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Al. ~Gao ~As/GaAs HEMT’s.
Under Optical Illumination
Alvaro A. de Salles, Member, IEEE, and Murilo A. Romero

.4bstract —Theoretical and experimental work for the dc and
RF performance of depletion mode A10,3Ga0,7As/GaAs HEMT’s

under optical illumination is presented. Photocondnctive effect
increasing the 2-DEG channel electron concentration and pho-

tovoltaic effect in the gate junction are considered. Optical

tuning of a 2 GHz HEMT oscillator and optical control of the

gain of a 2 to 6 GHz HEMT amplifier are presented and
potential applications are described.

I. INTRODUCTION

T HE DIRECT optical illumination of microwave semi-

conductor devices has been an area of growing inter-

est, since various RF control functions such as gain con-

trol 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

MESFET’S, there is a lack of theoretical and experimen-

tal work describing the effects of illumination of HEMT’s.

These are very important microwave devices, since they

present extremely low noise performance at frequencies

up to several tens of GHz. Also, because they employ

heterostructures using III–V semiconductors, they are

very convenient for use in microwave monolithic inte-

grated circuits (MMIC’S) or optoelectronic integrated cir-

cuits (OEIC’S).

A detailed analysis considering all the effects resulting

from optical illumination of HEMT’s is a very complex

task. However, by making some assumptions, a simplified

analysis considering the relevant photoeffects can be made

[7]. In this paper, a simplified analysis to account for the
photoconductive and the photovoltaic effects is described
and from this the change in the dc and RF performance

with illumination are estimated. Also, experiments show-

ing optical tuning of a 2 GHz HEMT oscillator and
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optical control of gain of a 2 to 6 GHz HEMT amplifier

are presented. The FHROIFH AIGaAs/GaAs HEMTs

from Fujitsu (L = 0.5 ~m) without the cover cap were

used. The circuits were developed on Rogers 6010 sub-

strates (H = 0.635 mm; ●, = 10.6) including a high gate

bias resistance (Rg = 1.2 MO). Illumination was provided

from a model 155 HeNe laser (A = 632.8 nm) from Spec-

tra Physics, focused with a X25/O.50 microscope objec-

tive.

11. RELEVANT PHOTOEFFECTS

Fig. 1 shows the band diagram of a typical depletion

mode Al ~~Ga oTAs/GaAs HEMT under illumination with

photon energy EPk = h v = hc /A from the top, The fol-

lowing assumptions will be made:

1)

2)

3)

pumping of electrons from gate metal into AIGaAs
layer is negligible;

pumping of electrons from the 2 DEG channel into

the AlGaAs layer is negligible;

trapping center densities in the semiconductor sur-

face and in the AlGaAs and GaAs layers are very

close to the conduction band edge and, therefore

present negligible effects at room temperature.

Then, the major photoeffects arising in the illumination

of AIGaAs\GaAs HEMT’s are band-to-band photon ab-

sorption in the GaAs and in the AlGaAs layer, 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 domi-

nant. The relevant dimensions and material properties of

the HEMT considered are presented in Table I. The

Au-Al o3Ga0,TAs/GaAs Schottky barrier height is of the

order of 1.11 V [8].

III. PHOTOCONDUCTIVE EFFECT

The photoconductive effect is dominant when the inci-

dent photon energy EPk = lzv is equal to or greater than

the GaAs bandgap but smaller than the AIGaAs bandgap

(E,l < EP~ < E~2). Then the AlGaAs layer is transparent
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Fig. 1. Hole-electron pairs photoexcited in the AlGaAs and GaAs layers:

TABLE I
RELEVANT DIMENSIONSAND MATERIAL PROPERTIESOFTHE HEMT CONSIDEREDIN THISANALYSIS

Optical Intrinsic Minority
Doping Absorption Bandgap Carrier Carrier
Density

Relative
Thickness Coefficient (.V) Concentration Lifetime Permitivity

Material (cm-’) d a (cm–l) (T= 300 K) n, (cm–3) T (s) 6’

1) aAs 1 x 10J4 0.2 ~m 1 x 104 1.424 1.79X106 10-s 13.1

2) A103Ga07As lxlo’~ 525 ~ 1.25x104 1.8 2.5 x 103 IO-9 12.1

Z = 200 ym; L = 0.5 pm; Ad= 80 ~; AEC = 0.32 eV; M = 6800 cm2\V.s; u,= 2X 107 cm/s; d,= 20 ~.

to the illumination and the dominant photoeffect is the

generation of hole-electron pairs in the GaAs layer, if it is

thick enough. Because the GaAs layer has a low doping

level, the heterojunction depletion region extends deeply

into this layer; therefore most of the optical absorption

occurs in a nonzero field region. This improves quantum

efficiency and eliminates the slow diffusion process.

Photoelectrons generated in this layer will experience a

vertical field associated with the band bending of the

heterojunction, as shown in Fig. 1 and a horizontal field

associated with the applied drain-to-source voltage. Since

the electrons traveling in the vertical direction will be

coUected by the 2-DEG layer, all the photoelectrons,

generated in the GaAs layer will contribute to increase

the HEMT output conductance and source-to-drain cur-

rent. The photogenerated holes drifting towards the

semi-insulating substrate will be capacitively coupled into

the grounded source, if it is an ac signal. These holes, as

well as those drifting towards the source due to the

positive drain bias will induce electrons which are sup-

plied by the source, completing therefore the current

path.

An estimation of the increase in the electron concen-

tration n,Ph in the 2-DEG channel due to illumination

can be made as follows. The photoelectron density gener-

ated in the GaAs layer when CZldl <<1 and assuming that

the quantum efficiency is unity is expressed as [9], [10]

Sop, “A
An=~. ~.(l– e-”@’), (1)

1

where h is Planck’s constant, SOPf is the incident optical

power density, A is the incident optical wavelength, al the

GaAs optical absorption coefficient, dl is the thickness of

the GaAs layer, T. is the electron lifetime and c is the

speed of light in vacuum. Then, the electron concentra-

tion n,P~ in the 2-DEG channel due to illumination can

be estimated from (1) as

Sopt “ A
n~Ph z An. dl = Tn. ~.(l-e-”’’l). (2)

Expression (2) assumes that the variation of the photo-

electron concentration n,ph with the small signal change
of the gate bias voltage J’& is negligible. PJow, assuming
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measured I–V characteristics due to photoexcitation of carries in the GaAs layer (photoconductive
effect).

that the photoelectrons drift at the saturated velocity u,

in the 2-DEG channel, the drain-to-source photocurrent

I ~~ ~ can be estimated from
P

D$h= ‘“q” nsph”os?I (3)

and the overall drain-to-source current under illumination

is

Z~~, = I~s + 1~~,,, =z. q.L1,.(n, +npl,)=z. q.u,”n,l,

(4)

where 1~~ and rz. are the drain-to-source current and the

2-DEG channel electron density without illumination re-

spectively and n~i is the 2-DEG channel electron density

under illumination. Fig.. 2 shows a comparison between

the estimated and measured photocurrent due to the

photoconductive effect in the GaAs layer. The HEMT

parameters are given in Table I and an incident optical

power (EPJL= 1.43 eV) of 0.2 mW focused to a 50 pm

diameter spot gives an optical power density SOP, at the

heterojunction of the order of SOP,= 10 W/cm2.

Hence (2) gives nsPk = 0.8X 10’1 electrons/cm2 and (3)

gives I~sPl, = 5 mA, which is in very close agreement with

the experiments (Fig. 2).

IV. PHOTOVOLTAIC EFFECT

If the incident photon energy EPJ, is equal to or greater

than the AlGaAs bandgap (EP~ > E~z), then optical ab-

sorption and generation of hole-electron pairs may occur

in both AlGaAs and GaAs layers. The relative impor-

tance of the absorption in these layers will be a function

mainly of their thicknesses and of the correspondent

optical absorption coefficients. When the optical power

density incident in the GaAs layer is known, the increase

in the 2-DEG sheet concentration and the photocurrent

due to the absorption in this layer are estimated using (2)

and (3), respectively. The optical energy absorption in the

AIGaAs Schottky gate depletion region produces a photo-

voltaic effect similar to that experienced in the Schottky

gate depletion region of the MESFET’S. The effects of

this photovoltage in the dc and RF characteristics of the

HEMT’s, as it occurred in the case of the MESFET’S [3],

will be, among others, a close function of the gate-bias

voltage and of the gate-bias resistance. When a high

gate-bias resistance is present, then a significant photo-

voltage will be superimposed to the gate-bias voltage

applied without illumination. The maximum value of the

photovoltage developed is a function of the gate-bias

voltage V~s, of the junction built-in voltage V51, of the

gate bias resistance R~ and of the absorbed optical power

density SOPt.As forward bias reduces the thickness of the

depletion region and therefore the optical absorbed

power, a saturation effect will also limit the maximum

photovoltage developed [3]. 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 increases up to a certain value

with the increase of the photovoltage, and it decreases

after that point, as it occurs in HEMT’s without illumina-

tion. When az d2 <1, an estimation of the photogener-

ated hole concentration Ap can be made using the ex-

pression [41, [91-[101,

[1Sopt“ A
Ap=~. ~ .(l–e-azd’), (5)

2

where TP is the minority carrier lifetime, ciz and dz are

the absorption coefficient and the thickness of the AIGaAs

layer, respectively. Then an estimation of the photovoh-

age VP;, generated in the gate depletion region can be
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Fig. 3. Estimated and measured I–V characteristics due to photovoltaic effect in the gate junction.

made using the expression [4], [9]–[10] the gate-bias resistance is R~ = 1.2 Mfl Table II shows a

k“T

()

p+Ap comparison between the applied gate-to-source voltage

~h=— in — (6) J&, the photovoltage ~~ and the drain-to-source current
q P’ 1~~ when the gate resistance R. has values of 1.2 Mfl,

where k is the Boltzmann’s constant, p = n?/ n is the 100 KO, and O Ct.

equilibrium hole concentration, n, is the intrinsic carrier It can be seen from Table II that a photovoltage

concentration and n is the carrier concentral:ion, which is V,l, = 0.56 V is measured when V&= O V and Rg =

approximately equal to the donor impurity dlensity ~~ of 1.2 Mfl Also, as it occurred in the case of the MESFET’S

the AIGaAs layer. For the typical parameters shown in [31, the maximum advantage of the photovohaic effect is

Table I, assuming that the hole lifetime 7P is of the order obtained when the HEMT is biased close to its pinch-off

of 10–9 s, we obtain p = n~/n = 6.25X 10–12 cm–3. When condition.

the device is illuminated with an optical power density
SOP,=10 W/cm2 at EPh = 1.8 eV, (5) gives Ap = 4.2x 1014 V. RF I?ERFORMANCE UNDER ILLUMINATION

cm–9 when dz = 525 ~, and (6) gives VP~= ‘1.55 V. Since A simplified small signal RF equivalent circuit model
the gate junction built-in vohage k Vbz = 1.1 V, at zero for the HEMT is shown in Fig. 4. According to the

gate-bias voltage (V& = O V) the photovoltage VP~ is previous discussion, the change in some HEMT equiva-
limited to V’k (1.1. V). However, in the experiments the lent circuit elements is significantly influenced depending

photovoltage developed was limited to typical values on the region in which the photons are absorbed and of
around 0.5–0.7 V, when VG~ O V- This is mainly due to the gate bias resistance value. When the photoconductive

the saturation mechanism already mentioned, since for- and the photovoltaic effects are considered to predict the
ward biasing the depletion region reduces its thickness change in the equivalent circuit parameters of the HEMT,
and therefore the optical absorbed power. Then, assum- then the new Y and S parameters of the intrinsic device
ing that a high resistance is connected to the gate-bias under illumination are calculated from usual relation-
circuit, the photovoltaic effect in the HEMT gate junction ships.
is considered in the expressions for the HEMT perfor-

mance without illumination; in a similar manner as for

the MESFET’S [31 the net voltage VG~~ at the gate under A. Absorption in the GaAs Layer (Eg, < Eph ~ -Eg,)

illumination is a superposition of the gate-bias VGs and Expressions (2) and (3) were derived assuming that in
the photovoltage VP~ given by the small signal regime the change in the 2-DEG channel

~~T = vG~– Vph,v (7) photoelectron concentration nsflk and therefore the

change in the HEMT photocurrent IDsPIL due to the

since the photovoltage VP}, is equivalent to forward bias- photoconductive effect in the GaAs layer were negligible

ing the gate junction. Fig. 3 shows a comparison between for small variations of the RF voltage applied to the gate.

the estimated and the measured photocurrent due to the Therefore, as a first approximation, a negligible change in

photovoltaic effect in the gate junction, when the incident some relevant HEMT parameters are expected due to

optical power density SOPt=10 W/cmz at Ep~ b E~z and illumination. For example, the transconductance gnt un-
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TABLE” 11

MEASURED PHOTOVOLTAGE Vph AND DRAIN-TO-SOURCE CURRENT Idsi FOR DIFFERENT GATE BIAS RESISTANCE Rg

Under Illumination (Rg = 1.2 MO)

Vgs (v) Vgs, (v) Vph (V) Ids, (mA)

0.017 0.579 0.562 60.0
– 0.200 0.561 0.761 59.5
– 0.400 0.546 0.946 59.5
–0.600 0.525 1.125 59.0
– 0.800 0.477 L277 58.0
– 1.000 0.400 1.400 56.0
– 1.200 0.275 1.475 54.0
– 1.400 0.138 1.538 51.0

Under Illumination (Rg = 100 KQ)

0.017
– (),~oo

– 0.400
– 0.600
– 0.800
– 1.000
– 1.200
– 1.400

0.139
– 0.069
– 0.247
– 0.420
– 0.575
– 0.715
– 0.826
–0.917

0.122
0.131
0.153
0.180
0.225
0.285
0.374
0.483 .

51.0
45.0
37.0
29.0
20.5
14.5
9.5
7.0

Under Illumination (Rg = O Q) Dark (Rg = O Q)

Vgs (v) Vgsf (v) Ids, (mA) Ids (mA)

0.017
– 0.200
– 0.400
–0.600
– 0.800
– 1.000
– 1.200
– 1.400

0.017
–0.198
– 0.395
– 0.598
– 0.792
–0.992
–1.119
– 1.390

47.5
39.5
29.5
19.0
10.5
4.5
1.0
0.0

46.5
38.0
28.5
18.0
8.5
3.0
0.0
0.0

Lg Rg Rgd Cgd R4 Ld

* 11

: Cgs
= c~~

Rgs

I

Fig. 4, Simplified small-signal RF equivalent circuit for the intrinsic HEMT.

der illumination is

which is the same as the transconductance without illumi-

nation. Also, the gate-to-source capacitance C~sl under

illumination is

d~.+~.,k) -L. z= ~n,
c GSL ‘Q” ~v —q-z-L, (9)

GS l?vGs
which also is the same as the gate-to-source capacitance

CGs without illumination. However, as the density of

carriers in the 2-DEG channel increases with illumination

(2), the HEMT drain input impedance is expected to
change since the drain-to-source resistance R~s is re-

duced. Therefore, a negligible change in the Sll, Slz, and

S21 parameters and a reasonable variation in the Szz

parameters with illumination are expected when the opti-

cal absorption is mainly in the GaAs layer. From this

simplified analysis, it can be predicted that optical ab-

sorption in the GaAs layer is not convenient 1) for optical

control of the gain of HEMT amplifiers, since the varia-

tion of the transconductance with illumination is not

significant (8), nor 2) for optical tuning or optical injec-

tion locking of HEMT oscillators in which the gate-to-

source capacitance is the frequency determining element,
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since the variation of the gate-to-source capacitance with

illumination is also negligible (9). However, the optical

absorption in the GaAs layer can be of great interest for

applications 1) in optical tuning or optical injection lock-

ing of HEMT oscillators in which the drain. input

impedance (S22 parameter) has a dominant effect in the

frequency of oscillation and 2) in HEMT photoconductive

detectors, in which the amplitude of the drain current is

varied by the intensity of the optical power absorbed in

the GaAs layer [11]–[14]. In this case, very wide band-

widths can be achieved (hundreds of GHz) due to the

very short transit time (in the order of picosecond) of the

photocarriers. However, it should be mentioned that the

predicted RF performance under illumination can be

significantly degraded when slow reacting deep levels are

involved in the process.

B. Absowtion in the AIGaAs Layer (EP~ > E~,)

The photovoltaic effect arising from the absorption of
photons in the AlGaAs layer when a high gate-bias resis-

tance is present is very similar to the photovoltaic effect

developed in the MESFET gate junction. Thus, a varia-

tion of the HEMT RF circuit elements with illumination

analogous to that experienced by the MESFE~ RF circuit

elements under illumination [3] is expected. Because the

photovoltage VP~ developed is equivalent to forward bias-

ing the gate junction and since the net voltage F& at the

gate under illumination is a superposition of the gate-bias

voltage T&s and the photovoltage VP~, (7) can be used to

calculate a shift in the gate bias point due to illumination.

Therefore the RF circuit elements can be estimated from

the expressions for the HEMT’s without illumination, in

which VGs is replaced by VGs~. In this case, as a first
approximation, the photoconductive effect will be as-

sumed negligible. Hence the variation of the net gate

voltage v&~ will produce essentially a change in the

2-DEG channel current. Then, the HEMT transconduc-

tance g~, under illumination in the saturation region is a

function of the net gate voltage V~~~ and can be esti-
mated from

t)n,, q.z”u,”(l-a)”nl$o
g .c=q”z”v, ”~=

GST
VI “ cosh2”

(vGsTiv~’ ‘1”)

150r
I

(),@j ~

-20 -1.B -16 -1.4 -1.2 -1.0

Vg$ (volts )

Fig. 6. Measured HEMT oscillator optical tuning range versus gate-

to-source voltage V~~.

in which the density of electrons n$, in the 2-DEG chan-

nel in function of the net gate voltage VGsT is given by the

empirical expression [151

[
ns, =nsO a+(l–a)tanh

ivGsTivgm)l ’11)

where n~O is the maximum density of electrons in the

2-DEG channel and a, V8n and VI are parameters for

curve fitting.

Also, since the gate-to-source capacitance increases

with the decrease of the reverse gate-bias voltage, an

increase in the gate-to-source capacitance is expected

with illumination. This effect can be of great interest for

optical control of HEMT oscillators in which the input

capacitance is the frequency determining element. In

these oscillators, illumination with photon energy equal to

or greater than the AlGaAs bandgap is expected to have

a significant effect in the optical tuning or in the optical

injection locking of the oscillators. The gate-to-source

capacitance CGst due to the photovoltaic effect in the

gate junction can be estimated from

dnsl “L
c GSI “—.L.Z=~.

= q FIVGST
(12)

11~

Once the shift in the gate-bias point I’&sr due to

photovoltaic effect is calculated, (10) and (12) can be used

to estimate the transconductance and the gate-to-source

capacitance under illumination, respectively. This is now

used to predict the optical control performance of HEMT

amplifiers and oscillators.
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Fig. 7. Measured optical gaincontrol of HEMT amplifier.

Another application, an HEMT photodetector using

the photovoltaic detection mechanism may attract great

interest due to its large sensitivity and moderate band

width. Its major frequency limitation would be the input

circuit RC time constant.

VI. OPTICAL TUNING OF AN HEMT OSCILLATOR

A source series feedback HEMT oscillator in which the

input gate circuit is the frequency determining element

was developed using type FHRO lFH HEMT from Fujitsu

to operate around 2 GHz. A gate bias resistance R~ = 1.2

MO was included and the incident optical power (EPI, =

1.8 eV) was varied from O to 0.5 mW. The schematic

diagram for the measurements is shown in Fig. 5. Fig. 6

shows the optical tuning range measured at different

gate-to-source bias voltage J’&. The output power was

around + 13 dBm without illumination when the center

frequency was Fo = 1982 MHz (V~~ = 2 V and 1~~ = 10
mA). The maximum variation of the output power within

the measured optical tuning range was around 0.5 dB.

From Fig. 6 it can be seen that around 12 MHz optical

tuning range of the HEMT oscillator has been measured.

This can be useful in many practical applications. Since

the HEMT used was a commercially available device and

therefore not optimized for efficient optical absorption in

the gate depletion region, this is expected to limit the

optical tuning range, The rate at which the frequency can

be changed will be mainly limited by the input circuit RC

time constant.

VII. OPTICAL GAIN CONTROL OF AN HEMT AMPLIFIER

A 2–6 CiHz common source HEMT amplifier including

a gate-bias resistance R~ = 1.2 Mfl was developed to

investigate the optical gain control performance (EPk =

1.8 eV). Fig. 7 illustrates the gain without (POP,= O mW)

and under illumination (POPt = 0.5 mW) when the HEMT

was biased at V~~ = – 3 V and V~~ = 3 V. It can be seen

from this graph that around 31 dB of gain variation was

measured at 4.7 GHz, since an attenuation of around 18

dB without illumination is varied to a gain of around 13

dB under illumination. Fig. 8 shows the variation of the

HEMT amplifier gain for different values of the gate-to-

source volt age V~~ at a frequency of 4.6 GHz, when the

20 -

15
WITHOUT ILLUMINATION

10 UNOER ILLUMINATION

: 5

z o -za
-5

-lo

-Is I I

-3 -2 -1 0 I

Vgs ( volts )

Fig. 8. Measured optical gain variation of HEMT amphfier versus
gate-to-source voltage VGS.

drain-to-source voltage V~~ = 3 V. Since the transconduc-

tance does not show a linear performance with respect to

V~~, the gain without illumination can be higher than the

gain measured under illumination. This can be due to the

parasitic MESFET operation in the AIGaAs layer of the

HEMT or to surface state occupation which was not

considered in this analysis.

VIII. CONCLUSION

Photovoltaic and photoconductive effects in the AlGaAs

and GaAs layers of the device were considered and the

change in the dc and RF characteristics of the HEMT

under illumination were predicted. The photoconductive

effect was found to increase the drain-to-source current

by a factor around 10 percent (at V~~ = O V) for the levels

of illumination used. However, dramatic changes on the

net gate voltage are found when the gate bias resistance is

high and when the incident photon energy is equal to or

larger than the AlGaAs bandgap. Under these conditions

significant changes in the device transconductance and in

the gate-to-source capacitance are obtained. The varia-

tion of these parameters are used to estimate the varia-

tion of the small signal S parameters of the device, and

from these the performance of HEMT amplifiers and

oscillators under illumination can be predicted. Experi-

mental work using the photovoltaic effect was shown in
which large control of gain (many decibels) of a 2–6 GHz

HEMT amplifier and moderate tuning range (around 12

MHz) of a 2 GHz HEMT oscillator were obtained. It is
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believed that those results can be improved by designing a

HEMT structure for optimal optical absorption. The opti-

cal injection locking performance of HEMT oscillators

need to be accessed and this may attract also great

interest. The optical control techniques of HEMT’s can

find important applications in many modern communica~

tion systems, phased-array radars and specially in mic-

rowave monolithic integrated circuits (MMIC’S) and in

optoelectronic Integrated circuits (OEIC’S).
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