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antenna emitter (AE) vs. large area emitter (LAE)
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principle of CW-THz generation by photomixing (1)

2 collimated laser beams:

« same amplitude: E,=E,=E,

« same polarization: E; 2 E,

« small difference in photon frequency: v, — v, = vy,

joint laser field  joint laser intensity
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THz Beating Intensity

THz-periodic joint laser intensity
If hv, = hv, =~ band gap energy of semiconductor

THz-periodic electron/hole generation:

dN/dt = dP/dt @ joint laser intensity



conventional principle of CW-THz generation by photomixing
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TH=z Beating Intensity

THz current fed into antenna
yields CW — THz radiation mixer device
= ,antenna emitter” (AE)



Features of THz state of the art photomixers

Advantages of photomixers

wide tuning range easily achieved with photomixer
coherence excellent, depends only on the laser quality
photomixer working at room temperature

low costs (telecom lasers, e.g.)
ideally suited for homodyne or heterodyne detection

Problems and limitations of photomixers

low laser-to-THz conversion efficiency

in particular: high-frequency roll-off

photo-current has to be generated in small area/volume
= Upper limit for laser power to avoid thermal failure

= achievable THz power insufficient for many potential applications



iIdeal photomixer

mixer device with antenna (AE) mixer device
Assumptions for ideal photo mixer:
each incident photon hv, creates an electron-hole (e/h) pair

each e/h pair contributes (fully) 1e to the THz photocurrent, i.e. |+, = e(P /hv,)
THz power P, =% |,.,° R, =Y [e(P /hvy)? R, « P 2!

(R, = antenna radiative resistance = 70 Q, e.g. )



comparison ideal vs. real photomixer

ideal photo mixer: THz power P, @ = % [e(P /hvo)2 R, o 11,2, P2 |
(R, = antenna radiative resistance)
example: InGaAs: hv, ~ 0.8 eV (A,= 1550 nm),

R,~70Q, P, =20 mW =100 mW
THz power P19~ 5 mW  ~125 mW (> P !)

real photo mixer

Iy, limited by: < finite ,gain” g (<1, if lifetime 1, .< transit time t,)

* finite transport time t, (transit or life time)
= transport time roll-off factor: n, = 1/[1 + (vry,/Vi)?]

 finite capacitance C of the mixer

— RC roll-off factor: Nre = V[1 + (Vip/ Vre)]

= Py = Pry® 9% My Me -

Ly

(quasi)-ideal performance only for g=1 and v, < (vi,Vrc)

for VTHz & (VtzvRszcr)’ €.9., PTHzreaI = PTHzid 92 (Vcr/VTHz)4 o) Fed)

examples for real photomixers: (next transparency)

L4 N4



,classical® photomixer and their limitations

photoconductive mixer

JMSM*“-structure on
,LT-GaAs (1., < 1 ps)

(top view)

T~ 1PS
Tre = 1 PS)

Ty >> Tree s »9AINT = T/ << 12
cdrinsecqu@tglemeof pc mixers:
pin mixer = n-i-pn-i-p mixer

pin-diode mixer

(side view)

1 1
1 1

L
gain =1
transit time: T, = difv,, o d

Vi ® Vav/(zrtr) oC di_1

RC time: TRC = RaC oC di-1

VRC - 1/(27[RaC) oC di

— trade-off: transit- vs. RC- roll-off **
example: L = 50 ym?; v~ 140 GHz =



our concept of ballistic n-i-pn-i-p photomixer *

replace simple p-i-n diode by a stack of N (identical) p-i-n diodes

simple pin — diode stack of identical pin — diodes

p-i-n G 1 p-i-n p-i-n p-i-n p-i-n Coock = ConfN

1+ T
transit time roll-off frequency transit time roll-off frequency
v = 1/(27,)= v, /(2d)) o« 1/d, v = 1/(27,)= v, /(2d)) «c 1/d,
high, if d. small enough if d. small enough

RC time roll-off frequency: RC time roll-off frequency:

vre = 1/(2rR,C;,) o« d, vre = N/(2nR,C;)

Vre <<V, If d; optimized Vre ® Vy If, Inaddition, N
~ for transittime roll-off optimized for RC roll-off

= trade-off: transittime - vs. RC- roll-off = transittime and RC- roll-off optimized

* Dohler et al., SST 20, p.178-190 (2005);  S. Preu et al., APL 90, p. 212115 (2007)



limits for improving CW-AEs

optimized n-i-pn-i-p — antenna emitter (AE)

Pry, =72 R, (Iph,0)2 Nrolloft(VTHZ) P

cross section (o L?) needs to be small
to minimize roll-off factor 1, .o#(V1Hy)

: L :
device temperature increase o« P, /L? = thermal failure of mixer device
electric field screening increase o« P /L? = degradation of device performance

—, upper limit for tolerable P, and, hence, obtainable P,

similar limitations apply to photoconductive antenna emitters

alternatives?:

Arr = AE :
 use a coherently pumped array of Py, = N Py, complicated
. . . E max,Ar = N x E max,AE Complex
N identical optimized AEs THz THz '
UTHzmaX’Arr = N2x UTHZmaX’AE COSﬂy -

* THz emission from a large active

area without antenna:
Jlarge area emitter” (LAE)



antenna emitter (AE) = large area THz emitter (LAE)

antenna emitter (AE) large area emitter (LAE)
laser-induced photocurrent, |,,,,(t,t), THz radiation is emitted directly by the
generated in small semiconductor device laser induced-carriers, accelerated by
is fed into antenna an electric field E;in the sc
P (t) P (t)
+ UO HHH — UO
| — 1
) lohot(t:t) . ) Eo .
[ = Ay, /2, €.9. 2p, = Mpl2, €.9.
THz radiation emitted by AE: radiation emitted into semiconductor:
Py, \F = 2 R, 1,2 by a single accelerated electron:
o lt,2! oo P2 Pry,° = e?a?n_/(6re,c?), with a = eEy/m,

by N coherently accelerated electrons
Pr e = N2Ppy,° o P21

upper limits:
tolerable laser intensity < 1 mW/um? tolerable laser intensity < 1 mW/um?
maximum absorbing area: 100 um? no upper limit for absorbing area
P, AEmax ~ 10 yW @ 1THz P, MAEMaX no upper limit



Intensity of radiation emitted by a single
accelerated electron under angle 6:

Poynting vector Sy,
Se THz = F(€a)%e,./(1672g,C%r3) sinZ6

THz power emitted by this electron
Pryp, =1l Se,hdf

sphere
Pe1hz = [65/(6meoC?)] (€, )? |Se izl oc SIN20/r2

l.e.:
maximum THz power emitted
perpendicular to surface

if interference effects can be neglected, i.e., if dimensions of emitting area p, << Ay,
<> definition of ,large-area quasi-dipole” (LAQD)

THz power emitted by N coherently

accelerated electrons
PNe,THz= NzPe,THz



Intensity of radiation emitted by a single
accelerated electron under angle 0" 0"

Poynting vector S;,,
Se THz = F(€a)%e../(1612e,C%r3) Sin20’

THz power emitted by this electron
Pryp, =1l Se,hdf

sphere
Pe,THz = [8301/2/(6758003)] (eae)2
1Se T2l o SiN20°/r?
le. :
no THz power emitted
perpendicular to surface

THz power emitted by N coherently
accelerated electrons
Pne THZ= NzPe,THz

°e
Ly

to be discussed later!



LAQD, for photomixing, simplified(!)

THz power emitted by N coherently accelerated electrons generated at time tin a
Jlarge-area quasi-dipole“ (LAQD)

Py, -A90(t) = (1/67) [(eNa)]%es. "%/ (neyC3)

(eNa), = charge being ballistically* accelerated at the time t a = eEy/m,

laser power P (t) =P, [1 +cosmptl; dN/dt = P (t)/hvy; 1,0 = (e/hvg) P g

(... some calculation)...
Pr,-A9P = %2 R aqp (Iph,Oid)Zv with Iph,oiOI = (e/hvg) P
with R aqp = (2/37) 4.2 Zy(Vp,/C)?~ 6 X103 Q; v, = 2x10%cm/s in InGaAs, e.g.)

Z,= (goC)'= 377 Q = ,radiation impedance of vacuum®

PTHZLAQD =6 x 1030 (Iph,Oid)2

*) ballistic acceleration appears not to be compatible with CW mixing conditions for
horizontal electric fields. It works, however, for vertical electric fields
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THz power vs. |laser power for AE and LAEs
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ideal photomixer antenna emitter
PTH ideal = =1 R (| HZld)Z

=350 (i)
l-y,9 = (eP/hvy); R, =700

conversion efficiency n = 1
Py, = P,

Manley-Rove (non-linear mixing)

11max = VTHZ/VO
Py, = Nmax P

photocond. antenna emitter (AE)
I:)THZAE =7 Ra 92 (ITHzid)2

= 3.5x103Q (I1y,'%?;
(R, =70Q, g =1/t =107)
(illuminated area 100um?, e.g.)

Large area quasi-dipole (LAQD)
Pri 9% = 72 Riaap (ln)%

R, aap = 6x10-3Q,

(illuminated spot npy,2 ~ 1000um?,

Correspondlng to Po = pLAQD)
P [mW]



role of interference, if dimensions of LAE area become

comparable with A+, or larger

We will see:

For sufficiently ,small“ LAEs the achievable THz power increases « P2 and the
angular distribution of the radiation intensity does not change

For increasingly ,large” LAEs we will find:
i) interference drastically affects the angular distribution of the THz radiation pattern

ii) the THz intensity becomes highly directional around the angle of vanishing
interference

iii) around this angle, the THz intensity continues increasing o P, ?

iv) the total THz power increases « P

Results can be described in terms of a product:

(radial distribution of the individual elementary emitter) x (,continuous array factor®)



E.., emitted by 1 periodically accelerated electron

|Ethz0l = ... (ea@)cosO /r



E.,, emitted by 2 coherently accelerated electrons

phase difference (in the far-field): 2rp,sin6/A,,

interference negligible for p, sinB/Ay, << 2m
destructive interference for p, sind = A;,/12 @ ©
for 6 = 00, constructive interference for arbitrary large p, ©

for 6 = Q0 intensity increases quadratically ©




E.,, emitted by an ensemble of coherently accelerated electrons

carrier generation rate:
dn(p)/dt = dp/dt « ¢ (p)

Gaussian laser beam
o (p) = ¢ o exp{-(Ipl/ Po)*}
Oo =P/ (mpy?)

E., (p;r,0)¥” Ery,(01,6)

with p, increasing, constructive interference only for decreasingly small angles 6

with p, decreasing, destructive interference becomes negligible even for large
angles 0

Erriz (Po,1.0) = | Eqyy (pipo,1,0)dp,dp,, Sty (po.1:0) and Pry,(py) can be calculated
Wide laser beam results in narrow THz beam and vice versal

In particular, we find the value p,= p aqp = 0.25 A, around which P, (p,) changes its
behaviour from Pry,,(p) oc pg* to Py (pg) o p? (or: from Pry,(pg) o< P ? to Pry,(py) oc Py)



“continuous-array-factor” AF(0) for horizontal LAEs

LAEs can be considered as ,continuous arrays” with a homogeneous array
density. As a consequence, the emission pattern becomes smooth.



“continuous-array-factor” AF(0) for horizontal LAEs excited by

a Gaussian beam for different values of p,

300

emission into the air

TN
iV

emission into the
semiconductor

240




radiation intensity : product of array factor and radiation

characteristics of horizontal dipole

,continuous array “ factor radiation characteristics of horizontal dipole

——Eq. (3.124)

- - - Eq. (3.122) for air
— Eq. (3.126)+(3.128)
| - --Eq.(3.122)
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dashed lines: embedded
into semiconductor or air

full lines: embedded into
semiconductor



First experimental results for CW photoconductive LAE

f ' ' ' e Ao ' ' ' Beam profile narrows
| with increasing width of
Gaussian laser beams
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A. Eshaghi, M. Shahabadi and L. Chrostowski, “Radiation characteristics of large-area
photomixer used for generation of continuous-wave terahertz radiation”, J. Opt. Soc. Am. B 29,
813 (2012)



First results for CW photoconductive LAE

Beam steering

—
jah)

Emission Angle [degree]
o

30+ A Measurement Result | |
- Theoretical Calculation

Nomalized THz Power [a.u.]
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-100 -50 0 50 100
Angle [degree]



Back to large area emitter (LAE) with vertical field E,

bbb b LE ) feemeRm

Modification of radiation pattern of a vertical
Hertzian dipole in semiconductor, if in

(1
proximity to semiconductor/air interface 6
——Eq. (3.118)
0 - - -Eaq. (3.116) for air
! ——Eq.s (3.120),(3.121)
0.1 - - -Eq. (3.116)

0.01
1E-3 300
1E-4

1E-5

1E-6 -{ 270

1Se T2l o SiN20°/r?
le. :
no THz power emitted »
perpendicular to surface

ductor<
/\/\/or N

1E-5
1E-4
1E-3
0.01

0.1

to be discussed later!




Modification of radiation pattern of a vertical

He

large area emitter (LAE) with vertical field E,

rtzian dipole in semiconductor, if in

proximity to semiconductor/air interface

—Eq. (3.118)

0 - - - Eq. (3.1186) for air
——EQq.s (3.120),(3.121)
- - -Eq. (3.116)

300

20

Brewster angle

Maximum of radiation pattern at the
Brewster angle!

layer with InAs-nipnip-diodes

PL(t) PTHZ

Brewster angle Brewster angle



Modification of radiation pattern of a vertical

He

large area emitter (LAE) with vertical field E,

rtzian dipole in semiconductor, if in

proximity to semiconductor/air interface

—Eq. (3.118)

0 - - - Eq. (3.1186) for air
——EQq.s (3.120),(3.121)
- - -Eq. (3.116)

300

20

Brewster angle

Maximum of radiation pattern at the
Brewster angle!

continuous-array factor for Brewster plane

a)
0 . p=0.03,
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|:)D=0.37L0
P~
—— p =3
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e

180

Brewster angle

no experimental proof yet!



Conclusion and outlook

large area emitter (LAE) very promising:

much higher power compared to antenna emitter (AE) achievable

excellent radiation profile

no optical elements (lenses, parabolic morrors) needed

easier to fabricate

... if  am not too optimistic!
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2% + ¢ cos? 6,

Eil._o = XA exp (— ) cos(mt — kyy sin 6y),

of
(1)
22 +y*cos? 0
Es|.—o = A5 exp (— + ygg : 2) cos(msl + koy sin 65),
2
(2)
ol : .'2 I il : .‘2 fa)
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1 2
x cos(Awmt — (ky sin ) + ks sin 65)y),
| _ (3)
ko siN 05 = Kkrgp, SIN O, (4)
s ATHE -
O, = SIn o sin 6- |, (D)
2

Sin O1y, = Aty /Agr SiN 6, =200 sin O, for vy, =1 THz
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A. Eshaghi, M. Shahabadi and L. Chrostowski,

Radiation characteristics of large-area photomixer used for generation of continuous-
wave terahertz radiation,

J. Opt. Soc. Am. B 29, 813 (2012)

Armaghan Eshaghi,1,2,* Mahmoud Shahabadi,1 and Lukas Chrostowski, 2Vol. 29, No. 4 / April 2012 / J. Opt. Soc.
Am. B 813
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large area emitter (LAE) with vertical field E,

Modification of radiation pattern of a vertical

Hertzian dipole in semiconductor, if in continuous-array factor for Brewster plane
proximity to semiconductor/air interface
_ a)
0 -—-- Eg 8112; for air 0 © p,=0.03%,
13 —— Eq.s (3.120),(3.121) - = = p,=0.1%,
0.1 1 - - -Eq. (3.116) p,=0.3%,
0.01 1 ——p_=A
13, 00 o0
Py~ 3%
1E-4 E
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oo _ 240 7/ 120 \\ \1
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13
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Brewster angle

Maximum of radiation pattern at the
Brewster angle!

Brewster angle
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Modification of radiation pattern of a vertical Hertzian dipole in
semiconductor, if in proximity to segyigpndicigs@irinierface

dipole in semiconductor, in proximity to air

——Eq. (3.118)

0 - - —-Eq. (3.116) for air
——Eq.s (3.120),(3.121)
- - -Eq. (3.116)

1E-3

1E-4

1E-5

1E-6 - 270 90

1E-5

1E-4 k A \\‘\ i 4 g f

Lk B Sy N embedded into
0ot SAVZARNYSS semiconductor

in semiconductor
In proximity to air

Fig. 3.60: Dashed lines: Power emitted by a vertical Hertzian dipole embedded in air (top)
or in a semiconductor with ny, = 3.6. Solid lines: Radiation patterns of the dipole in
proximity to the interface to air according to Egs. (3.116), (3.118), (3.120) and (3.121).






radiation pattern of a vertical LAE at interface to air

Legend Po a=p,/10
Blue 0.1A,, 0.01A,
Green 0.2A,. 0.02A,
Red 0.5\, 0.05A,
Cyan 1A 0.1A,
Magenta 2\, 0.2\,
Black 5A¢c 0.5\,




THz power vs. Iaser power for photomixers

THAMW]

ol

1 02 e //
Prz =P~ 0
] L el , /
10 7 s
e yd /
/7 // / 4
7 g LAE
1 00 /// /// / PTHZ
// /s 7
/ 4 g
, /P LAQD /
1 0'1 7 /// THZ /
/// /
1 0-2 L 2 I:)THz Tlmaxl:)L/
g A
103 //
0 1
Vi
I/ P real
-4
10 / /
/ /
/7
-5 I /
10 /r
/ /
7"
10 L
100 1 10" 102 10% 10

10°

conversion efficiency n = 1
Py, = PL

Manley-Rove (non-linear mixing)

nmax = VTHz/VO
PTHz = Nmax PL

photocond. antenna emitter (AE)
AE = 3 R, 07 (I %)

= 3.5x 103Q (I+y,'4?;
(R, =70Q, g =1/t =107)
(illuminated area 100um?, e.g.)

I:)THz

Large area quasi-dipole (LAQD)
P90 =72 Riagp (rn9)%

R aap = 6x10-3Q,

(illuminated spot np2 ~ 1000um?)

Large area emitter (LAE)
P,-F = PTHzLAQD (r/rc)?

(illuminated spot p> p,

P [mW]



Results on LAQD and LAE THz emitters

so far: none on CW mixing (to our knowledge!)

however, recently, (t > 2006): very exciting results on LAEs under pulse operation



Results on LAQD and LAE THz emitters

so far: none on CW mixing (to our knowledge!)
however, recently, (t > 2006): very exciting results on LAEs under pulse operation

Main differences between CW mixing and pulse excitation

CW mixing pulse excitation

Extremely narrow band width, tunable One broad band THz cycle per pulse
Tunable over a wide frequency range

100 % duty cycle duty cycle 8 = T,/ Trep = Vigp/ VT, << 1
P M2x [imited by thermal failure More favorable budget regarding
threshold Pt thermal failure:

average laser power <p >max = pth
= (laser pulse energy)T,, = &1 Pth >> pth

— PTHZ oc (8-1 Pth)Z SSSS Pth

= Py, cw limited by = <Pri>pu © 87 Prigz ow >> Prycw
thermal failure threshold Pt



Large area THz emitter (pulsed operation)
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M. Beck, H. Schafer, G. Klatt, J. Demsar, S. Winnerl, M. Helm and T. Dekorsy, OPTICS EXPRESS 18, 9251 (2010)



Large area THz emitter (pulsed operation)
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Large area THz emitters
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Fig. 3. Dependence of the detected THz intensity (Er,)
on the size (FWHM) of the exciting NIR spot (double loga-
rithmic scale). Filled circles, measured data; solid lines,
oguldes to the eyes. Inset, THz spectra for various excitation
spot sizes normalized to the intensity value at 1 THz;
755 um (short dotted), 560 um (dotted), 430 um (short
dashed), 210 um (dashed), 115 um (solid).







LAE with vertical dipoles with laser beam incidence under Brewster angle 64

THz radiation mostly emitted into substrate
under (refracted) Brewster angle 63’ (~ 15.6°)

expected intensity o« sin?0g’ = 0.072 = | 7.2% of maximum intensity &

BRI fortunately: too naiv! © -7

-
~~~ ”’
-
~ o

The directivity of the
THz beam increses
with increasing width
2 p, of the laser beam




radiation pattern of a vertical dipole in InGaAs close to interface to air? *

vertical dipole

¢v=n/2 (H-Plane) $=0° (E-Plane)

embedded in bulk Located at interface
semiconductor semiconductor/air

maximum is found at the
Brewster angle

At g, the intensity
increased by factor 4 due to
constructive interference
with totally reflected beam

29% of PLAQD instead of
naively expected 7.2 %!

= |deal condition for
operating LAE under
Brewster angle excitation!

"L.E. Garcia Munoz (2012); W. Lukosz, J. Opt. Soc. Am. 67-69 (1977-79).

©
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simplified picture of large area emitter (LAE) — in-plane field E,

a, = eEy/m,
—

EO
—

DV

Intensity of radiation emitted by a single
accelerated electron under angle 6:

Poynting vector Sy,
Se THz = F(€a)%e,./(1672g,C%r3) sinZ6

THz power emitted by this electron
Pryp, =1l Se . df

sphere
I:>e,THz = [830/2/(6758003)] (eae)2

Main probleme: the assumption of ballistic
acceleration is not realistic for CW-mixing for in-
plane E-field scenario

(long lifetimes!, space charge screening!)

However: realsitic scenario for pulsed excitation in
si — GaAs, e.g.

q

1Se 1| < SiN20/r2



b
a) ) ——Eq. (3.124)

10 0 —Eq. (3.123) _ 10 0l ___ Eq. (3.122) for air
- - - Eq. (3.122) for air 330 —— Eq. (3.126)+(3.128)
1 -~ | —Eq.(@125)%3.127) | 1 || ---Eq.(3122)
0.1 =~ L2~ Ea(3122) 0.1 177~
0.01 AR\ 0.01{ 399
1E-3 RN 1E-3
1E-4 1E-4 NS
1E-5 90 1E-51270 | S
1E-4 1E-4 T TP
1E-3 | 1E-3 /S/ “AL
0.01 120 001 540 \. e/'mci
0-1 0'1 ~ o
1 1 S~
10 10 210 -




emission pattern for Gaussian laser beam with 0.2 A <p, <2 A

radiation pattern for E-plane = maximum intensity
LAE emitter consisting of hori- 0V of the ,array factor” of
zontal Hertzian dipoles un- 120 60 the LAE (z-direction)
der normal incidence 0.8 coincides with maximum
of the laser light 0.6 intensity of the radiating

150 0 3Gelement (z-direction)

©
what happens for = maximum intensity
LAE emitter consisting of of the ,array factor” of
vertical Hertzian dipoles the LAE (z-direction)
under normql incidence 4° BE > coincides with zero of
of the laser light intensity of the radiating
i 300 element (z-direction)

270
®

otherwise, vertical dipoles (E-field inz z-direction) appealing for several reasons:
High current-efficiency (p-i-n — oder n-i-pn-i-p — diodes), ballistic transport ...)

Are vertical dipoles useful at all?
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E-plane Dipole isotropic |
H-plane Dipole isotropic | |

180



Emission pattern of Hertzian dipole at air/GaAs interface (p,<<i)

E-plane Dipole
_____ H'plane D|p0|e

180




Emission pattern for Gaussian laser beam with p, = 0.2 A

RadiatioP patterns

E-plane p,=0.2A |

~=<== H-plane p0=0.27\,

180




Emission pattern for Gaussian laser beam with p, = 0.5 A

RadiatioP patterns

E-plane p,=0.54 |

~==== H-plane pO=O.57»

180




Emission pattern for Gaussian laser beam with p, = 1.0 A

RadiatioP patterns

E-plane py=2 |

==<== H-plane py=A |-

180




Emission pattern for Gaussian laser beam with p, = 2.0 A

RadiatioP patterns

E-plane p,=2A |

==-== H-plane p0=2k

-150 150
180







LAQD, for photomixing, simplified(!)

THz power emitted by N coherently accelerated electrons generated at time tin a
Jlarge area quasi dipole” (LAQD)

Py, -A90(t) = (1/67) [(eNa)]%es. "%/ (neyC3)

(eNa), = charge being ballistically accelerated at the timet a =eEy/m,

laser power P (t) =P, [1 +cosmptl; dN/dt = P (t)/hvy; 1,0 = (e/hvg) P g

(... some calculation)... (...... nachrechnen!
Pr,-A9P = %2 R aqp (Iph,Oid)Zv with Iph,oid = (e/hvg) P
with R aqp = (2/37) 4.2 Zy(Vp,/C)?~ 6 X103 Q; v, = 2x10%cm/s in InGaAs, e.g.)

Z,= (goC)'= 377 Q = ,radiation impedance of vacuum®

PTHZLAQD =6 x 1030 (Iph,Oid)2

Wichtig: in n-periodischer nipnip-struktur : jedes Photoelektron tragt bei
(Nicht wie im AE, wo n Photonen pro one-e — Beitrag zum Photostrom
absorbiert werden mussen!)
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simplified picture of large area emitter (LAE)

Time dependence of Py, (t), Sty (t) oc @%(t) (?)  Wichtig: sin fir eine Periode

in (most) Ill-V sc.s for E; > 5 kV/cm

“velocity overshoot”:

Vbal,max -

sat -t

g

v

—~=

Better: See JAP-rev, Eq.s 107-114
ap = eEy/m,

Vbalmax = Qo 1 THA2 = = €E Ty, /2m,
— VTHz = eEO/(zchbaI,max)
~ 1 THz, for E; =10kV/cm in InGaAs

X(t) = eEg/4vr,m[t — oy, 'sinort]
~ 1 THz, for E; =10kV/cm in InGaAs

— e
X(t) =7 Vbal,maxt — 72 Vbal,max®THz SmmTHzt]

Xo = 2 Vbal,max/('OTHz
~ 160 nm @ 1 THz in InGaAs

V(t) = 72 Vo max[ 1 — COSO7,1]
Vo = V2 Vparmax ® 10%cm/s in InGaAs

a(t) = (d/dt)v(t) = - 72 O, Vhalmax SINOTpA]
Ay = OrpVo = @1 Xo
= O Vpamaxd2 = © 102%cms2 @ 1THz in InGaAs



Classical electrodynamics approach

Excitation of charge carriers by lasers

either:  pulse excitation with fs laser pulses (v,) = P (1)
= transient current pulse (ps time scale) = lon(t,) = Jr(t-t)P(t")dt" (?)
= single cycle broad-band THz pulses = P (ory,) =Art)  (7)
or: ,photomixing”
two CW lasers (v =vy+ 2 v1p,) = PL(t) = P_o [1+cos(2nvy,t]
—> carrier generation rate modulated with v, = dN/dt = 1, (P (t)/hv,)
= photocurrent modulated with v, =l (t) = Qﬂ(VTHz)ﬂphe(PL,(t)/hVo)
= narrow-band CW THz emission, = Prig(t) o Ngeolrrz(t) oc P2

= easily tunable, if lasers tunable

emitters exhibit strong frequency dependence of emitted power, radiation ...
= discussion simpler for (narrow band) photomixers than for pulsed sources
— most of our discussions for CW photomixers



comparison AE vs. LAE (for photomixing, simplified)

AE . L g LAE
%BU | | E ‘ ‘ ‘ ‘ ‘
> i > > > > i >
Ly > i > — > > i —_—
> > —l > > >
5 U
E=U/d dN/dt=P./hv, N =(dN/dt)t, j=env;v=pE [jdxdy = eNv
n=N/(LL) j=enuE I=jL (L/d)=gl," (d/dt)[fjdxdy = e(d(dt)(Nv)= eA
@ = (eP/hvy) A= (d(dt)(Nv)

,photocond. gain® g = (t,./1) = T,.(1eU/d?) 102, e.g. A= ,makroscopic pseudo accel.”



Large area THz emitters
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M. Beck, H. Schafer, G. Klatt, J. Demsar, S. Winnerl, M. Helm and T. Dekorsy, OPTICS EXPRESS 18, 9251 (2010)
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Large area THz emitters
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alternative principle of CW-THz generation:
photomixing without antenna?

. v WY } MWMWNVWMMM\WW M mﬂm LAHM uﬂm

TH=z Beating Intensity

THz radiation emitted directly by
the laser induced-carriers, due to

the acceleration by the DC electric
field Eyin the sc

= topic of this talk:
large area emitter (LAE)
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