microwave traveling wave tube (TWT) [3].
Solid state photomixers appear in a second time, with the use of a p-i-n junction Germanium
photodiode [4], [5] and a biased photoconductive CdSe crystal [6]. In these pioneering works, the
optical sources consist of near longitudinal modes of a ruby laser or a He-Ne laser. Two years later,
the physical and electrical model of the microwave generation by photomixing done by P.D Coleman
et al. [7] give the key parameters for the optimisation of the generated power. In the 1990's, with the
progress of solid-state lasers and high-speed photodetectors, the interest in the microwave
generation by the optoelectronic route is revived. The first demonstration of THz generation by
photomixing is reported in 1995 by E.R Brown et al. [8] thanks to an ultrafast photoconductor,
consisting of an interdigitated electrode capacitance on a low-temperature-grown GaAs (LT-GaAs)
and pumped by two Ti:Al,O; lasers working around A=0.8um. The photomixer is coupled to a spiral
antenna and the radiated THz waves are detected by a He-cooled bolometer. The LT-GaAs,
discovered some years before [9], seems actually, to be a perfect semiconductor for ultrafast
optoelectronics, due to a subpicosecond carrier lifetime, a high electric-field breakdown (~300
kV/cm) [10] combined with a relatively high electron mobility (~150 cm?/Vs) [11]. The output power
is quite low, i.e. 4 uW at 300 GHz and 1 uW at 800 GHz, but the noise level is reached only at 3.8 THz.
The second breakthrough is achieved in 2003 by Ito et al. [12] with the report of ~¥80 uW at 300 GHz
and 2.6 uW at 1 THz a with InP-based uni-travelling carrier photodiodes (UTC-PD) initially developed
for telecom applications and pumped by 1.55-um-wavelength lasers. As far as concern the output

power, no significant improvements have been achieved since these two pioneer works.
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Figure 1: THz generation by photomixing

2 Modeling THz photomixers

The purpose of this section is the presentation of an electrical model of a THz source based on
photomixing in photodetectors. This will be followed by an estimation of the level of power that can

be generated by this method.
2.1 Photoconductors

2.1.1 Photocurrent Generation

Hlumination

Figure 2: Photomixing in a photoconductor

As seen in the previous part, the incident energy flux density (or intensity) in a photomixing

experiment can be written as:

ka2 S(z,6) = |S(z,0)]=S[1 + cos(wpt+(p1(2) = 92(2))]



If we assume an illumination on the surface area of the photoconductor being at z = 0, the intensity
of the light impinging the photoconductor can be written as:

Eq. 6 Sz0(t) = S(z = 0,t)=S,[1 + cos(wpt + @)] where ¢ = (¢,(0) — ¢,(0))

A schematic of a photoconductor illuminated by an optical beatnote is shown in Figure 2. Here, we
consider an ideal photoconductor of capacitance C, having a single type of carrier of mobility u, a
lifetime 7and a free carrier density ng,« assumed to be zero. When the energy flux density impinges
the photoconductor, a fraction (1 — R) enters the semiconductor, where R is the reflectance. In the
semiconductor, light is absorbed according to the Beer-Lambert law, and the intensity of the light
beam is given by S(t,z) = S,,(t)(1 — R)e~%*, where a is the absorption coefficient. If we assume
an homogeneous illumination onto the photoconductor of area A = [ X w, we have a direct relation
between the time average pumping optical power P, and the time average intensity: Py, = [ X

w X S,. The density of electron-hole pairs created by light absorption is:

1 0S 1 1
Eq. 7 g(z,t) = T = E(ZSZo(t)(l —R)e™* = Ea(l —R)e ™ %S,(1 + cos(wpt + @))

where hv is the energy of one photon, v =%being the average frequency of the laser light
(w = w; = w,).The electron density in the semiconductor n(7,t) can be calculated by using the

continuity equation:

on(7,t)

Eq. 8
. ot

, n 1 _.,
=g(7,t) —;"'EV](TJ)
where n/7 correspond to the recombination/trapping rate of the free carriers , with t the carrier
lifetime of the material.f=fdiff +fdrift is the current density, composed of diffusion and drift
currents:fdiff = —eDVn andfdrift = —nev = neuf, where E is the electric field. Here we assume
that the charge neutrality is preserved everywhere in the device. The diffusion current is negligible
compared to the carrier trapping due to the short life-time of the photoconductive material, in the

order of T = 1 ps. In a standard planar photomixer, absorption of light follows the Beer-Lambert-law,

and the free electron density can be approximated by n(z) = nge~*%. The diffusion current
2
becomes Jgi57r = —% = Da?n. The typical absorption coefficient in semiconductors such as LT-

GaAs is o ~ 10°/cm. The diffusion constant isD = kgTu/e = 30 cm? st at room temperature,
assuming a typical mobility of pu ~ 1000 cm®V™'s™ in low carrier lifetime materials. The diffusion
contribution to on/ot is then DAn =~ n X 3.10% s~ and can be neglected since it is much smaller

than the trapping rate n/t ~ n x 102571,



In the absence of currents or at small electric fields, where the contribution of the drift current Jg,¢;

to On/0Ot can be neglected, the continuity equation takes the form:

an(t)
at

B n(7,t)

g@@,t)

Eq. 9

with g(7,t) = %a(l —R)e %1y(1 + cos(wpt + ¢)) and without loss of generality we can choose

the time origin such as ¢=0.

The electron concentration can be then written as:

cos(wpt + 1/))]
JI+ (@p0)?

Eq. 10 n(z,t) = ny(2) [1 +

ta(1-R)e™%%s,
hv

with i = atan(w,t) and ny(2) =
The photogenerated charge carriers move towards the electrodes along the electric field lines. In
general, the transit time 7, of a charge carrier moving from one electrode to the other depends on
the position at which the latter is created due to different path lengths and field strengths. In the
basic model analyzed here, we assume at low electric field E that t,,, = [/v = [/pE. The ratio of
lifetime over transit time is also known as the photoconductive gain, y = 7/14. It can be thought as

the number of electrons delivered to the electrode for each electron-hole pair created.

The current generated by the photoconductor is given by the flux of charge carriers at the electrodes.

For the simplest model, the current density is j =j, +j; with j. =nev and j; = sg—f. By

integration, the conduction photocurrent becomes:

w d
Eq. 11 1.(t) =J dyf jedz = evwf
0 0 0

d

n(z,)dz = pEwSo(1 - R)(1 - =)z [1 ; M]

V1+ (wp1)?

Eq. 12 LG = %Vﬂoptl’opt - cos(wpt + 111)]
V1 + (@pr)?
where 1, = (1 —R)(1 — e~ %) is sometimes called the optical quantum efficiency and is in our
case the ratio of the photon flux absorbed in the active layer to the incident photon flux. As far as
concerned the displacement current, if we suppose the charge density in the semiconductor
negligible in comparison with the charge density on the metallic electrodes we can consider that
E =V /l=cste and:

dw dv dv

w d
L® = dy| jydz=—e—=C—



with C, the electrical capacitance of the photoconductor. In a first time, we suppose that there is only
a perfect dc voltage source in parallel with the photoconductor (see Figure 2), V = cste and I; = 0.

The photoresponse of the photomixer is defined asR = I_/Popt. From the last equation, we can
notice that R < e/hv. The term e/hv is approximately 1.25 A/W for a laser wavelength of 1.55 um
and 0.63 A/W at 780 nm. Photomixers at longer wavelengths can ideally be more efficient due to the

higher number of photons impinging on the photomixer at the same optical power.

2.1.2 Electrical Model

Vb e — G VL

Figure 3: Electrical model of a photoconductor coupled to a load admittance G,

The current generated by a photoconductor without a load resistance has been calculated in the
previous section. However, in practice, the photoconductor can be coupled to different loads
depending on the cases: to an antenna to radiate the THz currents in free space, to a waveguide
followed by a powermeter or a spectrum analyser, etc. In the simplest case, the impedance seen by
the photoconductor is real and is in the order of 50 ohm, as it will be seen later that the radiation
resistance of broadband antennas is in the same order of magnitude as the standard impedance of
microwave instruments. The THz power dissipated in the load then depends also on the capacitance
of the photodetector. For the analysis of the electric circuit, it is helpful to calculate the conductance
of the photoconductor:
Eq. 14 GO = IVC _ %TL TopePont [1 N cos(wpt + 1,[)2)
tr V14 (wp1)

At low voltage, in constant mobility regime,v = uE = uV/l, t4 = % = ’;—: and S—IG/ =0

In this case, G can be written as:

Eq. 15 G(t) =G, +G, cos(a,t + )
where
e ut eunyA
cq. 16 €0 = hw 17 MopeFore =7

with 7, the spatial average value of ny(z).
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To simplify the calculation, we assume that the photoconductor is coupled to a real load admittance

Eq. 17 Gy =

G, and a band pass filter consisting of an LC circuit, having a resonance frequency at @,, is added in
parallel with the load in order to short-circuit the load at every frequency except the beating
frequency (as shown in Figure 3). Voltages and currents in the circuit are time periodic (period
T=2n/w,). They can be expressed in Fourier series and the band pass filter removes all the upper
harmonics. By using this simplification and by set = 0 to lighten the notations, the voltage across
the photoconductor takes the simple form:

Eq. 18 V(t) = Vye + Vyecos(wpt + @)

and the current:

Eq. 19 1(t) = Iac + Igccos(wpt + 6)

It remains to calculate V., V,e, Lic, Iqc @, 6. To do that, we use:

1. The relationship between the voltage and the current across the photoconductor: I(t) = G(t)V (t)
where we use the complex notation, i.e. I cos(wpt + &) = Re(ig.(wp)e/?bt), V. cos(wpt +
8) = Re(vgc(wp)el@vt), etc.

we find from this latter:

Eq. 20 lge = VacGo + %VacGl cos @ lgc = GoVac + G1Vyc

2. The Kirchhoff’s current law at w = wj which gives (see Figure 4a): =G,V =1 + C% which can be

expressed in complex notation by:
Eq. 21 —GLVac = lge + jCwWpVge
Thereby, V. and ¢ can be calculated:

G4 d tan( Cwy
n = — n(——
and ¢ = —ata Go 1 G,

Vac =V,

dc )
J(GO + G)? + C?w?

Eq. 22

In addition, the band-pass filter short-circuits G; at w = 0 and then: V,;. = V},. (see Figure 4b)

w = wp w=0

A
A I A Id

V. IS=F - G Vi V| =

Vi

c

1!

@I

Figure 4: a) Electrical circuit at w = wp andb) w = 0
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Figure 5: Photomixing experiment AC/DC decoupling using a Bias-T

The LC circuit filters all the frequencies except for w = wy, . It is obvious that this is a calculation
“trick” to obtain easily the voltage and current in the circuit, which is very difficult to use in practice
since it limits dramatically the frequency band of the photomixing source. In practice, there is always
a circuit which decouples dc and ac parts of the generated currents in the circuits. It is done straight
when an antenna is used to radiate the ac currents in free space. A bias-T is inserted, when
waveguide measurements are performed (see Figure 5), resulting in the same ac/dc decoupling but
without cancelling the signals at harmonics frequencies (2wj, 3wy, etc.). The theoretical results
obtained here can thus be used also in this case but only when the higher harmonics are negligible
(which is often true...). From the equations above, we can deduce directly the small signal equivalent

circuit at @ = @, which consists of a current source I, = |izc| = G1V, having an internal

conductance G in parallel with the electrical capacitance of the photodetector and loaded by a

conductance G, (see Figure 6).

c,v,(}) c=c==c

Figure 6: Small signal Equivalent circuit at @,
2.1.3 Efficiency and Maximum power
2.1.3.1 (1) CaseGi=Gyand C=0
It is rather obvious that the electrical capacitance of the photoconductor limits the performance at

very high frequencies. It is however interesting to deal with the ideal case where Cw), < (Gy + G)

From the calculations above, the power provided by the dc generator is:

10



Eq. 23 2 1 G}
Q- Pac = IgcVp = V3 GO_EG TG
0 L

The average RF power dissipated in the load G, is:

1 1 G, G} 1 G, G} 1 G
Eq. 24 PTHZ=_GLV12=_V172#=_ g#z_ (%c L
2 2 P (Go+G)? 2P (Go+GL? 2% (Gy+GL)?

The maximum power dissipated in the load is obtained at the impedance matching condition
when Gy = G;. It is also known as the “maximum available power” of a source by microwave
engineers. In the most favorable case, when the carrier lifetime is much smaller than the beating
period G, = Gy, it can be written as:

1

Ea. 25 Pmax = _GOVbZ
8

The conversion efficiency is then (when Gy = G;) equal to:

P
Eq. 26 N6,=6, = ;;ax =~ 0.167
c

It is worth noting that it doesn’t correspond exactly to the maximum efficiency which is reached

when G; = %;

Eq. 27 Nmax = (\/_Z—-l- 1)2 ~ 0.172
2.1.3.2 General Case
We consider here the more general case where the electrical capacitance is not negligible and the

load admittance is not a pure conductance and has the form Y; = G; + jB, . The dissipated power in

Y, is now:
Gy,
Eq. 28 Priiz = 3l (G G + (g€ + By
which takes the form when the expression of G; and I, are put in Eq. 28.
VyGé Gy
£4. 29 itz = g [(Go + G0 + (@oC + BPI(L+ w0T?)

The maximum power dissipated in the load is obtained when Y," = Ys, i.e. when G, = G, and
B; = —Cwpand is equal to the previous case. If the load is a pure conductance (B, = 0) and if
G > Gy, Eq. 29 takes the form popularized by E. Brown and coworkers [8]:

Iic R,
Fa. 20 iz =3 [+ (@, R 010+ 0fed)

Here, we have defined R, = 1/G. It can be noted that I;. = R - P,,;. We recognized the two cut-off
frequencies related to the RC time constant (fgc) and to the carrier lifetime in the photoconductive

material (f;) .

11



2.2 Photodiode

2.2.1 PIN photodiodes

As previously mentioned, another kind of semiconductor device that can be used as photomixer

is the pn junction photodiode. Electrons are holes photogenerated in the depletion region of a pn
junction are accelerated towards the electrodes by the built-in potential, giving rise to a
photocurrent. However, p-n homojunctions with constant doping in the p and n regions are not very
efficient photodiodes. At high doping concentrations, the depletion region in which carrier transport
is efficient (drift) becomes narrow, and only a small portion of the incoming light can be absorbed in
or close to the depletion region. Lower doping concentrations increase the depletion region width,

but also make the formation of low resistance ohmic contacts more difficult.

Electrons Light

P+ ©O
o\ “ilile
0.0

i '0 (o) 00
p-Contact o ' CB.
(&)
\.I

Holes ¥/ @
/
Light Absorption Layer V.B.
(InGaAs)

Figure 7 : Schematic band diagram of a p-i-n photodiode (from [13])

The main problems of p-n junctions for photodetectors can be overcome by adding an intrinsic layer
between the p and n regions. A schematic band diagram of such a p-i-n diode is shown in Figure 7. P-
i-n diodes allow high doping concentrations for low resistance ohmic contacts, independent from the
width w of the intrinsic layer. This latter is an important design parameter: it should be large enough
to absorb most of the impinging radiation and to reduce the capacitance of the device, but it should
be as small as possible to reduce the transit time of the charge carriers. Minority carriers that are
generated in the doped regions are subject to diffusion. Only after diffusing into the intrinsic region,
they are accelerated efficiently by the electric field. The doped regions of p-i-n diodes are therefore
often fabricated from a material with larger bandgap than the photon energy at the operation
wavelength. Light absorption and photogeneration of charge carriers then only takes place in the
intrinsic region, where the charge carriers are separated efficiently by the electric field. The
frequency response of p-i-n diodes has a RC-roll-off in a similar manner to that of photoconductors.
Recombination of photogenerated charge carriers is negligible, and the transit time determines the

frequency response instead of carrier the lifetime as in the case of the photoconductors. The p-i-n

12



photodiodes are not suited for THz photomixing because the low drift velocity of holes in most of the
[1I-V semiconductors materials results in an intrinsic low frequency bandwidth and a low saturation

current because of the space charge accumulation in the intrinsic layer screening the bias field.

2.2.2 Uni-Traveling-Carrier Photodiodes

Uni-Travelling-Carrier Photodiodes (UTC-PD) have been proposed in 1997 by researchers of the NTT
laboratory [14][15] in order to overcome the limitations of the InP/InGaAs p-i-n photodiodes in terms
of frequency response and photocurrent saturation. As seen in Figure 8, UTC-PD’s have a p-i-n diode-
like structure in which the absorption of light and the carrier collection are achieved in two disjoint
regions. The GalnAs absorption layer is heavily p-doped leading to a frequency response which is not
limited anymore by the transit time of low-saturation velocity holes in GalnAs (v,=5x10° cm/s) but by
the electron motion in the InGaAs absorption and InP collection layer (v,=4x10" cm/s in InP). The hole
response time is indeed very fast since it is related to the dielectric relaxation time 1z = /0 =
/el po Where py.is the doping concentration. For example, if py = 1108 cm?, 1/(2mtR) ~ 30
THz. Thanks to a blocking layer, electrons only diffuse/drift towards the InP collection layer, which
they drift across at their overshoot drift velocity. Furthermore, the photocurrent saturation level is
improved because of the reduction of the space charge effect in the collection layer induced mainly

by the slow holes in the pin photodiodes.

Electrons
42w
P+

3

p-Contact 2_“
IHoles
¥ 1831 &
o . 50 | o V.B.
m o 2 < oF |
Cm|.QC')_| o= I
Sd <= O =
2 lzg! <2 |
€ 1oz1 28
= g =g |
(m] | | ©
O |

Figure 8 : Schematic band diagram of a UTC photodiode (from [13])
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2.2.3 Photocurrent generation

>
g

Ohmic  Absorption Collection Ohmic
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Figure 9 : Electric model of a UTC photodiode (derived from[16])

In order to model the photocurrent generation in an UTC photodiode, we use the works of Ishibashi
et al.[16] and M. Feiginov[17] and we assume, as previously, an homogeneous illumination onto a
diode of area A.The current density flowing through the device consists of the sum of electron and
holes conduction current densities and of the displacement current. Since it is constant along the

device, it is equal to its average on the diode thickness (see Figure 9):

w 0
Eq. 31 I(t) = %L Je(®) +Jn(t) + ea—f) dz

In a photomixing experiment, as already seen the current in the device consists of a dc part and an
alternating component at the beating frequencyw: I(t) = Iy, + I.cos(wt + ¢). In the following we
are interested only in the oscillating component and we use the complex notation
where I, cos(wt + ¢) = Re(iyc(w)e/®?).

Eg. 31 takes thus the form:

A w
£q. 32 fac(@) =77 [ Gol@) + jn (@) + joeB) dz
0
And the Kirchhoff’s voltage law for the oscillating terms (since V,, = cste) gives:
Eq. 33 0 = v + Rpige
where v, = fOWE dz. By injecting Eq. 33 in Eq. 32, we obtain:

. ic(@)
Fa. 34 iqc(@) = 1+C]TLC

with

A w
Eq. 35 ic(w) = W fo Jo(®) + jr(@)) dz
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with C = €A/W, the electrical capacitance of the device. As a matter of fact, it can be shown that

this capacitance is composed of the p-doped absorption layer capacitance in series with the nid InP

collector Iayer% = Ci + Cl with C, > C,, that is why we will consider from now that:
a

Eq. 36 C~eA/W,

i.(w) can be divided in two parts:

Eq. 37 =1y Ge(@) + jn(@)) dz = 2 [ Ge(@) + jn(@)) dz+s [,y jo() dz

The hole current in the collector is neglected since the holes are blocked by the potential barrier at
the interface between the absorption layer and the collector layer. The current densities are
calculated in the drift diffusion approximation by using the poisson equation and the continuity

equations in 1D:

on n 14dj n 4 on
Eq. 38 _ e _ ____( E E)—D _)
ot s ez r 0z Hen(Eo + E) €0z
Eq. 39 op _ p 10jn _ p 6( 6p>
o 9T T e T 9T T g P RIE S Dugy

where p and n are the photogenerated charge carriers, pgis the background hole density in the
absorption layer, g is the carrier generation rate (see previous section related to photoconductor)
and T is the recombination lifetime in the absorption layer, E is the electric field induced by the
photogenerated carriers. E; is a quasi field acting on the electrons in the absorption layer, which can
be added by a proper design of the epitaxial layer stack in order to shorten the diffusion time of the
electron out of this latter.

It can be shown according to this model[16] and by neglecting the contact resistances that:

. WTgy
. e _Wa 1 Sln( 7 ) _ijtr

Eq. 40 lc(w) = _Epopt(l —e ¢ ) 1 +ija WTyr e 2

2

Where P, is average optical power illuminating the UTC photodiode. In this model we neglect the
reflections and losses in the structure. § = i is the absorption depth in the InGaAs layer.

Without a quasi-field in the absorption layer, the electron dynamics is related to diffusion. In that
case:

Wa Wi

Vtn ZDe

~

Eq. 41 Tqg =

with v, is the thermionic emission velocity, approximately equal to vy, = 1-107cm/s in

Ing53Gag.47As [16], [17]. For a reasonable absorption layer thickness of around 150 nm and assuming a

mobility ., = 5000 cm?V-1s1, it gives T, = 2.3 ps and response speed is limited by the electron
diffusion wiith a 3dB cutoff frequency of 67 GHz. A quasi field in the absorption layer increases the

frequency response by adding a drift to the electron diffusion. It is included during the epitaxial

15



growth either by a composition gradient or a doping gradient of the InGaAs layer. It has been shown

[17] that when the drift velocity v; > v, the diffusion related time constant can be approximated

byt, = %.[17]. The drift velocity can exceed 2 - 107 cm/s, in which case the 3dB cutoff frequency is
d

increased to 200 GHz for the same 150-nm-thick absorption region. The faster electron transport in
the absorption layer due to the built-in quasi-field is also important to reduce the carrier density and
improve the response of the device in the high injection regime[18]. The electron transit time across

the collector layer is given by t,.. An advantage of the UTC diodes over p-i-n diodes is that only

. We . : .
electrons flow across this layer and therefore by 14, = U—C is shorter than for these latter at identical
da

layer thickness. Moreover, electrons reach their saturation velocity at relatively low electric field
strengths (<100 kV/cm) because of their high mobility. A reverse bias in the order of -1 V is sufficient
for efficient operation of UTC photodiodes with ~100 nm thick collector layers. In addition, it is worth
noting that velocity overshoot could play an important role in the collector layer, further
decreasing 7,,. The overshoot electron velocity in InP can reach 4 - 107 cm/s[18]. In this case, the
3dB frequency related to 74, is around 900 GHz for a 200-nm-thick collector layer which is clearly

well beyond the cutoff frequency related to the diffusion time 7.

2.2.4 Electrical Model and Output power

We can note from Eq. 40 that, in this model, the photocurrent doesn’t depend on the voltage, in

other words, the internal photoconductance of the photodiode is zero (i.e. G =:—II/= 0). The

equivalent electrical circuit of the photodiode is thus only an AC photocurrent source (i.(w) defined
in Eq. 40) in parallel with a capacitance C. Obviously, in a full model of the frequency response of the
photodiode, there is a small internal conductance since it is well known[19] that at high
photocurrent, the frequency response of the photodiode was improved by adding an external bias
voltage in order to balance the space charge screening in the device. In addition, it is clear that in a

full model, the contact resistance should be added.

i) = ¢

Figure 10: Equivalent circuit of an UTC photodiode at ® (G, = 1/R;)

Concerning the power dissipated in load of admittance Y; = G, + jB;, we can take the expression

obtained in the case of a photoconductor with G, = 0. We obtain:
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1 ife,
LT 2(G)?+(eC+B,)

Eq. 42

which becomes when B; = 0 and if we use the expression of i.:

2
. T
R g 1 1 [sin(=")
Fq. 43 LT e T (R 021 + (0T,)2 Oy

, e Wa
where iz, = —EPopt(l —e §).
It is worth noting we have here three time constants instead of only two in the case of ultrafast
photoconductors which can explain the highest power measured with LT-GaAs photomixers in

comparison with UTC photodiodes at frequency above 2 THz (see for example [20]).

2.3 Frequency down-conversion using photomixers

The demonstration of homodyne (or heterodyne) detection with identical photomixers performed by
S. Verghese and coworkers [21] paved the way to practical photomixing systems by avoiding helium
cooled bolometer detection. However the photomixer used as detector have attracted little
attention, although the requirements are quite different. First of all, as detectors, the
photoconductor is biased only by the terahertz field which lies typically in the mV range. Therefore
high breakdown voltage is not required. In counterpart, high low field mobility is a mandatory
feature. As for the emitter, a low photocarrier lifetime and low electrical capacitance will fixed the
high frequency performances. In addition of a high sensitivity, a low dark current, obtained with a
high resistivity photoconductive material, minimizes the Johnson noise even if the noise floor is
mainly due to the shot noise, as it has been shown in time-domain spectroscopy systems [22]. With
regards to 0.8-um-laser systems, only few improvement has been achieved since the development of
the standard planar photoconductor on LT-GaAs [23]. Homodyne detection systems have been also
reported using alternative photoconductive material, such as ion implanted GaAs [24] with no
improvement until the development of optical cavity LT-GaAs photoconductors that we will present
in the following part[25]. Things are very different with respect to the 1.5-um-wavelength laser
systems. The development of highly sensitive, high-dark-resistivity photoconductors working at this
pump wavelength is a very challenging task which opens the way to low-cost and highly reliable
systems thanks to the availability of standard telecom-fiber components. Photodiodes are efficient
emitters but poor detectors as we will see below. Their built in internal electric field indeed results in
a photoresponse depending slightly of the applied bias voltage unlike the photoconductors even if
nonlinear effects are still possible allowing down conversion with low efficiency[26][27].
Photoconductive materials developed for THz generation with 1.5-um-wavelength lasers, such as

high energy ion implanted InGaAs[28], Fe:InGaAs[29], Rd:InGaAs[30] or beryllium doped low
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temperature grown InGaAs present a carrier life time reaching the sub-picosecond range, close to
the values of the LT-GaAs but exhibit low dark resistivity (¥1 KQ.cm ), increasing the Johnson noise
and thus increasing the noise equivalent power of the detector. The best results have been obtained
with a 2-um-thick multi nanolayer stack of low Beryllium doped LT-InGaAs absorbing layer,
presenting a low carrier lifetime and InAlAs layer used as electron trapping layers to increase the

dark resistivity of the LT-InGaAs layers[31][32].

2.3.1 Electrical model: conversion loss

Figure 11: Heterodyne mixing in a photoconductor illuminated by an optical beatnote

In the general case of heterodyne detection by means of a photoconductor pumped by a beating
note of two lasers beams, the dc voltage source is replaced by a RF/THz wave of frequency f which
will be down-converted to an intermediate frequency f;r such as f;r < fzrr. The beatnote frequency
fp is then chosen such as |frr — fir|l = fp. Once again, the wide tunability provided by the use of a
laser beatnote give the possibility to obtain a wideband heterodyne receiver only limited by the
frequency response of the photoconductor. The main figure of merit of a heterodyne mixer is the
conversion loss between the power of the incident THz wave (Pry,) and that of the down-converted
signal(P;r) :

L = PTHz
Eq 44 - P]F

In Figure 10 is shown the equivalent electrical circuit in which the photoconductance biased by the
incident THz wave modeled by an alternating source of internal admittance Y; and electromotive

force:

Vi, C0S(ry,t)

In addition, it is assumed that the IF signal is filtered on the THz side by a coil of inductance L, and the
THz waves are filtered on the IF side by a capacitor of capacitance C,, chosen to obtain a short-circuit

at wry, and an open circuit at @y Conversely, Lyis chosen such that an open circuit at @y, and a
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short-circuit at @y are obtained. Furthermore, as previously mentioned, the phoconductor

illuminated by the optical beatnote is modeled by a time dependent photoconductance:
G(t) =G, + G, cos(m,t)
By neglecting the harmonics generated in the circuits, the current and the voltage across the
photoconductor have the following form:
V (t) =V, cos(@y,, + @) + V- COS(w:t + J)

i(t) =1, cos(ery, + )+ COS(0ct +6)

with O = |wTHz _a)b|
By using again the relation i(t) = G(t)V(t), the Kirchhoff laws at both frequencies (w7, and Wy, )
and by assuming that V;p < Vry,, itis found in the simplest case where Y; = Y, and C = 0[25]:

L _(GeZ +1*
Eq. 45 Glzzsz

In the ideal case G; = G, and L has a minimum L,,;,=16 when Ys =Y, =G,

It gives in dB, L =12dB

We have shown once again that the photoconductance G, must have a value close to that of load
admittance or internal admittance of the THz source to reach the minimum conversion loss. The

values obtained are in that case comparable to those of electronics mixers based on Schottky diodes.

3 Standard Photomixing devices

3.1 Planar photoconductors

Following the first demonstration of THz generation by photomixing by E.R Brown et al. [8], ultrafast
photoconductors used for the generation of THz waves by photomixing have been designed on the
model of the metal-semiconductor-metal photoconductors using interdigitated metallic electrodes
patterned on a subpicosecond-carrier-lifetime photoconductive material. This first demonstration
has been performed by using an LT-GaAs layer compatible with 800-nm-wavelength light but since
then, various ultrafast photoconductive materials working at 800 nm or 1550 nm have been tested
with always the same electrodes topology[20], [33]-[37]. It is shown in Figure 12 a SEM picture of
this standard topology. It consists of five 200-nm-wide and 6-um-long contact electrodes spaced

from 1.8 um apart. The active area of the photoconductor is 64 um?2.
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Figure 12: SEM picture of an ultrafast photoconductor based on interdigitated electrodes patterned on a low-carrier

lifetime photoconductive material.
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Figure 13: LT-GaAs planar photoconductor

A THz bandwidth is obtained by using a sub-picosecond lifetime material such as LT-GaAs, LT-InGaAs,

InGaAs:Fe, etc. and by limiting the electrical capacitance of the set of interdigitated electrodes at

values in the order of few femtofarads. Moreover, the photodetector size should be lower than ten

microns in order to attenuate the effects due to wave interferences occurring when the

electromagnetic waves wavelength is comparable with the dimensions of the device. The load

impedance (antenna radiation impedance, waveguide characteristic impedance, powermeter

impedance, etc.) is in the range of 50 to 100 Ohms, the R, C time constant is then also sub-

picosecond. To be more specific, the planar photodetectors based on LT-GaAs shown in Figure 12

and Figure 13 have the properties below:

v
v

v

20

200fs<t<1ps — 160 GHz < f; < 800 GHz

05fF<C <3fFand R, ~ 50 Ohm— 25fs < R;C <150 fsand 6 THz > fz > 1 THz

d ~ 2 ym - Photoresponse R =~ 4 - 1072A/W with an antireflection coating and ¢t ~ 2 um
(see further for the justification of the need of t = d )

Pope = 100 mW pm at thermal failure, I;. ® 2mAand V), = 20V

Gy = 10 kQ



By using Eq. 30 with these values, we obtain an output power of P = 10 pW at 300 GHz and
P ~1puW at1THz.

3.1.1 Intrinsiclimitation

As a matter of fact, the powers emitted by the planar photomixers hardly reach 10 pW at 300 GHz
and 1 uW at 1 THz [33]-[37], which is still largely insufficient. In fact, the only broadband detectors
sensitive enough to detect this power level with a good signal-to-noise ratio (> 1000) are the
bolometric detectors operating at 4 K. The THz power is indeed limited by thermal effects [38]. For a
given dc bias voltage, when the optical power is gradually increased, thermal failure occurs before
saturation effects are observed in the THz power or dc photocurrent. Increasing the THz power can
only be achieved by optimizing:

1: The ratio between the power emitted and the thermal power generated in the
photodetector: i.e. the electrical and optical efficiency. This amounts to increasing the
photoconductor Photoresponse (R) or the ratio Go/P,p; so that the photoconductance is closer
to G, = 1/50 Q1.

2: The thermal power management in close proximity of the device to hamper the
temperature rise during operation
At low electric field, when the carrier mobility is constant, it has already been shown (Eq. 16) that:
Go/Popt x 1/12 (with [ the inter-electrode spacing). Furthermore, when the saturation velocity is
reached at higher electric field, it is easily deduced from Eq. 11 that the maximum
photoresponse (R,,) is proportional to 1/l. The inter-electrode spacing should be decreased in
order to increase G /Py, and Ry,.

We have also to take care of the thermal properties of the device. The total thermal resistance Ry,
between the photoconductor and the substrate (assumed to be at the thermal mass) can be seen as
the sum of two thermal resistances in series (R¢p1 + Renz), With Rypq, the contribution of the
photoconductive active layer and Ry, the contribution of the substrate . Once again the planar
structure is penalized by the thickness of the low carrier lifetime photoconductive material required
(t = 2 um) .The latter has indeed a low thermal conductivity because of the high defects density (i.e.
20 Wm™K"! for LT GaAs, half as much as standard GaAs [39], and only 5 WmK* for standard
Ing.53Gag47As) required to obtain a sub-picosecond lifetime. One should therefore reduce its thickness
(t) to decrease R;. On the other hand, the thermal conductivity of the standard growth substrate
(InP or GaAs) are relatively low (55 Wm™K™ for GaAs, 68 Wm™K™ for InP), so it would seem wise to
replace the semi-insulating growth substrate with a better thermal conductivity. It is therefore
necessary to reduce the inter-electrode spacing (l) and the thickness of the ultrafast

photoconductive material (t).
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In the case of a planar photodetector, t and [ depend on the optical absorption depth (6, = 1/a ) in
the photoconductive material which is around 1 um (0.7 um at A = 780 nm in GaAs, 1 um at A = 1550
nm in Ing53Gag 47As)

1. Thust = 2 um is needed to optimize the optical quantum efficiency but also and especially
to limit the absorption in the growth substrate in which the carrier lifetime is greater than
that in the ultrafast photoconductive material by many orders of magnitude.

2. l=2umis required so that the static electric field magnitude is sufficient in the whole
absorption zone. Indeed, on a planar photodetector, the application of an electrical potential
difference between two conductive electrodes deposited on the surface of a semiconductor
considered as a dielectric produces a non-negligible static electric field down to a depth
almost equal to the inter-electrode spacing. So, to have a significant electric field to a depth
of 2 microns, the inter-electrode spacing must be close to this value. We will see in the next

parts how this intrinsic limitation can be overcome by the use of optical cavities.
3.2 UTC Photodiodes

3.2.1 Backside illuminated UTC photodiodes

THz Antenna THz Antenna

Refracting-Facet UTC Photodiode ) ’
InGaAs Absorption layer InGaAs Absorption layer
TEM Horn Antenna
Refracting Facet v UTC Photodiode —/ /11

ey } |

S.I. InP
light S.I. InP
Silicon Lens
Figure 14: Refracting facet UTC photodiode (based on [13]) Figure 15: TEM Horn UTC Photodiode

The experimental demonstration of a cut-off frequency reaching 300 GHz [39] and a power of 20 mW
generated by photomixing at 100 GHz [40] with a photocurrent reaching 25 mA has shown the
potential of the uni-travelling carrier photodiode, initially developed for telecom applications, as THz
photomixer. One of the main differences between both applications comes from the need of a THz
antenna to radiate in free space the THz photocurrents generated in the device. As it will be seenin a
next section,THz antennas monolithically integrated with photomixers are planar antennas coupled
to a silicon lens which is required to obtain an efficient extraction outside the semiconductor
substrate. Below 1 THz, amongst the most powerful photomixers are based on backside vertically
illuminated UTC-PD. This structure use a metallic opaque top p-contact electrode essential to get
good thermal properties and a low contact resistance. The backside illumination is not possible when

a silicon lens is added at the backside of the substrate. As shown in Figure 14, one possibility consists
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in the use of a refracting facet etched in the InP substrate used for epitaxial growth. Around 1 THz, a
power of 2.6 UW has been measured when integrated with a log-periodic antenna [12] and 10.9 pW
with a double-dipole resonant antenna [41]. Three-dimensional-shaped THz antennas have also been
proposed to remove the need for a silicon lens. By using a TEM horn antenna monolithically
integrated to a UTC photodiode illuminated through the InP substrate (see Figure 15), a power of 1.1
MW at 1 THz has been measured[42]. At lower frequencies, the waveguide-integrated photomixers
associated to a matching circuit give the best results. For example, up to 0.5 mW at 350 GHz have

been obtained when an UTC PD is integrated in J-Band module [43].

3.2.2 Waveguide-fed UTC photodiodes

THz waveguide

Waveguide UTC Photodiode THz Antenna
InGaAs Absorption layer ‘ — ﬁ
:
Al =T il \
light gb;:ipcl:In\.\\;aveguide @
S.I. InP
Silicon Lens

Figure 16: Waveguide UTC photodiode coupled to a planar antenna

Nevertheless, the high cut-off frequencies of the vertically illuminated UTC-PD are achieved by
lowering the thickness of the absorption layer, but at the price of a low quantum efficiency and
photoresponse (R < 100 mA/W). Using the solutions already developed for p-i-n PD, edge-coupled
UTC-PD have been proposed to enhance photoresponse while maintaining a high frequency
bandwidth and a high photocurrent saturation. For example, a waveguide-fed UTC-PD (WG-UTC-PD)
is a promising structure to achieve higher output powers (see Figure 16). This structure is illuminated
by coupling the light into the facet of a semiconductor optical waveguide obtained by thinning and
cleaving the InP substrate. At 200 GHz, a maximum output power of 1 mW at a dc photocurrent of 23
mA has been measured with a WG-UTC-PD integrated to a coplanar waveguide and mounted on a
Peltier cooler [44]. The integration with a silicon lensed planar antenna is somewhat easier to make
than in the case of the backside illumination even if there some difficulties arises because the active
device is positioned at the edge of the chip. For example an additional waveguide can be needed to
feed the wideband antenna at its center. These structures integrated with a resonant antenna
(dipole) have delivered 124 pW at 457 GHz and 24 pW at 914 GHz [45]. However, better results, i.e.
10 uW at 1 THz at a photocurrent of 12 mA (R =310 mA/W), have been achieved with an edge-

coupled composite p-i-n photodiode (C-PIN) integrated with a broadband antenna [46]. A C-PIN PD is
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a quasi-unipolar travelling carrier photodiode. The GalnAs layer is indeed not heavily p-doped on its
whole thickness. This supplementary parameter allows to both balance and reduce the response

time of electrons and holes [47].

4 Optical cavity based photomixers

4.1 LT-GaAs Photoconductors

We have seen that the two main geometrical parameters of a fast photodetector, namely the
thickness of the photoconductive layer (t) and the inter-electrode spacing (d) are fixed by the optical
absorption depth in the photoconductive material to about 2 um. Such a limitation can be overcome
by using an optical cavity. This is not a new idea in order to improve the photoresponse of infrared
photodiodes (see for example refs [48],[49],[50]). We proposed some years ago to apply this concept
to ultrafast photoconductors [51], [52] by using a buried metal layer as optical reflector. This metallic
reflector is more suited to the development of powerful photomixers in comparison with a bragg

reflector because of its better thermal properties.

4.1.1 Optical modeling

Popt
1—> SiN
2 —> Au:10-20 nm
3 —> LT-GaAsl =t

Au > 150 nm V\
Si,SiC,diamant, etc...

Bias electrodes and optical
mirrors

Figure 17: LT GaAs Optical cavity photoconductor

. In this structure (see Figure 17), the LT-GaAs layer (3) (or another semi-insulating photoconductor),
is sandwiched between two noble metal layers (2 and 4) with low infrared loss, such as gold, silver or
copper. These two metal layers have a dual role. They serve at the same time as bias electrodes of
the photoconductor and as optical mirror of the optical cavity. The bottom layer (4) acts as a near-

perfect metal mirror and the top layer (2) is semi-transparent and is used to tune the transmission of
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the optical power in the cavity. The thickness of the layer (t) and the inter-electrode spacing (d) are
now combined and can be chosen such thatt = d < §,.Indeed, it is possible by using an optical
Fabry-Pérot resonance, to obtain an optical quantum efficiency close to unity despite a submicron
layer thickness. An infrared transparent dielectric layer (1) may be added at the surface to
encapsulate the component and/or adjust the properties of the resonant cavity. This layer can
consist of silicon nitride (SisN,) but also silicon oxide (SiO,) synthetized by plasma enhanced chemical
vapor deposition (PECVD). On the other hand, this structure opens the possibility to transfer the
epitaxial layer of the photoconductive material on another substrate (5) by Au-Au
thermocompression bonding or by soldering with an Au-In or Au-Sn eutectic. The buried metal
electrode can therefore also serve as a "bonding" layer between the epitaxial layer and a host

substrate chosen for its thermal and/or electromagnetic properties.
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Figure 18: Calculated optical quantum efficiency versus active layer thickness (LT-GaAs parameters: n = 3.7 + j0.09 at

10=780 nm [53])

It can be shown that the resonant absorption peaks t; of the cavity of complex refractive index
(n = Re(n) + jIm(n)) illuminated by an optical wave of wavelength 4, are given by [54] :

Ao
2Re(n)

Eq. 46 ty=tg+i with i a positive integer

The first peak occurs for a thickness t; which depends on the phase shifts induced by the reflections
on the two mirrors of the cavity. On the other hand, if it is assumed that the lower mirror is perfectly
reflective, it is possible to demonstrate that the optical absorption is maximum in the semiconductor
if [48]:

Eq. 47 Ry = (1—e )2

Where
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» R; is the reflectance of the top mirror assumed to be lossless (composed here of several

layers that are modeled by a single mirror).
» o is the absorption coefficient in the semiconductor.(i.e. §, = % ~ 0.68 um in GaAs at

Ao = 780 nm and a = 4nwim(n)/Ag)
In Figure 18 is shown the optical efficiency calculated numerically by the of transfert matrix method
[51] as a function of t in the case where the thicknesses of layer (1),(2) and (3) are 10 nm, 10 nm and
700 nm respectively. The substrate has no influence on the optical response since a gold layer of

thickness greater than 150 nm is totally opaque at these wavelengths. Numerically, we find

__ 4o
- 2Re(n)

to=47nmandt; —ty =t;; — t; = 105 nm as expected (Re(n) = 3.7).

The absorption in the photoconductor is greater than 70% of the incident optical power for
to<i<g (see Figure 18). It is worth noting that even if the mirrors are not perfect, we find, as expected,
a maximum absorption (n,,; & 80 %) for peaks obtained at¢; = 152 nm and t, = 257 nm, the
closest values to t,;,,, = 200 nm obtained using Eq. 47 in the case where R; = 50 %) (reflectance
calculated for the layer stack: 10 nm thick gold/infinitely thick GaAs)

Thus, compared to the planar structure in which d = 2000 nm, we obtain ford; = t; = 152 nma
theoretical improvement of a factor % ~170 for the ratio G /P ,,;while there is a degradation

of 1,p¢ of a factor 0. 8 with respect to this same planar structure considering that the latter ata an
optical quantum efficiency ,,; = 100 %.

In addition, the spectral width of the absorption resonance is compatible with the targeted
application since we calculated that the absorption varies only from 1 to 2 % when the optical
wavelength is increased from 45 = 770 nm to Ay = 790 nm which corresponds to a beating

frequency f = 10 THz.
4.1.2 Experimental validation

4.1.2.1 Photoresponse

In order to carry out the experimental validation of the simplified model previously developed, we
measured the photoresponse of an optical cavity photoconductor as a function of the inter-electrode
spacing t on the same layer of LT-GaAs. We made this variation of thickness on the same sample by
making a "bevel" etching of a 2.2-um-thick LT-GaAs layer. By this method, we have obtained
thicknesses ranging from 2.2 um to 0.3 um. We present Figure 19 the structure tested. The upper

and lower metal electrodes are made of gold and serve as mirrors and bias electrodes.
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Figure 19: Experimental set-up aimed at photoresponse measurement
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Figure 20: Theoretical (solid line) and experimental (in squares) photoresponses as a function of LT-GaAs layer thickness.

In the inset is shown the transient differential photoreflectivity measured at A=820 nm on the LT-GaAs layer [52].

In Figure 20 are shown the theoretical (solid line) and experimental (in squares) thickness
dependences of the photoresponse measured for a constant mean electric field % = 120kV/cm

and an optical power P,,,; = 9 mW at 4, = 820 nm. The 1/t dependence expected is convolved by
the absorption peaks due to the optical resonance in the cavity. Experimental and theoretical details
are further developed in Ref. [52]. It may be noted that for the peak located around t = 250 nm, a
photoresponse of the order of 0.15 A/W has been measured, which is almost a ten times
improvement with respect to the photoresponse of a planar photoconductor. In addition, a time-
resolved photoreflectance experiment has been performed on the LT-GaAs layer after epitaxial
transfer (shown in the insert of Figure 20 ), which shows that the photoresponse is high despite a

lifetime of less than 1 ps.
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4.1.2.2 Photomixing experiment in the 220-325GHz frequency band

4.1.2.2.1 Photomixer characteristics

microstrip line

Gold Background Photoconductor

10 pm EHT = 5.00 KV Signal A=SE2  Signal =0.0000 WD = 53mm -
— Mag= 123KX  SignalB=SE2  Miing=Off StageatT = 36.8° MIGHEH—

Figure 21: Optical cavity LT-GaAs photoconductor

In Figure 21 is shown a SEM picture of an optical cavity LT-GaAs photoconductor using the second
absorption peak. It consists of a 160-nm-thick LT-GaAs layer sandwiched between two gold layers,
which serve at the same time as bias electrodes and optical mirrors of the optical cavity. The 0.4-um-
thick buried gold layer is obtained thanks to the transfer of the LT-GaAs epitaxial layer onto a 2-in.-
diameter silicon wafer. The upper bias electrode consists of a 20-nm-thick semi transparent gold
layer and is linked by an air bridge to a 50-Q thin film microstrip line patterned on a 2.55-um-thick-
SiO, layer. a 100-nm-thick silicon nitride layer is added to lower the top mirror reflectivity an to
encapsulate the device.The fabrication process of the LT-GaAs optical cavity photoconductor is

detailed in [52], [55]. In the table 1 are shown the main characteristics of the device

Diameter (um) Electrical Capacitance (fF) fre (GHz) if Measured lifetime (fs)

RL=50 Q

4 11 290 400

Table 1: devices characteristics

4.1.2.2.2 Experimental Set-up
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Figure 22: Experimental set-up. ECLD, external cavity laser diode; SOA, semiconductor optical amplifier. Lensed fiber:
MFD =5 pum.

A schematic overview of the experimental set-up is shown in Figure 22. A combination of half-wave
plates and polarizers is used to ensure that the polarization of the two extended cavity laser diodes
(ECLDs) are parallel and have equal powers. The optical beatnote is generated by spatially
overlapping the two ECLDs (1, = 780 nm) and used to seed a tapered semiconductor optical
amplifier, the output of which is fiber-coupled. The optical wave is then focused into a 4 mm-wide
gaussian spot by a lensed fiber. The wave generated in the photoconductor at the beat frequency is
collected by a waveguide 220-325 GHz coplanar probe and sent to a sub-harmonic mixer driven by

the spectrum analyser or to a powermeter (Erickson PM4).

4.1.2.2.3 Results
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Figure 23: Photocurrent as a function of optical power Figure 24: Output power at ;"—I‘T’ = 288 GHz and V,=3 V.

V,=3 V.

In Figure 23 and Figure 24 are presented the results obtained in photomixing with this device[56]. As

expected, we obtained a very low photoresistance, c;i = 180 Q instead of 10 kQ with standard planar
0

photoconductors (and 240 Q with a previous generation using the third optical resonance peak
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achieved at a thickness t; = 280 nm [57]). The maximum current of 16.5 mA has generated more
than 600 pW at 288 GHz which once again validates the interest of reducing the thickness of the LT-
GaAs layer at least for application in the lower part of the THz spectrum. It is worth noting that by
using a matching circuit consisting of a % wavelength transformer (see Figure 25) up to 1.8 mW of
output power has been measured at 252 GHz with a 6-um-diameter device delivering a photocurrent

of 25 mA[58].

EHT = 2.00kV Signal A=InLens Signal= 1.000 WD = 1.7 mm
Mag= 363X Signal B=InLens Mixing=Off StageatT= 04°

~lemn—

Figure 25: Top view of a 6-um-diameter photoconductor coupled to the impedance matching circuit.

4.1.2.3 Output power estimation at 1 THz

2 2.7 1175 5.2 1.7 0.6 50
3 6.1 522 10.2 14 21 63
4 10.8 294 14.2 11 4.1 45
6 24.4 131 15.3 0.54 4.2 10
8 43.3 73 26 0.51 8.3 6

Tableau 2: Measured output power at 50 GHz and estimation at 1 THz as a function of device diameters. Current density
are calculated by taking the maximum current density achieved experimentaly

In Table 2 are shown experimental output powers obtained at 50 GHz with different device
diameters as well as an estimation (using the model developed in the previous part) of the
achievable power at 1 THz when taking into account the two cutoff frequencies fz¢ and f; = 400 GHz
(measured lifetime 7= 400 fs). But it should be noted that, without any adaptation circuit, we can
expect more than 50 pW of output power in a 50 Q load at 1 THz with an optical cavity LT-GaAs

photoconductors of diameter d = 3 microns and d = 2 microns. It can also be seen that the current
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densities obtained (> 160 kA/cm?) are extremely high and it will probably be difficult to go much
further. The largest diameters (d = 8 um) photoconductors generating generate up to 8 mW at 50

GHz are logically less efficient at higher frequencies.

4.1.2.4 Frequency down conversion using an optical cavity LT-GaAs photoconductor

e

Gold Background photoconductor -

£45)

microstrip line

1 pm EMT = 5.00 kv Signal A=SE2  Signal = 0.0000 WD = 5.3 mm
— Mag= 394KX  SignalB=SE2  Mixing=Off StageatT = 36.8° MIEGHEH—

Figure 26: SEM micrograph of an optical cavity LT-GaAs photoconductor linked to two 50-Q thin film microstrip lines.

As already presented, it is also possible to use a photoconductor to down-convert a signal of
frequency fry, to a lower frequency f;r compatible with the digital acquisition and signal processing
systems. This is achieved by setting the optical beatnote frequency f, such that |fry, — fu| = fir- It
can be seen as a heterodyne mixer using a photonic oscillator. This mixing between a THz wave that
polarizes the photoconductor and the optical beatnote that modulates the carrier density is possible
because a photoconductor has no internal electric field unlike a photodiode. In Figure 26 is shown a
photoconductor with two microwave accesses fabricated in order to assess the potential of the
optical cavity photoconductor when used as mixer. This study has been performed by using a
photoconductor of thickness t = 160 nm and of diameter d = 4 um (see Table 1).Down-conversion of
waves up to 325 GHz has been carried out by using multiplier chains. At each frequency point, we
adjust the emission wavelength of one of the two laser diodes to have an optical beat frequency
fp such that |fry, — fp| = 400 MHz. A waveguide coplanar probe was used to inject the THz signal

while the IF signal was collected by a 0-67 GHz coplanar probe and sent to a spectrum analyzer.
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Figure 27: Down conversion experimental-set-up Figure 28: Conversion loss and (1/G0)? as a function of the

optical power (P,

The conversion losses defined by L = % of the order of L =22 dB at 100 GHz and L = 27 dB in the

IF

220-325 GHz band have been measured with an optical pump power of 100 mW. As expected, The
conversion losses decrease when the optical power and therefore the photoconductance increases
(see Figure 28). The electrical model of the experimental device shows that in the present case, with
a load impedance (Z;) and an internal source impedance such as Z; = Z, and without THz and IF filters,
(unlike the calculation made previously) the conversion loss is [25]:
L(dB) = 20 |og((2 ;if‘) )2]

which has a minimum L,,;,=18 dB when G,=2/2,=Z,//Z,=(25 Q). This corresponds to the impedance
matching between the photoconductor and its load impedance. From the above relationship, Lo
1/Gy’ o< 1/P,,,,t2 when Z,<<1/G, and saturates when 1/G,~Z,. Experimental results shown Figure 28 are
in good agreement with this theoretical calculation. The losses related to the electrical capacitance
and the carrier lifetime are of course neglected, assumption which is no longer valid at 300 GHz,

which explains the higher conversion loss obtained (L = 27 dB).

4.2 UTC Photodiodes

UTC photodiodes for THz applications have active area of the order of 10 pm” to limit their electrical
capacitance. At this scale, the contact resistance between metal and semiconductor may become a
major issue. Vertically illuminated PDs using a metallic ring-based contact for mm-waves cannot be
exploited efficiently anymore at THz frequencies due to the high contact resistance[59]. Most current
photodiode designs for applications above 100 GHz therefore use a fully metallized top contact and
backside illumination through the substrate[18], back-side illumination through a refracting facet

[42], [60] or travelling wave structures using an edge-facet or waveguide illumination [45], [46] These
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illumination schemes are cumbersome and make on-wafer measurements or integration with lens-
coupled THz planar antennas very challenging, especially as compared with front side illumination.

In this context, has been proposed recently[19] a semi-transparent top contact based on a metallic
layer with sub-wavelength periodic apertures covering a large fraction of the diode surface, resulting
in a small contact resistance, while still maintaining a high transmittance at 1.55-um-wavelength
polarized light. This approach paves the way to efficient and powerful photomixers using front-side
illumination. The proposed contact can be used with the same epilayer and mesa topology than a
standard UTC-PD. Moreover, this structure is well suited to be integrated in an optical cavity by
integrating the semiconductor layers between this semitransparent contact as top mirror and a

buried metallic layer as bottom mirror to form a resonant cavity enhanced UTC (RCEUTC).

4.2.1.1 Nano grid top contact electrodes

T W

a)
Transmittance (slit aperture a=500 nm)

Period p (um)

0 02 04 06 038 1
Thickness h (um)

Figure 29: Design of the nanostructured contact. (a) Geometry of the metallic semitransparent nanostructured contact.
(b) Schematic of the fabricated semitransparent contact geometries. The c-type contact without nanostructure serves as
comparison. Calculated transmittance of an infinite surface of parallel strips of a perfect electrical conductor on InGaAs
(n = 3.55), illuminated by a p-polarized plane wave with 1.55 um wavelength. The calculations are performed using the
coupled-mode-method and the single-mode approximation.

The topology of the device is presented on Figure 29. The semi-transparent contact consists of
parallel metallic strips of width w=p-a, with period p, aperture a, and metallization height h (Figure
29a). The transmittance of an infinite surface of such strips can be calculated using quasi-analytical
techniques such as the coupled-modes method [61]. Figure 29c shows the transmittance of a p-
polarized plane wave of wavelength A=1.55 um through such a surface of strips on Ings3Gag4;As. For
a choice of the semi-transparent contact parameters (a, p, h) lying in the high transmittance regions
(red regions) it is possible to achieve values higher than 90%, even with 50 % of the surface covered

by metal, for example at a=0.5 um, h=0.3 um, and p=1 um.

33



4.2.1.2 UTC photodiodes using nano-grid top contact electrodes

a) b)
lllumination lllumination
semitransparent semitransparent

top contact — top contact — l I

n contact layer
collector

absorption layer

p contact layer
absorption layer

| collector | p contact layer
n contact layer Au contact and mirror
subcollector metallic bonding layer
InP substrate Si substrate

Figure 30: Fabrication of the PD. (a, b) Schematic cross section of the fabricated devices, (a): UTC-PD, (b): RCEUTC-PD,
fabricated after wafer-bonding of the epitaxial layers to Si substrate and removal of the original InP substrate by wet-
etching.

Two parameter sets are selected for device fabrication (Figure 29b): (a) a=700 nm, p=1 um, h=300
nm A.3.5 (~80% transmittance) and (b) =500 nm, p=1 um, h=300 nm A.3.5 (~90% transmittance).
Additionally, diodes without strips, but with (c) the contact metallization on the border of the mesa
are fabricated for comparison. In that case, a 63% transmittance is obtained, corresponding to the
air/semi-conductor interface (n~3.2). Moreover, the semi-transparent contact allows the fabrication
of optical cavity UTC Photodiodes by inclusion of a mirror below the active photodiode layers,
improving the photoresponse of the devices [50][58]. Schematic cross-sections of the devices are
shown in Figure 30. All diodes are fabricated from the same epitaxy with 150 nm absorption layer
and 100 nm collector layer, and a square geometry of 3x3 um?, 4x4 pum?, and 6x6 um? are chosen for

the mesa. SEM images of the two device types are shown in the Figure 31.

b)

Au mirror .
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mitransparent
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Figure 31:a)SEM image of UTC-PD integrated with CPW, and (b) SEM image of RCEUTC-PD, integrated with conductor-
backed-CPW lines on SiO, for on-wafer measurements.

4.2.1.3 Photoresponse measurement

In order to illustrate the enhancement of dc responsivity and THz output power of the RCEUTC, the
PD’s were characterized by on-wafer measurements in which the devices are illuminated by using a
lensed fiber providing an optical spot of 3 um (see ref [19] for further details). In the following, the
RCEUTC devices are indicated by capital letters. The dc photoresponse R of the larger devices (6x6
um?) are shown in Table 3. The lowest photoresponse corresponds to the device without finger

contact (c6, see Figure 29b), and improves by nearly 30% adding the semi-transparent contact with
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300 nm wide fingers (a6) and 40 % by the 500 nm wide fingers (b6). By including the metallic mirror
through wafer bonding, a resonant cavity is created, as evidenced by the photoresponse of the A6
and B6 devices (see Figure 32). The photoresponse is in both cases improved by a factor larger than 3
compared to the c6 device.

Diode a6 | b6 c6 A6 B6
R (mA/W) 58 | 65 |49 167 255

Table. 2. Dc photoresponse at 1550 nm of 6x6 um? UTC-PD and RCEUTC-PD devices under illumination of a single laser at
low power of 320 pW.

4.2.1.4 THz power generation by photomixing
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Figure 32:Experimental comparison of photoresponse of Figure 33: RF power generated at 300 GHz by various B-
UTC-PD devices and RCEUTC-PD over 1510-1630 nm range  type photodiodes for 3x3 um? (B3) and 6x6 um? area (B6).

Finally, the photodiodes have been tested up to the saturation regime. In Figure 33, the linear and
saturation regimes of the output power can be observed at high photocurrents in the devices with
3x3 um?2. The saturation is due to space charge screening at high current densities in the collector
region [62]and temperature dependence of the electron transport properties. The larger device (6x6
um?) does not reach saturation at the measured photocurrents due to the smaller current densities,
and the available optical power was not high enough to reach the saturation regime. Also, we
compared two metal stacks for top-contact B3, Pt/Au and Au. The B3 Pt/Au device generates lower
RF power than the B3 Au device at the same photocurrent due to the contact resistance which is
larger for Pt than Au on n-InGaAs. The saturation effects can be reduced by applying a higher bias
voltage, and by slightly increasing the distance between lensed fiber and diode, which reduces the
maximum current density in the center of the PD at the cost of a lower photoresponse. Upon
defocalisation, reducing the photoresponse by 0.5 dB, an RF power just above 750 uW at 300 GHz
has been measured from a B3 device at -1.2 V bias, 83 mW optical power, and 9.8 mA photocurrent.
It shows that, to the best of our knowledge, the RCEUTC presented here generates the highest power

for a single device at 300 GHz. These results show the real advantage of using an optical cavity
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consisting of a buried metallic layer (instead of a bragg reflector for example) in the case of
photodiodes by improving also the electrical properties (contact resistance) and the thermal

properties of the device.

5 THz Antennas

In the THz range, the standard rectangular metallic waveguides are lossy and the integration with a
photodetector can be very challenging. The use of an integrated antenna in order to radiate directly
a THz wave in free space using the generated THz currents has allowed for overcoming this difficulty.
We will first focus on standard planar antennas which were the first used and then on

micromachined antennas requiring more technological development.

5.1 Planar Antennas

The most popular terahertz antennas consist of planar conductors patterned directly on the
semiconductor on which the photoconductor is made. Most of the common planar antenna
geometries have been tested yet, equiangular spiral [8], logarithm-periodic [12], [63] or bow tie [64]
as broadband antennas and dipole [64], [65], slot [65], dual-dipole and dual-slot [20], [41] as
resonant antennas.

Broadband antennas are generally chosen in order to take advantage of the very large
intrinsic tunability of the photomixing source. In theory they can have a purely resistive impedance
over a wide frequency range. Two main principles can be used to obtain a frequency independent
antenna. Firstly, the Rumsey principle stipulates that the antenna has to be described entirely by
angles [66] [67], as the bow tie or the equiangular spiral antenna. If an infinite antenna verifies the
Rumsey principle the shape of the antenna remains the same regardless of the scale at which it is
viewed (in the case of the spiral a rotation might be needed). Another principle which is useful to
estimate the impedance of an antenna is the Babinet’s principle. It states that: ZA,,tZCOmp=ZSZ/4 where
Zpne is the impedance of an antenna, Zgm, is the impedance of its complementary, Z; is the
impedance of free space of the surrounding medium[68]. A particular case is interesting when an
antenna is equivalent to its complementary: it is self-complementary (a classical example is the
infinite bow-tie antenna with an angle of 90°), in this case the impedance of the antenna is purely
resistive, independent of frequency and equal to R4=Z,/2~188.4 Q) in vacuum. When a planar self-
complementary antenna is patterned at the boundary between two different media of relative

permittivity &; and &, the impedance becomes RA:ZO/(4eeff)1/2, where & is the effective dielectric
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constant: &4=(&1 +&2)/2. Let's focus on the two most common broadband antennas for photomixers:

the equiangular spiral antenna [69] and the logarithm-periodic antenna [70].

EHT = 5.00 kV Signal A = InLensSignal = 0.7816
Mag= 644 X Signal B = InLens Mixing = Off

WD= 5mm

Figure 34: SEM picture of an equiangular spiral antenna

The equiangular spiral antenna patterned on a GaAs substrate (see Figure 34) used by Brown et al.
[8], is self-complementary. Contrary to what was supposed in the previous paragraph practical
antennas are finite. They cannot be infinitely large then a low frequency cut-off appears when the
overall length of the spiral arm is approximately equal to the radiation wavelength. They cannot be
also infinitely small close to the center. The smallest inner radius in the center of the spiral defines
the high frequency cut-off. Between these two cut-off frequencies the previous calculation can be
used to approximate the radiation resistance in the working bandwidth. For GaAs, £=12.9 and then
Ra=71 Q. In this bandwidth the radiated field is circularly polarized, the type of polarization
depending on the direction of winding of the spiral. The size of the antenna can be chosen to have a
frequency cut-off around 0.1 THz. The high frequency cut-off is limited by the photodetector
dimension. For instance, it has been shown that for a 8x8-um? LT-GaAs planar photoconductor at
the center of a spiral antenna, the radiated field is no more circularly but linearly polarized parallel
to the fingers of the interdigitated electrodes above f=0.6 THz [71], [72]. It shows that the standard
design of the spiral antenna is rapidly inefficient at high frequency and that the terahertz wave is
preferentially radiated by other conductive parts even if the guided wavelength A,=c/(f xgeffl/z)z190
pum is much larger than the inner radius. This observation is consistent with the steeper decrease
than expected of the power radiated by the spiral antenna-coupled-photomixers [73].

The log-periodic antenna can be seen as an array of tooth-shaped resonant dipole, attached
perpendicularly to the bow-tie arms. This geometry doesn't fulfilled the Rumsey principle, but it
damps the resonance brought by the finite length of a real bow-tie antenna [70]. The operation

bandwidth is defined by the smallest and the largest teeth. At each resonant frequency, the radiated
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field is linearly polarized parallel to the resonant tooth. The frequency dependency of the radiation
impedance is clearly not as smooth as that of the spiral antenna. It impacts also the frequency
dependency of the output power of log-periodic antenna-coupled-photomixers [63].

The radiation impedance of the planar broadband antennas on semiconductors is generally
below 100 Q. As seen before, higher antenna impedances can be a way to improve the output
power and the efficiency of the photomixing process. Record output power have been achieved,
whatever the type of photodetector, with resonant antenna whose impedance can reach some
hundreds ohm at the resonance [20], [41], [45], [74]. However, it is worth noting, that
improvements are achieved thanks to the higher antenna impedance, but also thanks to a matching
condition that can obtained near the resonance in a narrow band: the capacitance of the
photodetector is compensated by an inductive behavior of the antenna. A matching circuit can be
also added in order to increase the bandwidth.

The radiation pattern of a planar antenna on a high permittivity substrate is very different of
the same antenna in vacuum. In this case, the most part of the electromagnetic energy is radiated
into the semiconductor because of its high permittivity. If a standard substrate is used (a few
hundreds of um thick), guided electromagnetic modes are excited and trapped into the wafer
(surface waves) [75]. The impedance of the antenna and its radiation pattern depend on the exact
dimensions and shape of the substrate and tend to be very resonant. In practice the characteristics
of the antenna are difficult to control. In order to avoid this behavior, the standard solution consists
in applying a "substrate lens" to the backside of the substrate [76], [77]. It is the analog of the solid
immersion lens used in microscopy; ideally the lens should have the same permittivity as the
substrate. For a GaAs substrate (ng.ss~3.6), high-resistivity silicon (nyzs~3.42) spherical lenses are
generally used because they are easier to manufacture and handle. Following the concepts of
geometrical optics, at high frequencies, the planar antenna can be approximated as a point source.
In this case perfect stigmatism is obtained for the Weierstrass case: the height of the truncated
sphere is (1+1/n)R where R is the radius of the spherical surface of the lens. For HR Si the height
should be 1.29 times the radius of the sphere, they are called hyperhemispherical lenses. Thanks to
these lenses the divergence of the beam is largely reduced but a better collimation can be achieved
using an extra lens or parabolic mirror. The refractive index of semiconductors being high,
hemispherical lenses (height equal to the radius) can also be used with a slightly reduced efficiency.
In all case some waves are still trapped in the substrate + lens system because of the Fresnel
reflections at the silicon/air boundary and broadband anti-reflection coatings are not available. In
practice the substrate lens is the simplest way to reduce the trapped waves of planar antennas but
its spatial alignment is critical, particularly at high frequency, and it requires good translation stages

with micrometer screws. The substrate lens can be bonded after active alignment but precautions
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must be taken to avoid gaps between the lens and the substrate that can induce parasitic
reflections. Another constraint of the substrate lens is that the photomixer cannot be illuminated
from the backside of the substrate.

The exact calculation of the radiation pattern of planar antennas coupled to a high permittivity
substrate lens is still a difficult problem and only a few reports give simulations and practical
measurements [78], [79],[80]. The following section deals with the few attempts of alternative
antennas or waveguide structures which have been done in order to overcome the limits of the lens-

coupled planar antenna.

5.2 Micromachined Antennas

Antenna on semiconductor membranes have been proposed [81] but results have been
disappointing because of the low thermal conductance of the membrane, which limits the maximum
optical power that can pump the photomixer. More interesting results have been obtained with a
transverse electromagnetic horn antenna (TEM-HA) integrated with both a LT-GaAs photoconductor

[37] and with a UTC-Photodiode [42].

Drive point

Figure 35: Geometry of the TEM-HA (a). Geometry of the monopole configuration of the TEM-HA (b).

A TEM-HA (Figure 35) can be seen as a flat version of a truncated section of a TEM biconical
antenna[68]. It is an end-fire travelling wave antenna consisting of two triangular conductive sheets
of angular width 2« separated by an angle 24. Entirely defined by angles, the infinite antenna
respects the Rumsey principle. In practice, the low frequency cut-off is defined by the length of the
triangle. For the particular case f =90° the TEM-HA is equivalent to a bow-tie antenna. The
monopole configuration of the TEM-HA, with a ground plane at the symmetry plane is shown in
Figure 35. The 3D shape of this antenna is simpler and the conductive plane is used to prevent the

radiation from spreading in the substrate (shielding).

39



Figure 36: SEM picture of a THz Horn antenna

In Figure 36 is shown a SEM picture of a TEM-HA Horn monolithically integrated with a LT-GaAs
photoconductor [37]. The metallic triangle has been patterned on a sacrificial layer and then lift up
to the desired height (here h=800 um) and brazed to a metallized polytetrafluoroethylene (PTFE)
block.

Figure 37: E-plane radiation patterns of the TEM-HA: comparison between experimental results (full line) and simulations
(dashed line) at 280, 310, 330 and 350 GHz (

Radiation patterns have been calculated [82] and a good agreement with measurements has been
found [83] (Figure 37). The TEM-HA radiates linearly polarized waves directly in free space and thus
resolves most of the problem of the lens-coupled planar antenna, but its fabrication needs a post-
process packaging step, which is likely to limit its diffusion.

To conclude this section about antennas for photomixers, it must be noted that even if the
integrated antennas are necessary for most of spectroscopy applications they have a limited

efficiency especially at the highest frequencies. Improvements are still needed in this domain.
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Another aspect is that the evaluation of the absolute power produced by a photomixer integrated
with an antenna is a difficult task: impedance variations, collection efficiency and back reflections
limits generally the power and the precision to which it can be measured (as mentioned in the last
part of this chapter) . The record output powers, which reach the milliwatt level, at least in the low
frequency range, have been reported with waveguide-coupled-photomixers [43][18] or by means of

waveguide-coplanar probes coupled to waveguide power meters [44][57].

6 Characterization of photomixing devices

6.1 On Wafer characterization

Since the early applications of THz waves, many of the photoconductive devices and photodiodes
have been used and characterized in free space, driven by applications or just by the fact that wafer-
level characterization has an overall quite high cost. However, accurate characterization of devices
for modelling generally requires on-wafer testing. This can be conducted at several frequency ranges,
however depending on the probe used the band can be reduced. On-wafer measurements and
device modelling is generally done using coaxial probes up to 110 GHz that can provide 4 frequency
decades usually when combining with coaxial vector network analyzers (VNAs). Recently, VNA coaxial
extensions have now reached up to 220 GHz in a single sweep[84].However up to now, beyond 110
or 140 GHz, measurements are conducted mostly in waveguide configuration. In that case, the
bandwidth is 1:1.5 related to the waveguide range. Definitions of usual waveguide bands can be
found here [85]. The probe technology is frequency band depending: looking on high frequency
measurements up to 500 GHz, probes integrated with micro-coaxial tips are available[86].Beyond
500 GHz, Picoprobes now also enables [87] measurements up to 1.1 THz, with micro-coax connection
at probe tip. Recently, new probe technology was introduced[88] using micromachined silicon circuit
at probe tip, and these devices enable wafer-probing up to 1.1 THz [89] (see Figure 38). This
technology, thanks to the microfabrication techniques is scalable in frequency and enables up to now
probing up to 1.1 THz. All of these probes have a footprint corresponding to a coplanar contact
(Ground Signal Ground). To ensure a good signal coupling to the device as the wavelength is reduced,
the “pitch” size, ie the physical length between signal and ground contacts as to be reduced
accordingly. In the 140-220 GHz range a 100 or 50 um GS distance is required. Beyond 220 GHz a
pitch of 50 um becomes mandatory and the distance is further reduced down to 25 um for 325-500
or 500-750 GHz. The highest frequency band, commercially available for on-wafer testing is 1.1 THz,

corresponding to WR1.0 waveguide (750-1100 GHz). Looking on photomixer on-wafer testing, the
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Figure 39a gives an over view of a typical characterization setup for on-wafer measurements [91].

Figure 38: Different probes technologies: GGB probes [87] (a), Infinity-micro-coax (b), up to 500 GHz[86] and
micromachined probes (c) [90].
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Figure 39: (a) Experimental setup for photomixing at wafer-level. (b) Photograph of the probe station showing the wafer-
level photomixers, the fiber optic injection and the waveguide-probe.

In this kind of photomixing setup, two external cavity lasers are used as sources for continuous-wave
(cw) photomixing. A fiber coupler is used to couple the two detuned laser wavelengths and a
polarization controller to adjust the polarization of the optical wave injected inside de photomixers.
Indeed, depending of the photomixer structure used the sensitivity can be polarization dependent
and, in that case, the polarization of the two beams has to be carefully adjusted. Generally, the laser
powers, considering the extra losses of fiber components (polarization controllers, couplers, ...) are
not reaching the required power to properly feed the photomixers, then optical dual-frequency
signal is often injected inside an erbium-doped fiber amplifier (EDFA).

As the EDFA gain is generally depending of the wavelength, a fraction of the optical power is injected

into optical spectrum analyzer (OSA) to monitor the spectrum. In this spectrum, the difference
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frequency of the lasers has to be monitored during the during RF power measurements. At the end,
the optical signal is injected inside the photomixing device with a lensed fiber. The spot size is also
depending of the photomixer structure, for the example given here, it is around 3 um, linked to the

UTC-PD diameter. The

Figure 39b gives a photo of InGaAs/InP photodiodes during wafer-level testing. This example of
measurement uses a waveguide coplanar probe in WR3.4, with integrated bias-Tee (Cascade
microtech infinity i325). Usually, the DC output of the bias-Tee is connected to a source meter to bias
the device while measuring the photocurrent, meanwhile RF output (ground-signal-ground, 50-um
pitch) of the probes is feeding a waveguide-based power-meter, in that case this is a PM5 from VDI.
This power meter has the advantage to give an absolute power level measurement, and thanks to
the waveguide coupling, the signal is properly coupled in the detector. However, there are two
limitations: i) the signal frequency range is limited to the probe/waveguide bandwidth and ii) the
electrical response of the probe (amplitude and phase) has to be accurately known to evaluate the
photomixer performances. A first example of the frequency dependence of the output power in the
220-325-GHz band is shown in Figure 40. While on the range 220-270 GHz the photodiode roll-off is
appearing, beyond 270 GHz some ripples are affecting the measurements. These oscillations are due
to the frequency dependence of the load impedance presented by the coplanar probe. This roll-off is
due to an inductive part of the load impedance, which increases with frequency and partially

matches the load the device and access pad capacitance.
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Figure 40: Frequency response example of a UTC-PD [91].
A second example of UTC-photodiode (same UTC size) output power measurement is given by the
frequency evolution (Figure 41a) and linearity (Figure 41b) of the device at 300 GHz. this

measurement is done this time using a micro-machined probe, and the spectral evolution of the

output power is not exactly the same, partially linked to the loading probe effect. On-wafer testing
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thus requires a good knowledge of the probe effect on the device as absolute power measurement is

concerned.
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Figure 41: Frequency response example of and device linearity.

6.2 Free Space characterization

Even if on-wafer measurement is generally well suited for device modeling and cut-off frequency
analysis, characterization up to the THz range is enabled using photomixer + antenna structure. In
that case the THz signal is radiated directly into the free space and different power-meters can be
used.

A large part of the THz photomixing devices have been integrated with different antenna types. This
can be planar antennas (bow-tie, spiral, dipoles) as well as integrated antennas used as transitions
towards waveguide structures. In that case, it is generally difficult to accurately measure the output
power levels because of the radiation in free space of the THz signal. In this case, the measured
performance is the mixing of the photomixer + antenna structure, not the photomixer itself. Using
planar antennas, generally associated with a silicon lens, the signal power level is mostly dependent
of the silicon lens alignment. It can also be affected by the presence of an air gap between substrate
and lens, leading to deleterious frequency response and echos in time-domain. Looking on detector
side, several solutions exists today: pyro-electric detectors, Schottky diodes integrated with silicon
lenses, as well as free-space detectors with traceable calibration from PTB [92], as well as golay cells
or Thomas Keating detector [92]. Additional information can be found in [93].

The
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Figure 42 hereafter gives an example of the free-space characterization of a broadband non resonant
UTC-PD integrated with a TEM-horn antenna[42], this UTC is then associated to a set of lenses to
feed a quasi-optic Schottky module for THz reception. As can be seen on the frequency response,
even if the spectral response of the device is broadband, some ripples in the curve can easily reach 3
dB variations at specific frequencies, coming from stationary wave (S.W.) effects between the THz
source and receiver. This experimental limitation is often encountered in such kind of
measurements, and in that case, the use of isolators could be helpful. In addition, as soon as the
power-meter or detector is designed to reduce the level of back-reflection at the detector input,
these S.W. can be greatly reduced. Generally speaking, the power measurement in free-space
configuration is still a challenging issue in the sub-mm or THz range and intensively investigated by

the THz researchers.
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Figure 42: Example of free space UTC-PD measurement using a Schottky quasi-optic detector[94]. Some ripples on the
frequency response are observed due to the stationary waves between THz source and receiver.

7 EXxercices

A :Photodetector theory :

Al) By assuming that each photon incident on a photodetector results in an electron-hole paire
reaching the contact electrodes, give the maximum photoresponse achievable as a function of the
photon wavelength.

A2) Demonstrate that the Photoresponsexbandwidth product of a THz photoconductor based on a
low-carrier lifetime semiconductor is independent of the carrier lifetime if we neglect the electrical
capacitance.

A3) Calculate the photoresponse at A=780 nm of an ultrafast photoconductor based on a 1 um-thick

LT-GaAs layer (lifetime t=500fs) with contact electrodes separated from s=1 pum by assuming that:
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- There is no reflection of the incident light at the top and bottom interfaces of the layer

-Absorption depth in GaAs at A=780 nm :0 = 0.7 um

-photocurrent results only from the electron drift at a velocity v,=10"cm/s.

A4)Explain why a uni-travelling carrier photodiode has better current saturation bandwidth
properties.

A5)Give the physical origin of the response time of a UTC photodiode.

A6) Plot the ratio conduction current (i.)/average optical power (P,,) of an UTC PD of surface 10um?
illuminated by a optical beatnote as a function of the beatnote frequency:

UTC layer properties :

- a 150-nm-thick absorbing InGaAs layer with a gradient composition.

-A 300-nm-thick InP collector layer in which the electron are assumed to drift at their overshoot

velocity.

The absorption depth in InGaAs is d~1um.

B : Photomixing model :

1 : Ultrafast Photoconductor

We study a photomixing source based on a planar photoconductor of capacitance C=5 fF,
photoresponse 0.02 A/W at V, =5V pumped by an incident optical beatnote of average power P,,=50
mW. The carrier lifetime of the photoconductive material is t=400 fs. It is assumed that it behaves as
a perfect photoconductance up to V,. The impedance of the antenna coupled to the photoconductor

is equal to 70 Ohm (purely radiative).

B1.1) By using the equivalent electrical model, give the expression of the output power as a function
of the frequency.

B1.2) Plot the output power as a function of the frequency from 10 GHz to 1 THz.

B1.3) Calculate the optical power required to reach the impedance matching between the

photomixing source and the antenna. Is it realistic?

2 : UTC Photodiode

The UTC PD of the question A6 is pumped by an optical beatnote at A=1550 nm of average power
Popt=30 mW which is assumed to reach without loss the absorption layer. The impedance of the
antenna coupled to the photoconductor is equal to 70 Ohm (purely radiative).

B2.1) By using the equivalent electrical model, give the expression of the output power as a function

of the frequency.
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B2.2) Plot the output power as a function of the frequency from 10 GHz to 1 THz.

B2.3) Is it possible to achieve the impedance matching condition.

C: Antennas

We want to integrate a photoconductor with a spiral antenna.

C1) Calculate the impedance of an infinite self-complementary THz spiral antenna fabricated on a
semi-infinite quartz substrate (refractive index of quartz in the THz range: 2.0)

C2) Is the spiral antenna on quartz more favorable than the same antenna on GaAs from the point of

view of impedance matching ? (you can repeat exercise B1 with this new antenna impedance)

8 Solutions

A1 : Photons flow (F,,) =incident optical power (P,,:)/photon energy (E,)
E, =hc/A

h :plank constant,

c =light velocity

E, (J)=1.24xe/\(um)

e=1.6x10"C;

dc Photocurrent (lyc)=exFp, = X Pyt [ Ep =A(UM) X P,y /1.24
Photoresponse= Iy / Pope =A(um)/1.24

A2:

From Eq. 12

Photoresponse R = %nopr/rtr with T the carrier lifetime and 7, the carrier transit time and

Nope = (1 —R)(1 — e~ ) is the quantum efficiency (R the reflection at the Air/semiconductor
interface).

Frequency Bandwidth B = 1/(27r7) if we neglect the effects of the capacitance and if—<« 1

Tt

then RB = < Tov

hv T¢r
A3:
By taking the expression given in A2:

A
R = %(1 — R —e )1/t = %(1 —R)(1—e ") /14

withR =0,a = %Wn—l and 7, =s/v,=10 ps
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we find R =0.024 A/W.
A4: See section 2.2.2 Uni-Traveling-Carrier Photodiodes p. 13 for explanation.

A5: See section 2.2.3 Photocurrent generation p. 14.

A6: From Eq. 40 in p.15 we deduce

1 sin(HD) o,

i.(w
C()_ ejz

e _Wq
=——(l—e 3
o (1-e )

Popt 1+jwr, Pl

where 6=1 pm, W, =150 nm, because of the gradient composition 7, = % withv, ~2 - 107cm/s in
d

InGaAs. In the collector, the electrons are assumed to reach the overshoot velocity vy, #4 -

107cm/s, and then 1., = W, /v,,, with W, = 300 nm.

B1.1:
Eq. 29 p. 11:
b V2GE G,
T2 2 [(Go + G2 + (w,C + BL)?](1 + wit?)

where Gy = e = BPort _ 5. 10-40-1 G, =L 0"1,B, =0,C = 5fF, 7 = 0.4 ps
Vp Vp 70
B1.3: Impedance matching: Gy = G, © Popr = GV /R
N.A: Py = 3.57 W ! Well beyond the thermal failure ...
B2.1
Eq. 42 inp. 17.
lic(w)I?G,
G,% + (B, + wC)?

1
L=

; 2
Here B, = 0 then P, = %RL%with R, = GiL = 70 Q, i. is given in solution of A6.

. €-€E9A
The capacitance C =~ rW—O
c

= 3.7 fFife, = 12.5in InP, A=10 pm* and W, = 300 nm.

B2.3

The internal impedance of the UTC photodiode if the serie resistance is neglected is purely
capacitive, it is thus impossible to have an impedance matching with a dissipative load.

c1

Z=119Q

Cc2

Yes. Py, = 2.1 W instead of 3.57 W.
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