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It is shown from accurate on-wafer measurement that continuous wave output powers of 1.2 mW at
50 GHz and 0.35 mW at 305 GHz can be generated by photomixing in a low temperature grown
GaAs photoconductor using a metallic mirror Fabry-Pérot cavity. The output power is improved by
a factor of about 100 as compared to the previous works on GaAs photomixers. A satisfactory
agreement between the theory and the experiment is obtained in considering both the contribution
of the holes and the electrons to the total photocurrent. © 2011 American Institute of Physics.

[doi:10.1063/1.3664635]

The so-called terahertz gap is shrinking due to the
increase of the maximum oscillation frequency of the InP-
based high electron mobility transistor (HEMT), which is
now beyond 1 THz and allows to make terahertz monolithic
circuits (TMIC), such as low noise amplifiers operating up to
670 GHz.! However, this narrowband approach is not well
suited for every potential application in the terahertz range.
For applications which need tunable continuous-wave sour-
ces as the gas spectroscopy, the generation of terahertz
waves based on the mixing of two infrared lasers on a photo-
conductor is a good alternative. The photomixing has been
shown for the first time in 1955 with a photocathode illumi-
nated by two Zeeman components of an atomic spectral line
separated by 10 GHz.? In the 1990s, this technique has been
adapted to the terahertz range thanks to an ultrafast photo-
conductor, consisting of an interdigitated electrode capaci-
tance on a low-temperature-grown GaAs (LT-GaAs) layer’
and pumped by two Ti:Al,O5 lasers. Actually, the LT-GaAs,
discovered some years before,4 seemed to be a perfect semi-
conductor for ultrafast optoelectronics, due to a subpicosec-
ond carrier lifetime, a high electric-field breakdown (~300
kV/cm) (Ref. 5) combined with a relatively high electron
mobility (~150 cmst).6 However, since almost twenty
years, the output power generated in the millimeter wave
and terahertz range by photomixing in a LT-GaAs based
photoconductor integrated with a wideband antenna has
always been below 10 uW, i.e., ~10 uW (Refs. 3 and 7) at
100 GHz, 4 uW at 300 GHz,>’ and around 1 uW at 800
GHz.>"® And the best results, i.e., ~80 uW at 300 GHz and
2.6 uW at 1 THz, have been achieved with InP-based uni-
travelling carrier photodiodes (UTC-PD) initially developed
for telecom applications and pumped by 1.55-um-wave-
length lasers.” Recently, a high dc responsivity (>0.1 A/W)
has been measured on a LT-GaAs vertical resonant photo-
conductor'® thanks to a metallic mirror Fabry-Pérot cavity
and deep submicron electrode spacing resulting in a high car-
rier and current density. It has been demonstrated that this
high dc responsivity, unlike previous works, is almost con-
stant up to the millimeter wave range.'' In this letter, it is
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shown by on wafer measurement that the power generated
by photomixing in a GaAs photodetector coupled to a 50-Q-
coplanar probe is above 1 mW at 50 GHz and reaches 0.35
mW at 305 GHz. It represents a ~100-times-improvement as
compared to the previous works and is comparable to the
power obtained with a UTC-PD integrated with a narrow
band matching impedance circuit.'?

Fig. 1 shows a scanning electron microscope picture of
the LT-GaAs resonant photoconductor coupled to a 50-Q-co-
planar waveguide. The LT-GaAs layer of thickness around
w=0.28 um is sandwiched between two gold layers which
serve as the same time as bias electrodes and optical mirrors.
The diameter of the active photoconductive area is d =6 um.
The upper gold layer is semi-transparent, and a silicon
nitride encapsulation and isolation layer is deposited on the
photoconductive area. The upper semi-transparent electrode
and the background electrodes are linked to a ~50 Q copla-
nar waveguide by air-bridges. The fabrication process of a
LT-GaAs photoconductor on a high resistivity silicon sub-
strate is detailed in Refs. 10 and 11.

A schematic overview of the experimental set-up is
shown in Fig. 2. 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

FIG. 1. Scanning electron microscope picture of the resonant LT-GaAs
photoconductor.

© 2011 American Institute of Physics
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FIG. 2. (Color online) Experimental set-up used for the photomixing experi-
ment: //2, half-wave plate; P, polarizer; SOA, semiconductor optical amplifier.

overlapping the two ECLDs (4= 776 um) 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 um-wide Gaussian spot by a lensed fiber. In the millimeter
wave range, the wave generated in the photoconductor at the
beat frequency is collected by a 50-GHz coplanar probe and
sent to a spectrum analyzer or to a power meter through a
2.4 mm coaxial cable and a 50-GHz bias-T. In the terahertz
range, a waveguide 220-325 GHz coplanar probe is used to
collect the generated wave and to couple it to a sub-
harmonic mixer driven by the spectrum analyser or to a
power meter (Erickson PM4). In both frequency ranges, the
losses induced by the coplanar probes, the connectors and
the waveguides are measured and are taken into account.
They reach 8.65 dB at 50 GHz and 6.4 dB at 305 GHz. Fur-
thermore, in each band, the signal linewidth has been meas-
ured and is about 1 MHz for a 20-ms-sweeping time.

Fig. 3 shows the experimental dc photocurrent (/) as a
function of the bias voltage (V) measured on 6-um-diameter
photoconductor for an optical power of 107 mW. As previ-
ously reported, /. curves can be divided in two parts: a first,
“high mobility” part related mainly to the electron transport
and a “low mobility” part related to the hole transport.'® In

25 phig T T T T T T T
~~ _E‘IS- o’
E 20151 T
~ | @ 5¢ V=35V 1
€ 4580 g
15+€ 0 50 100 150 200 -
G!_) o Optical power (mW) e - g
= >
O 10t Y i
-9 - 0 Pop’=107 mwW
_8 s ® Experiment
T 5- 'p —-— Model
..’
0 A S B | 1 1 L  —
01 2 3 4 5 6 7 9

Bias Voltage (V)

FIG. 3. (Color online) Bias voltage dependence of the dc photocurrent /.
for an optical power P, =107 mW. Inset: I, as function of the optical
power for a bias voltage Vz=3.5 V.
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FIG. 4. (Color online) Output power versus photocurrent for beatnotes fre-
quencies fp =50 and 305 GHz. The optical power (P,,, =107 mW) is kept
constant while the bias voltage is varied. Inset: output power versus photo-
current for fz =305 GHz. The bias voltage (Vp=3.5 V) is kept constant
while P, is varied.

the inset of the Fig. 3 is shown the optical power (P,,,) de-
pendency of ;. when the bias voltage Vg =3.5 V is kept con-
stant. It can be noticed that a slight saturation effect occurs,
which can be related to the increase of the device temperature
and the subsequent decrease of the carrier velocity. However,
the dc photocurrent reaches 14.7 mA (and a record current
density of 50 kA/cm? is achieved) at P,,:=162 mW corre-
sponding to a very low dc photoresistance Ry = 1/Go =238 Q.

Fig. 4 shows the output power (P;) versus the photocur-
rent for an optical power P, =107 mW kept constant and a
varying bias voltage. For fz =50 GHz, the output power is
proportional to the square of the dc photocurrent up to
Vg =6V as it has been previously shown.'' An output power
of ~1.2 mW has been measured for a dc photocurrent
of 13.9mA at the bias voltage saturation Vz=6V. For
fs=7305 GHz, the saturation appears around 3.5 V. In the
inset of Fig. 4, the output power is plotted at fzg =305 GHz
as a function of I, when Vj is kept constant and P, is var-
ied. The output power begins to saturate at P,,, = 135 mW
and reached 0.35 mW at P,,, = 162 mW.

It seems possible to explain the lower bias voltage satu-
ration at 305 GHz in comparison with 50 GHz in considering
electron and holes with different lifetime and mobility. The
dc photocurrent in a lifetime-limited photoconductor can be
expressed as 1. = (q/hv)nP,,A(g. + gn), where ¢ is the unit
electric charge, n =P ;,,/P,p, is the quantum efficiency with
P.,s the optical power absorbed in the LT-GaAs layer,
8ethy = Tet)/ Toregny 18 the electron (hole) optical gain, and
Tire(ny = W/Veny the electron (hole) transit time. In order to
make a basic model of the dc photocurrent as a function of
the bias voltage, we make three assumptions: (1) the electric
field and the carrier density are assumed to be homogeneous
across the layer, (2) space charge effects are negligible, and
(3) the electron and holes have similar electric field (E)
dependencies of their velocity, which is used in standard
GaAs only for holes,13

HenE
Ve(y = ) (1)

/8’
Mo E B
(1+(25)")
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with vs,~vs;,~0.6 X 107 cm/s.'* Monte-Carlo simulations
in compensated GaAs have indeed shown that the electron
peak velocity almost disappears for high doping compensa-
tion."* In the following paragraphs, it is assumed that
e =150 cm?/Vs, w,=10 cm?/Vs, 7,=0.5 ps, and 7, =3 ps.
The electron lifetime in the LT-GaAs layer was measured by
time-resolved photoreflectance.'” The hole lifetime is very
difficult to measure, but the attempts already done have
shown that it is likely to reach a few picoseconds.'>'® In Fig.
3, the calculated [, is plotted as a function of Vp for
P, =107 mW with #=0.58 and =2.4, which were both
used as fit parameters. A good agreement is achieved
between the model and the experimental data which seems
to confirm the assumptions. However, it is only a phenome-
nological model, and a physical model which takes into
account of all the complexity of the device is well beyond
the scope of this letter.'”

Concerning the output power, the behaviour as a function
of the optical power and the bias voltage requires an electrical
model of the circuit. In a photomixing experiment, in which
two equal power laser beams with parallel polarization of fre-
quency offset fp strike a photoconductor, the optical incident
power can be expressed as P(f) = P,,(1 + cos(wgl)), where
wp = 2nfp and P,,,/2 is the optical power of each beam. It can
be shown'® in assuming that the higher harmonics are negligi-
ble that the photoconductor can be modelled as an ac current
source of magnitude /,. and phase ¢ with an internal admit-
tance consisting of its dc photoconductance G,)=1,/Vp
shunted by the capacitance (C) of the photoconductor. In the
present case, a capacitance of 13 fF was extracted from a 3D
electromagnetic simulation. /,. and ¢ can be expressed in a
lifetime limited photoconductor as follows:

1
de and ¢ = tan" ' (wp1), 2)

Iy =

1+ (CUB‘L')Z

where 7 is the carrier lifetime of the photoconductor. To take
into account separately electron and hole photocurrents, we
consider in our case two current sources: an electron current
source [,., and a hole current source /., which are linked to
e and 14, by the Eq. (2) with T = 7,(;,. The two resulting ac
current sources can be replaced by an equivalent ac source

Luceg = \JBog + L2y + 2accluchcos(y, — 6,). ()

Then the power dissipated in a load of admittance Y, =G,
+ jB (or impedance Z, = 1/Y, =R, + jX,) with > = —1 is

l IczlrquL (4)
2|Gy + Go + j(wpC + B)[?

P =

And the maximum power (P;,,,,) is achieved at the perfect
matching condition when Y, =Y * or Z; = Z* with Y¢=G
+ jogC (Z;=1/Y;), the source admittance (impedance), and
can be expressed as Py, =1, azm{ /8Gy. In the present experi-
ment, the perfect matching condition is not achieved but R,
is 40 times lower than in the case of standard planar LT-
GaAs photomixers (Ry=8 kQ)," which explain the dra-
matic improvement in output power.

Appl. Phys. Lett. 99, 223508 (2011)

Finally, in order to calculate the output power as a func-
tion of the bias voltage or the dc photocurrent, it appears
from the Eq. (4) that Z; must be precisely known. In the case
of an on-wafer-measurement with coplanar probes followed
by a perfectly matched powermeter, Z; is directly related to
the impedance mismatch, i.e., the reflection coefficient p,
between the probe and the 50-Q coplanar waveguide. Its
magnitude can be easily determined but its phase is very dif-
ficult to quantify at 300 GHz. A magnitude of —10.4 dB was
measured by the probe manufacturer, which gives for Z; (¥;)
a set of possible values. Fig. 4 shows the output power
calculated by Eq. (4) with Z; =28 + j12 Q, which gives the
best fit with the experimental output power. The maximum
power at 305 GHz (at P,,,=162 mW and Vz=3.5 V)
is achieved with a total dissipated power P,,,~ (1-3) x P,
+ Ve x1;.=0.18 W, with an estimated optical reflection
coefficient 8 =0.2. The efficiency at 305 GHz is #,,, =P,/
P.,;=0.2 % which is comparable to narrow band electronic
sources. It should be noticed that there was no active cooling
which could be likely to improve the saturation power. An
output power of 60 uW at 600 GHz and 13 W at 1 THz is
expected from this model for a load of impedance Z; =25 Q.
A maximum power of 150 yW in a narrow band around 1
THz could be achieved with a perfectly matched load
impedance.

This work has been supported by the CNRS, the Lillel
University and the “Région Nord Pas de Calais.”
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