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Abstract

Optoelectronic properties of an n-channel Al0.3Ga0.7As/GaAs/In0.13Ga0.87As pseudomorphic high electron

mobility transistor (PHEMT) have been characterized as a function of the drain voltage, the gate voltage and an
optical stimulation with a wavelength l=830 nm. Physical mechanisms involved in the variation of optoelectronic
performance are discussed and analytical models are provided for strong non-linear photoresponsivity. Parallel

conduction caused by free electrons in the N-type Al0.3Ga0.7As donor layers, which is qualitatively explained and
analytically modeled, is believed to be one of the most dominant processes in the non-linear optoelectronic response
of PHEMTs under high optical stimulation. # 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Monolithic co-integration of microwave and optical
components on a single substrate, commonly known as
microwave-photonics, is very important for the im-

plementation of high-speed and high-capacity optical
communication systems. In order to accomplish high
photo-electric conversion e�ciencies from optoelectro-
nic semiconductor devices for microwave-photonics ap-

plication systems, several di�erent approaches with
various high performance multiple terminal devices,
such as heterojunction bipolar transistors (HBTs) and

heterojunction ®eld e�ect transistors (HFETs), are
under active study [1±9]. Among them, the high elec-
tron mobility transistor (HEMT) has been con®rmed

to produce the best electrical characteristics over sev-
eral hundreds of GHz. However, physical mechanisms

involved in the optoelectronic response and electronic
conduction processes, under simultaneous control of
electrical and optical inputs, have not been clearly

identi®ed in HEMTs. It is still necessary to ®gure out
physical mechanisms and to make analytical models
for better description of the optoelectronic character-
istics of HEMTs and for possible applications in high

performance microwave-photonics systems [6,8,9].

In this paper, we report optoelectronic character-
istics of an n-channel Al0.3Ga0.7As/GaAs/

In0.13Ga0.87As pseudomorphic high electron mobility
transistor (PHEMT) under optical illumination. Strong
nonlinear optoelectronic responsivity of the drain cur-

rent to the optical stimulation ( popt), especially under
high optical power, has been characterized and mod-
eled. One of the dominant physical mechanisms in this

optoelectronic observation is believed to be a result of
parallel conduction via a parasitic MESFET, which is
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formed by free carriers in the n-type Al0.3Ga0.7As
donor layer, induced by optically generated excess car-
riers. An analytical model is also provided for clear

understanding of the non-linear photoresponsivity of
PHEMTs under optoelectronic stimulation.

2. Photonic responses of an Al0.3Ga0.7As/GaAs/

In0.13Ga0.87As PHEMT

Epitaxial layers of an n-channel Al0.3Ga0.7As/GaAs/

In0.13Ga0.87As HEMT, as shown in and Fig. 1, have
been grown on a semi-insulating GaAs substrate by a
gas source molecular beam epitaxy system [7].

Symmetrical layer structures were adopted to achieve
better carrier con®nement and improved electron
mobility in the pseudomorphic In0.13Ga0.87As channel
layer formed by the conduction band discontinuity in

an Al0.3Ga0.7As/GaAs/In0.13Ga0.87As two-step hetero-
junction system. By the Hall measurement technique at
room temperature, we obtained mcho=5000 cm2/V�s
and ncho=1.2� 1012 cmÿ2 for the ungated low ®eld
mobility and the two-dimensional concentration of
channel electrons, respectively. N-channel

Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMTs were fab-
ricated using typical wet chemical etching and lift-o�
processes. Ti/Au and AuGe/Ni/Au multiple layer

metallization was thermally evaporated for the

Fig. 1. Epitaxial and geometrical structure of an Al0.3Ga0.7As/

GaAs/In0.13Ga0.87As PHEMT grown on semi-insulating GaAs

substrate by a gas source molecular beam epitaxy system.

Fig. 2. Schematic energy band diagram and optically generated excess carriers in the PHEMT. Under high optical power or large

positive gate bias, parallel conduction through Al0.3Ga0.7As layer turns on as a parasitic current path to the In0.13Ga0.87As channel

HEMT.
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Schottky gate and n-type source/drain ohmic contacts,

respectively.
The gate length, the gate width and the spacings

between the gate and the source/drain have been cho-

sen to be Lg=1 mm, W=200 mm and Lgs=Lgd=1 mm.
A V-shaped dual-gate structure has been selected in

the experiment expecting better optoelectronic respon-
sivity and improved con®nement of optical signal of
the n-channel PHEMT under conversion characteriz-

ation.
Optoelectronic performance of an n-channel

Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMT has been

characterized on wafer by combining the HP-4156A
semiconductor parameter analyzer, the HP-8510B vec-

tor network analyzer and the Spectra-Physics laser
diode module with l=830 nm. We delivered a con-
stant optical power ( popt=0, 3, 20 and 30 (mW) on

the display of the optical module) at the surface of the
device under characterization via a pig-tailed optical
®ber.

The energy band diagram and excess carrier gener-
ation processes under illumination in the n-channel

Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMT is schema-
tically illustrated in Fig. 2. There may be some contri-
bution of photoresponsivity in Al0.3Ga0.7As layers to

the optical input due to excited carriers from deep
levels in silicon-doped Al0.3Ga0.7As. However,

Al0.3Ga0.7As donor and spacer layers, with an energy
bandgap Eg01.86 eV, is not expected to have signi®-
cant responsivity to the incident photons with l=830

nm, which corresponds to hn=1.55 eV. In the case of
Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMT, the GaAs
spacer (Eg01.43 eV) and In0.13Ga0.87As channel (Eg0
1.33 eV) layer have the most signi®cant contribution to
the optoelectronic responsivity to the optical input

with l=830 nm. As a result, the excess electron±hole
pairs are generated dominantly in the GaAs and
In0.13Ga0.87As layers under optical stimulation.

Optically stimulated excess electrons are swept to
the pseudomorphic In0.13Ga0.87As channel and form
an excess channel, which is known as a photoconductive

e�ect, in the two-dimensional electron gas channel.
Photogenerated excess carriers also contribute to the

change in the e�ective gate voltage, which is also
known as a photoelectric e�ect. The photoelectric e�ect
in n-channel PHEMTs typically appears as a variation

of parasitic gate capacitances under optical input. Both
photoconductive and photoelectric e�ects contribute to
the variation of dc and microwave characteristics of n-

channel PHEMTs under optoelectronic control.
Under various optical inputs ( popt=0, 3, 20 and 30

(mW)) at the surface of the PHEMT under character-
ization, a photoconductive component, established by
the excess photoelectrons in the In0.13Ga0.87As channel,

contributes to the increase of the total drain current.
Considering an optical absorption mechanisms in the

n-channel Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMT,
the intensity of optical power c( y ) at a cumulative

distance ( y ) of photoresponsive region from the sur-
face, in the direction from the surface to the substrate,
can be described by

c� y� � copt exp�ÿay� �mW=cm2�, �1�

where copt is the photonic intensity (de®ned as popt/
e�ective area) at the surface of the device and a is a

wavelength-dependent absorption coe�cient in each
region (aInGaAs=0.89� 105 (cmÿ1), aGaAs=0.70� 104

(cmÿ1)) [10]. Note that the intensity of the optical
power decreases exponentially with distance through

the semiconductor material. These absorbed photon
¯uxes create excess electron±hole pairs and contribute
to the modulation of dc and high frequency character-

istics of PHEMTs through both photoconductive and
photoelectric e�ects under optical stimulation.
The generation rate g( y ) of excess electron±hole

pairs under optical stimulation can be described by

g� y� � ac� y�
hv
�1=�cm3 s�� �2�

where hn is the energy of an incident photon.

Considering the excess carrier lifetime (t ), which is a
strong function of the total carrier concentration
(n=no+dn ) and thus a function of the optical stimu-
lation, the two-dimensional density of total photo-gen-

erated excess carriers (dn ) in the photoresponsive layer
can be described by

dn �
�d
0

g� y�t dy � coptt

hv
�1ÿ exp�ÿadeff �� � Kopopt

�cmÿ3�
�3�

where de� is an e�ective thickness of the photorespon-

sive layer in the PHEMT and Ko is a constant combin-
ing optical power and excess carriers.
Total excess carrier concentration dn includes excess

channel carriers (dnHEMT) and excess carrier concen-
tration in the Al0.3Ga0.7As layer (dnMESFET) which is
responsible for a strong non-linear response of the
PHEMT due to the parallel conduction with AlGaAs

MESFET.
Based on this analytical model, it is expected to

have linear dependence of both channel conductivity

and the drain current on the optical stimulation popt
for a given structure. Due to other secondary physical
mechanisms such as a parallel conduction through a

bypass layer with extremely low carrier mobility, how-
ever, a strong non-linearity is observed in PHEMTs
under high optical stimulation.
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3. Optoelectronic current±voltage characteristics of a

PHEMT

Optoelectronic responses of an n-channel
Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMT under opti-
cal stimulation are characterized. Optical power-depen-

dent current±voltage characteristics are shown in Fig.
3 for popt=0, 3, 20 and 30 (mW). As shown in Fig. 3
and Fig. 4, the drain current (ID) and the transconduc-

tance ( gm) show a strong non-linearity on the optical
stimulation. Especially under high optical power, the
drain current and the transconductance are almost

saturated over popt>3 (mW). We also note that the
output conductance ( gds=DID/DVDSvsat) is signi®cantly
suppressed in the saturation region at high drain vol-
tage (VDS) while the channel conductivity ( gch=DID/
DVDSvlinear) at small VDS is signi®cantly improved due
to increased channel carrier concentration under opti-
cal illumination.

A strong non-linear responsivity of the PHEMT on

optical power under high optical stimulation can be
qualitatively described by the relationship between the
total drain current (ID) and total available conduction

carriers including electrically induced channel carriers

(ncho), optically generated excess carriers in the channel
(dnHEMT) and excess carriers in the Al0.3Ga0.7As donor
layers (dnMESFET). In other words, the total drain cur-
rent is a sum of the drain current (IDo) via the 2-

dimensional In0.13Ga0.87As channel layer and the other
drain current (ID,MESFET) through partially conductive
Al0.3Ga0.7As donor layers. More current components,

depending on the structure and bias conditions, can be
included in the current±voltage characteristics of the
PHEMT under optical illumination or high gate bias

without optical input [11,12].

Considering only two dominant current components,
IDo and ID,MESFET, the total drain current (ID) can be
described as

ID �
X
i

IDi � IDo � ID,MESFET: �4�

Each current component, in the linear region of oper-
ation for simplicity of an analysis, can be obtained
from

IDi � qnchimnieiW, �5�

Fig. 3. Current±voltage characteristics of a PHEMT under optical illumination with VGS=0 and ÿ0.4 V. Strong nonlinear depen-

dence is observed under high optical input popt. ( popt=0, 3, 20 and 30 (mW)).
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where W, nchi, mni and ei mean a width, a two-dimen-

sional carrier density, a carrier mobility and an electric

®eld in each current path, respectively.

Even with a linear relation of excess carriers with

optical illumination ( popt), as expected in Eq. (3), the
total drain current cannot be observed as a linear func-

tion of popt in the optically controlled PHEMTs for

given VDS and VGS. Under high optical input or large

gate bias, excess carriers are divided into two main
current paths; one via undoped In0.13Ga0.87As and

GaAs channel layers with extremely high electron

mobility (dnHEMT, mHEMT) and the other via a heavily

doped Al0.3Ga0.7As donor layer with extremely low

mobility (dnMESFET, mMESFET). Therefore, a strong
non-linearity of the drain current can be observed in

the Al0.3Ga0.7As/GaAs/In0.13Ga0.87As PHEMT under

high optical power. This can be partially explained by

the reduction of carrier lifetime (ti=1/[ari (nchi+dnchi)]),
which causes a reduced e�ective generation rate.

However, a parallel conduction through heavily doped

n-type Al0.3Ga0.7As donor layers, which limit electrical

performances and is expected to be non-conductive
under normal operating conditions, may be the main

cause of the nonlinear responsivity of PHEMTs under

high optical input.

With a parasitic MESFET turned on under a high

optical input, the total conductivity (sT) of the

PHEMT with a parallel conduction can be described
by

sT �
X
i

si � sHEMT � sMESFET, �6�

where the conductivity of each current path can be

obtained from

si � qnchimchi: �7�

Under low optical illumination, the total conduc-
tivity can be predominantly determined by the excess

carriers in the In0.13Ga0.87As channel layer. Therefore,
it is described by

sT � q�mHEMTnHEMT � mMESFETnMESFET�

� qfmHEMT�nHEMT � dnHEMT� � mMESFET�nMESFET

� dnMESFET�g

� qmHEMT�nHEMT � dnHEMT� �8�

where dnHEMT is proportional to the optical stimu-
lation Eq. (3) as

Fig. 4. Transconductance characteristics (gm) of a PHEMT as a function of VDS and VGS under optical stimulation. Bias point for

maximal transconductances moves with increasing the optical stimulation for popt>3 mW.
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dnHEMT � Kopopt: �9�

Therefore, the total conductivity and the drain current
of the PHEMT increases linearly with incident optical

power. We also note that electron mobility (mHEMT) in
the pseudomorphic In0.13Ga0.87As layer is much higher
than that in the parasitic Al0.3Ga0.7As MESFET

(mMESFET) due to a heavy e�ective mass and a severe
ionized impurity scattering in the heavily doped
Al0.3Ga0.7As donor layer.

However, under high optical power with parasitic

MESFET turned on, the total conductivity can be
described by

sT � q�mHEMTnHEMT � mMESFETnMESFET�

� qfmHEMT�nHEMT � dnHEMT,max�

� mMESFET�nMESFET � dnMESFET�g

� qmHEMTnHEMT,max � qmMESFETdnMESFET �10�

and conductivity in the pseudomorphic In0.13Ga0.87As
channel layer is saturated due to an over¯ow of excess

carriers into Al0.3Ga0.7As layer. Although there are

increased excess carriers in the Al0.3Ga0.7As layer, a
contribution to the total drain current is not so signi®-
cant because the mobility of electrons is extremely low

compared with that in the In0.13Ga0.87As channel
layer. Thus, the total conductivity or the drain current
of the PHEMT under high optical stimulation is
almost saturated or merely increasing with popt.

On the other aspect of the optical response of the

PHEMT under either high gate voltage or high optical
input, the total transconductance gm, as shown in Fig.
4 for the PHEMT as a function of VDS, VGS and popt,
can be described by two dominant components as

gm � @ Id=@Vgs �
X
i

gmi � gm,HEMT � gm,MESFET �11�

where gm,HEMT and gm,MESFET mean transconduc-
tances by the InGaAs layer and AlGaAs layer, respect-
ively. We also note that the transconductance gm
depends on the conductivity or the product of mobility
and carrier concentration. Transconductance of
PHEMT under optical stimulation can be described by

Fig. 5. Optically induced transconductance gm,opt ( gm,opt=gmÿgmo) as a function of VDS and VGS for optical power=3 mW. The

gm,opt for popt>3 mW are saturated and have the same value as that for popt>3 mW.
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gm � @Id

@Vgs

� @Id

@n
� @n
@Vgs

A
X
i

nchimchi �

X
i

ncho � dnchi �mchi �12�

Each component in the total transconductance ( gmi

Asi=qnchimchi) is proportional to the product of car-
rier density (nchi) and mobility (mchi). Among them,

gm,HEMT reaches the maximum value, as explained in
the conductance variation, and then decreases due to
saturated maximum channel carrier concentration

(nch,max) under high optical illumination. The other
component, gm,MESFET, still increases with increased
optical power because additional excess carriers con-
tribute to the increase of dnMESFET. However, it

doesn't contribute so much to the total transconduc-
tance because the mobility of electrons, in the heavily
doped Al0.3Ga0.7As donor layers, is known to be extre-

mely low due to a severe ionized impurity scattering
and a large e�ective mass. Therefore, an additional
increase of the optical power won't be e�ective in the

improved responsivity of the total drain current and
the transconductance under high optical illumination.

Under low optical input, the transconductance
increases linearly with optical power and can be

described by

gm � K1�nHEMT � dnHEMT�mHEMT � K2�nMESFET

� dnMESFET�mchi

� K1�nHEMT � dnHEMT�mHEMT

� gmo � K1KomHEMTpopt, �13�

because nHEMT>>nMESFET, dnHEMT>>dnMESFET and
mHEMT>>mMESFET. K1 and K2 are also chosen as pro-
portionality factors in the transconductance and they

depend on the structure of the device as well as optical
inputs.

However, due to the saturated excess carrier concen-
tration in the In0.13Ga0.87As layer under high optical

stimulation, the optically induced excess transconduc-
tance is also saturated as is the case for the drain cur-
rent. As a result, the transconductance under high

optical power can be written as

gm � gmo � K3KomHEMTdnHEMT,max

� K2KomMESFETpopt �14�

where gmo is electrically induced channel carriers,
dnHEMT,max is the maximum excess channel carrier
concentration which is independent of optical power

under high optical stimulation and K3 is a proportion-
ality factor to the saturation of optically induced chan-
nel carriers. Although the third component is

proportional to the optical power, it is very small con-
tribution to the increase of total transconductance due

to extremely low value of mMESFET in the Al0.3Ga0.7As
donor layer.

In other words, a di�erential increase in the drain
current with optical input ( gm,opt), as shown in Fig. 5
for popt=3 mW, which is de®ned as

gm,opt � gm ÿ gmo, �15�

is observed to be very small under high optical stimu-

lation. This is because the conductivity is limited by
the poor performance Al0.3Ga0.7As MESFET con-
nected parallel to the high performance In0.13Ga0.87As

channel PHEMT. This parallel conduction have been
also reported in the HEMTs, where channel carrier
concentration is saturated under high gate voltage
without optical illumination [7].

A parallel conduction, caused by a parasitic current
path with a partially neutralized Al0.3Ga0.7As donor

layer, can be turned on without reaching the maximum
carrier concentration (nHEMT,max) with optical illumi-
nation. Some of the carriers in the parasitic

Al0.3Ga0.7As MESFET layer, which neutralizes and
makes Al0.3Ga0.7As donor layer conductive, can be
contributed from the excited and transferred carriers

from the conduction band of In0.13Ga0.87As and GaAs
layers. Excited carriers from the deep levels in the n-
type Al0.3Ga0.7As donor layers also contribute to the
conduction of Al0.3Ga0.7As donor layer. With high

channel carrier concentration (ÿnHEMT,max) under gate
bias far above pinch-o� voltage (Vp), excess electrons
generated by the band-to-band transition from the

valence band to the conduction band in In0.13Ga0.87As
and GaAs layers directly contribute to the parallel con-
duction in the Al0.3Ga0.7As layer.

In other words, excess carrier concentration and
conductivity, under high optical input, can be summar-

ized as

dn � dnHEMT � dnMESFET � dnHEMT,max � dnMESFET

ddn
dpopt

� dnHEMT

dpopt

� ddnMESFET

dpopt

1ddnMESFET

dpopt

�16�

and

sT � sHEMT � sMESFET � sHEMT,max � sMESFET

dsT

dpopt

� dsHEMT

dpopt

� dsMESFET

dpopt

1dsMESFET

dpopt

, �17�

respectively.

As shown in Fig. 5, the points at which the trans-
conductance reaches the maximum value are shifted to
a lower gate voltage with increased optical illumina-
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tion. This is, as explained in Section 2, mainly due to
di�erent excess carrier concentration in the

In0.13Ga0.87As channel with modulated optical powers,
which, in turn, requires higher gate voltage for smaller
optical power in order to reach the same maximum

channel carrier concentration (nHEMT,max) as a
threshold of the parallel conduction in a speci®c
PHEMT structure.

This analytical explanation and parallel conduction
model agree well with experimentally observed cur-
rent±voltage characteristics, including the strong non-

linearity, of optically controlled PHEMTs as shown in
Figs. 3±5. We note that the transcoductance reaches
maximum value at VGS=ÿ0.10ÿ0.3 (V) under high
optical power ( popt=20 and 30 (mW)) while it still

increases with increasing gate voltage under low optical
input ( popt=0 and 3 (mW)). We also note, as shown
in Figs. 4 and 5, that the di�erential drain current and

the di�erential transconductance decreases as popt is
increased in the bias point where the channel carrier
concentration is below the maximum channel carrier

concentration.
Among other characteristic parameters in PHEMTs,

the channel length modulation e�ect (dID/dVDS for

VDS>VDSAT), which is a detrimental parameter in ap-
plications of high performance PHEMTs to photonic-
microwave systems, has been signi®cantly suppressed
under optical illumination. Under optical illumination,

increased excess channel carrier concentration contrib-
utes to the enhancement of channel conductivity.
Therefore, the drain current with a channel length

modulation under saturation mode can be described
by

ID � IDo
L

Leff

� IDo
L

Lÿ DL
� IDo�1� lVDS�: �18�

The channel length modulation parameter l due to

high drain voltage can be described by

l � Lÿ Leff

Leff � VDS

, �19�

where L and Le� (=LÿDL ) are de®ned as a metallur-

gical gate length and an e�ect channel length, respect-
ively.
Considering optically stimulated excess carriers,

dn3Kopopt, the e�ective channel length can be written
as

Leff � ÿ
�

nch

nch � dn

�
2d

p
sinhÿ1

�
p�VDS ÿ VDSAT�

2dEC

�

� ÿ
�

nch

nch � K2popt

�
2d

p
sinhÿ1

�
p�VDS ÿ VDSAT�

2dEC

�
,

�20�

where IDo is an ideal drain current without channel
length modulation and EC is a critical electric ®eld at

pinch-o� drain voltage (VDSAT) [13,14]. With high
excess channel carriers either by high optical illumina-
tion or large positive gate bias on n-channel PHEMTs,

the channel length modulation e�ect can be signi®-
cantly reduced. Suppressed channel length modulation,
due to increased channel conductivity with optically

generated excess carriers, can be seen explicitly in Fig.
3.

4. Conclusion

In conclusion, optoelectronic characteristics of an n-
channel Al0.3Ga0.7As/GaAs/In0.13Ga0.78As pseudo-
morphic high electron mobility transistor has been

measured and analyzed on wafer as a function of the
drain voltage, the gate voltage and an optical stimu-
lation with l=830 nm. Physical mechanisms involved

in the variation of optoelectronic performances are
characterized. Strong non-linear photoresponsivity
with optical power is observed at high optical input
power. A parallel conduction by the n-type

Al0.3Ga0.7As donor layers, caused by carriers excited
or transferred from the GaAs and In0.13Ga0.87As
layers, is believed to be one of the most dominant pro-

cesses in the optoelectronic characteristics of PHEMTs
under high optical power. We also observed that there
is a threshold gate voltage for parallel conduction or a

saturation of the drain current. The above strongly
depends on the optical input as over¯ow of carriers
into the Al0.3Ga0.7As layer is dependent on the maxi-

mum channel carrier concentration for a given
PHEMT structure.
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