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ABSTRACT

Theoretical and experimental work for
the DC and RF performance of depletion
mode Al . Ga, , As/GaAs HEMTs under

optical illumination is presented.
Photoconductive effect increasing the 2-
DEG channel electron concentration and
photovoltaic effect in the gate junction
are considered. Optical tuning of a 2 GHz
HEMT oscillator and optical control of
gain of a 2 to 6 GHz HEMT amplifier are
presented and potential applications are
described.

INTRODUCTION

The direct optical illumination of
microwave semiconductor devices has been
an area of growing interest, since various
RF control functions such as gain control
of amplifiers, oscillator tuning, locking
and frequency modulation, as well as
switching, mixing, limiting and phase
shifting can be achieved [1,2]. Although
some authors (e.g. [3-6]) have studied the
optical effects in MESFETs, there is a
lack of theoretical and experimental work
describing the effects of illumination of
HEMTs. These are very important microwave
devices, since they present extremely low
noise performance at frequencies up to
several teng of GHz. Also, because they
employ heterostructures using III-V
semiconductors they are very convenient
for use in monolithic integrated circuits
(MMICs) or optoelectronic integrated
circuits (OEICs).

The major photoeffects arising in the
illumination of HEMTs are band-to-band
photon absorption in the GaAs and in the
AlGaAs layers, generating hole-electron
pairs in these regions (Fig. 1). When
photons are absorbed only in the GaAs
layer, an increase in the electron
concentration of the 2-DEG channel occurs
(photoconductive effect). When photons are
also absorbed in the AlGaAs layer and a
high gate bias resistance is present, the
photovoltaic effect is dominant [7].

A 2 GHz HEMT oscillator and a 2 to 6
GHz HEMT amplifier were developed on
Rogers 6010 substrate (H = 0.635 mm ; €, =
10.6) including a high gate-bias
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resistance (Rg - 1.2 M) and illuminated
with an HeNe laser to investigate the
optical control effects. In the
experiments a model 155 HeNe Laser from
Spectra Physics (X = 632.8 nm), a FHRO1lFH
AlGaAs/GaAs HEMT from Fujitsu (L = 0.5 um)
without the cover cap and a X25/0.50
microscope objective were used.

PHOTOCONDUCTIVE EFFECT

The photoconductive effect is dominant
when the incident photon energy Epp = hv
is equal to or greater than the GaAs
bandgap but smaller than the AlGaAs
bandgap. Photoelectrons generated in this
layer will experience a vertical field
associated with the band bending of the
heterojunction and an horizontal field
associated with the applied drain-to-surce
voltage. Therefore, most of the
photoelectrons generated in the GaAs layer
will contribute to an increase of the HEMT
output conductance and source-to-drain
current. An estimation of the electron
concentration n_, in the 2-DEG channel due
to illumination® " is given by expression
(1)

_ s -0;d,
nsi—Tn-_E__gtA.(l—e ) (1)
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where h is Planck's constant, So £ is the
incident optical power density, g is the
incident optical wavelength, o, is the
GaAs optical absorption coefficient, d, is
the thickness of the GaAs layer, 1_ is the
electron lifetime and c¢ is the speed of
light in vacuum. Assuming that the
variation of the photo-electron
concentration n with the change of the
gate bias voltage Vv is negligible, then
the drain-to-source photocurrent IDs h
can be estimated from expression (2) p

I Z .q.n_. . vV (2)

DSph = si s

where v_ is the photoelectron drift
gsatured”velocity in the 2-DEG channel. Fig.
2 shows a comparison between the

estimated and measured photocurrent due to
the photoconductive effect in the GaAs
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layer. An incident optical powsr (Eph =
1.43 evV) of 0.2 mW focused to = SOug spot
gives an optical power density of
S  Z10w/cm® and hence expressions

opt -
(2) give n_, = 0.8 x 1011

si
and IDSph ~ 5 mA, respectively, which is

in close agreement with the experiments
(Fig. 2). The HEMT parameters are given
in Table I.

(1) and

2
electrons/cm

PHOTOVOLTAIC EFFECT

The optical energy absorption in the
AlGaAs Schottky gate depletion region
produces a photovoltaic effect similar
to that experienced in the Schottky gate
depletion region of the MESFETs [3]. If a
high gate-bias resistance is presented,
then a significant photovoltage will be
superimposed to the gate-bias voltage
applied without illumination. Because the
polarity of the photovoltage is the same
as forward biasing the gate junction, the
drain-to-source current and the gate-to-
source capacitance will increase with the
increase of the photovoltage developed.
The transconductance also changes with
illumination. The photogenerated hole
concentration Ap is given by

S -a,d
T 2CG2
Ap = B opt A -

P q, e T.(1 e ) (3)
where Tp is the minority carrier lifetime,
¢2 and d, are the absorption coefficient

and the thickness of the AlGaAs layer,
respectively. Then an estimation of the
photovoltage Vpp generated in the gate
depletion region can be made using
expression (4),

T p + Ap
Vph = g . 1n (———) (4)
wherezk is the Boltzmann's constant and
p = nj/n is the equilibrium hole
concentration.

Equation (3) is valid only if a,.dx«l1.
If we assume that the hole lifetime 7_ is
of the order of 10~°s, we obtain
p= nf/n = 6.25 x 107'% cm~?. Illuminating
the “device with an optical power density
of Sgnp ~ 10 W/em? at Eph= 1.8lfv,

expression (3j gives Ap=4.2x10 cm

when d.,= 525 A. Then using equation (4) we
obtain Vpp £ 1.55V. In the experiments
however, the photovoltage developed is
limited to typical values around 0.5-0.7V,
when Vgg = 0V. This is mainly due to a
saturation mechanism, since forward
biasing the depletion region redueces its
thickness.

Fig.3 shows a comparison between the
estimated and the measured photocurrent
due to the photovoltaic effect in the gate
junction, when the incident optical power
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density (Epp <,Bg2) is of the order of
Sopt £ 10 W/em” (R, =1.2MQ). Table II
shows a comparisog between the applied

gate-to-source voltage V s the

photovoltage Vi and the drain-to-source
current Iy, when the gate resistance R
has values of 1.2 MR, 100 K& and 0g.

The total voltage Vgg, measured is
given by

Vgst = Vgg = Vph (5)
It can be seen from Table II that a

photovoltage Vpph = 0.56V is measured when
Vgs=0v and Rg = 1.2 MQ.

OPTICAL TUNING

An HEMT oscillator including a gate
bias resistance Rg = 1.2 M2 was optically
tuned when the incident optical hower was
varied from 0 to 0.5mW. The schematic
diagram for the measurements is shown in
Fig.4.

Fig.5 shows the optical tuning range
measured at different gate to source bias
voltage Vgse The output power was around
13 dBm at”a dark center frequency of
Fo= 1,982 MHz (Vgg = 2V and Igg = 10mA).
The maximum variation of the output power
within the measured optical tuning range
was around 0.5dB. It can be seen from
Fig. 5 that aroumd 12MHz optical tuning
range of the HEMT oscillator was
measured. The rate at which the frequency
can be changed will be mainly limited by
the input circuit RC time constant.

OPTICAL GAIN CONTROL

Fig.6 shows the optical gain control
of an HEMT oscillator including a gate
bias resistance Rg= 1.2 Mfl, in the
frequency range 2.0-6.0 GHz. The HEMT
bias were Vas= 3V and V, s= -3V. It can be
seen that around 31dB o% gain variation
was measured at 4.7 GHz when an
attenuation of around 18dB without
illumination is varied to a gain of
around 13dB.

Fig. 7 illustrates the variation of
the HEMT amplifier gain for different
values of the gate to source voltage Vgs
at a frequency of 4.6 GHz, when the drain
to source voltage Vgg= 3V. As the
tranconductance does not show a linear
performance with respect to Vgg. the gain
without illumination can be h?gher than
the gain measured under illumination.
This is due to the parasitic MESFET
operation in the AlGaAs layer of the HEMTL

DISCUSSION AND CONCLUSIONS

The photoconductive and photovoltaic
effects in HEMTs were estimated and
measured. It has been shown that the
photovoltaic effect is dominant when a



high gate bias resistance is present.

Optical tuning of a 2 GHz HEMT
oscillator was demonstrated, showing
around 12 MHz of optical tuning range at
an output power of 13 * 0.5 dB. As much as
31 dB of optical gain control of an HEMT
amplifier operating in the 2-6 GHz range
was measured.

A comparison can be made with other
experiments where the HEMT was illuminated
with photon energy smaller than the AlGaAs
bandgap [6], when 6nly. the photoconductive
effect is present. The illumination of
the HEMT with photon energy of the order
of the AlGaAs bandgap, showing therefore
the photovoltaic effect, provides a more
efficient control of the HEMT parameters
(such as the gate-~to-source capacitance
and the transconductance), then providing
a larger control of the HEMT oscillator
frequency and amplifier gain.

These techniques can find important
applications in phased array radars and in
Optoelectronic Integrated Circuits (OEICs).
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TABLE I. Relevant dimensions and material properties of the HEMT considered in this analysis

. Optical Intrinsic Minority
ZZE;E%}, Thickness absorption | Bandgap carrie? carrier Relative
coefficient (eV) concentration lifetime permitivity
Material (em ) d a(en™l) (T=300 K) n; (em™3) T (sec) c
1.GaAs 1x1014 10.2 microns | 1x]0% 1.424 1.79x10§ 10~ 13.1
2.A1, jGa, JAs 1x1018 | 525 Angstrons | 1.25x104 1.8 2.5 %10 10 12.1

z = 200 pnL = 0.5 umzAd = 80 R3AE.= 0.32 eV; u= 6800 cm®/V.secsvy = 2 x 107 cm/s; dg = 20 A.
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