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Abstract— An analysis of the AC characteristics of Al-
GaAs/GaAs HEMT under illumination with modulated
light has been carried out for small signal condition. A
new model for the photovoltage calculation is outlined.
The effect of the signal frequency on the photoconduc-
tive current is evaluated, the results show that photo-
conductive current is very small and can be neglected in
calculation. The frequency dependence of photovoltage
along with 2-DEG charge density, drain-source current
and transconductance of the device have been studied
analytically for HEMT structure.

I. INTRODUCTION

The use of optical signals to control high speed mi-
crowave electronic circuits has been an area of grow-
ing interest because of their inherent isolation from RF
signals. They can be used as an extra port to achieve
various RF control funcitons such as gain control of am-
plifiers, oscillator tuning, locking and frequency modu-
lation, as well as switching, mixing, limiting and phase
shifting. Some authors have investigated the effect of
optical illumination on the DC characteristics of MES-
FET'HI] and HEMT'q2], as well as the the AC char-
acteristics of MESFET' §3]. However, there is lack
of study on the frequency dependent characteristics of
HEMT under illumination with modulated light.

A detailed analysis of the AC characteristics of
HEMT, considering al the physical mechanism due to
the illumination, is a very complex task. However,
by making some valid assumptions, a simple anaysis
considering the relevant photoeffects can be made. In
AlGaAsGaAs HEMT, photovoltaic effect and photo-
conducitve effect have been studied as the results of
illumination[2]. In this paper, we use a different way
from the traditional one [2] to calculate the photovolt-
age under illumination with modulated light. The con-
tribution to the 2-DEG concentration increase due to
photo-generated electron-whole pairs is also estimated,
which explain the reason why the response due to pho-
toconductive effect has not been observed clearly in Al-
GaAg/GaAs HEMT until now. Based on these, the
frequency dependent I-V characteristics and transcon-
ductance characteristics are investigated, using a new
method different from the work has been reported[4], in
which only responsivity has been reported experimen-
tally.

11. THEORY

Fig.1 shows the band diagram of a typica depletion
mode AlGaAs/GaAs HEMT under illumination with
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modulated light from top of the gate metal. The wave-
lenth of the signa carrier is shorter than the critica
wavelength in AlGaAs (I .= hc/Eg,). The band-to-
band photo-absorption occurs both in the GaAs layer
and the AlGaAs layer, generating hole-electron pairsin
these regions. In the GaAs layer, the photo-generated
electrons will be swept into the 2-DEG channel, which
contributes to the increase of the electron concentra-
tion in the channel (photoconductive effect). In the Al-
GaAs layer, the photo-generated holes will be swept
through the Schottky gate, which induces photovolt-
age(photovoltaic effect), and the photo-generated elec-
trons will be swept into the 2-DEG channel, which
increases the channel charge density (photoconductive
effect). To caculate the AC performance of the Al-
GaAgGaAs HEMT under illumination with the opti-
cal signa, considering the photovoltaic effect and pho-
toconductive effect, the following assumption will be
made: )the modulated light just covers the whole gate-
metal surface; 2)the gate-metal is transparent to the in-
cident light; 3)the photo-generated hole-electron pairs
move a the saturation velocity when they are swept
into 2-DEG channel or across the Schottky junction.

A. Photovoltaic Effect

The incident light flux density is assumed to be mod-
ulated by a signd of frequency w. Thus under small
signa condition, the continuity equation for the num-
ber of photons incident onto the gate surface per second
per unit areais ¢(w) = ¢o + p1e7“*,where ¢ :indicates
the DC value and f 1 indicates the AC value. Assum-
ing that the DC value isi zero(¢o = 0), rms number of
photons incident on the gate-metal surface per second
per unit area is¢' = ¢1/v/2. In the AlGaAs layer, the
photo-generated holes move along the reverse direction
of z-axis, crossing the Schottky junction. The concen-
tration of the holes, which crosses the metal-AlGaAs
interface, at point z is given by[5]
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where dgy = vs7,p1, iSthe critical length for AlGaAs,
R is the reflectivity efficiency of the metd surface, h is
the quantum efficiency, and a,is the absorption effi-
ciency in AlGaAs layer. The transit time t(2) is de
fined as z/v,, where v, is the saturation hole velocity
in AlGaAs layer. While 7, istheminory carier hole
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Fig. 1. Energy band diagram of AlGaAs/GaAs HEMT

lifetime at frequency w, which can be expressed ag[5]
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wheret ,is the minory carrier lifetime in DC condition
in AlGaAs layer.

Integrating Eq.(1) from the metal-AlGaAs interface(z
O) to the AlGaAs-GaAs interface (z= d,+ d) and mul-
tiplying by g, the photocurrent density flowing across
the Schottky junction is expressed as
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The photovoltage across the Schottky junction is ob-
tained using the relation [3]

Von(w) =~ In(22) @

where J.is the reverse saturation current density across
the Schottky junction, which can be expressed ag[5]
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where ¢p is the Schottky barrier height, and, A* =
(0.067 + 0.083x)A, is the effective Richardson constant
for thermionic emission, neglecting the effects of optical
phonon scattering and quantum mechanical reflection.
For free eectrons, the Richardson constant Ais A =
120, k? While x is the Aluminium mole fraction

of AIXG a,As, which is 0.3.

B. Photoconductive Effect

In the AlGaAs layer, the number of photo-generated
electrons, being swept into the 2-DEG channel, equals
to that of photo-generated holes moving across the
Schottky junction. Therefore the charge flowing from
the AlGaAs into the 2-DEG channel in unit time due
to illumination is expressed as

Q.w) "J,WL (6)

where W is the gate width of the HEMT, and L is the
gate length of the HEMT.

Similarly, the charge flowing from the GaAs into the
2-DEG channel in unit time, due to illumination can be
expressed as

Qa(w) = gWL(1 - a1 (d1+do)
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Where dg; = veampe, vse IS SAUIation electron velocity
in the GaAs layer, and . 7,5 isthe minory carrier lifetime
a frequency win the GaAs layer.

C. |-V Characteristics Under Illumination

To obtain the | .— Vg relation under illumination, the
relation between 2-DEG electron concentration n.and
the gate voltage V,must be determined. In this section,
n,—V,is numerically caculated from the solution of
Poisson’s equations. The AlGaAs layer is divided into
two regions: the undoped region 0 < y < dyp, :and the
doped region dy < y < dy as shown in in Fig.1. In the
doped AlGaAs layer, Poisson’s equation under illumi-
nation is written as
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where N is the ionized donor concentration[6], n(y)
is the free electron concentration[6], and p(w,y) is the
photo-generated hole concentration in this layer, which
can be expressed as

p(w,y) = ¢ are"* 7,01 (1 - R) (9)

In the undoped region, the following boundary condi-
tions are derived from the solution of Poisson’s equation
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where E (y) = E.(y) — E. Using Taylor's series ex-
pansion, we can get
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The above calculation is done iteratively from the
doped and undoped region interface (y = do) to the gate
metal (y = d,+ d), where the gate voltage is dertmined

by the final humerical solution
1
Vo= —E(Ec(do +d1) — Ef — éB) (14)

There is a closed-form analytic expression[7], fitting
the numerically calculated results, to determine the 2-
DEG edlectron density n.as a function of gate voltage
V,, which can be rewritten as

ns = ngla + (1 — a)tanh(%——wnw:—‘ﬂﬁ)] (15)



where V(X) is the channel potential (x is the coordinate
paralel to the channdl), n, a, V,and V,are fitting pa
rameters to be extracted from the numericaly calcu-
lated data[7]. For a given gate and drain bias, the drain
current is expressed as

Iys = ans(V‘q,V(.'L‘))’U(.'B) (16)

where v(X) is the carrier velocity at point x. The
velocity-field relation is obtained by[6],[7]
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where V_ is the saturation potential corresponding to
the saturation field E., and E; = E;/(nE,/vs — 1).

When the given drain voltage is in the linear
region (V,<V_), substituting Eq.(17) into Eq. (16)
and integrating from the source ( x = 0) to the drain ( x =
L), the drain current is found to be expressed as
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Similarly, for a given drain voltage is in saturation,
the drain current can be expressed as
o R [ =% Vot
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where X = L.is the saturation point, and L.is the ef-
fective channel length in saturation[7]. The saturation
voltage V_in Eq. (19), can be obtained from the si-
multaneous solution of Eq. (16) and Eqg. (18), assuming
x =L is the onset point of saturation (V,=V,_).

Now, to include the effect of illumination and the
parasitic source R.and drain R,resistance, the gate
and drain voltages in above equations are expressed in
terms of terminal gate-source voltage V,,, drain-source
voltage V,and photovoltage V,.

V,= V,+ V,- LR

Vd: Vds' Idst (20)
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D. Transconductance

The transconductance of the device in the linear
region (Va < Viat), gmr  is oObtained by differentiating
Eq.(18) with respect to V,at constant V,

quz
L+ Vy/E

where nis the 2-DEG €electron density at V(X) = O
n, is the 2-DEG €electron density at V(X) = V.

While the device transconductance in the saturation
region (vd 3 V_), g.is is obtained by differentiating
Eq.(19) with respect to Vgat constant V,
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where ngis the 2-DEG electron density at V(X) = V.

ImL = (nsO - nsL) (21)

(22)

Ill. RESULTS AND DISCUSSION

Numerical calculations have been carried out for the
photovolatge, the photo-generated charge into 2-DEG
channdl, 2-DEG charge density versus gate source volt-
age, the drian source current and the device transcon-
ductance under illumination with modulated li.ght. The
device parameters and values of different constants used
in the calculations are listed in Table |11 and its below

TABLE |
PARAMETERS USED IN THE SIMULATIONS

hole
lifetime
7(5)
108
1o-?

thickness | absorption saturatioy
velocity

v, (cm/s)
8 % 106
L x 107

1.85 x 107

coeflicency
d(A) alem™1)
3000 l 1 x 107

Region '

GaAs
400 1.25 x 104
1400

AlGaAs
2D1G

gate width: W = 200um, gate length: Lg = 0.5um, the thick-
ness of undoped AlGaAs: dp=25A, discontinuty in conduction
band: AFE, = 0.24eV, Schottky barrier height: ¢p = 0.95V.
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Fig. 2. photovoltage versus signal frequency for different flux
densities

Fig.2 shows the plots of photovoltages against the op-
tical signal frequent incident flux densities.
The photovoltage remains more or less constant and in-
dependent of signal frequency up to 500 GHz, which is
much larger than that of MESFET'S (100 GHz) [3]. This
is because the corner frequency (where the value begins
to fall) of hole AC lifetime of HEMT’s is about 10 times
higher than that of MESFET'S. The reason for the
photovoltage remains constant up to 500 GHz is that
the AC lifetime of holes is constant when frequency is
much smaller than. 1/7,. The relative importance of the
photoconductive effect can be deduced by Fig.3. The
maximum value of the photo-generated charge swept
into 2-DEG channel from AlGaAs and GaAs layers is
less than 3 x 10°C/s. In other words, the maximum
photoconductive current is less than 3 x 10°rnA. Ob-
vioudly, it is very difficult to observe the effect caused
by the photoconductive current. Its importance can be
neglected compared with the photovoltaic effect. The
initial value for the AlGaAsis bigger than that for GaAs
because it is much thicker than AlGaAs layer. While
the corner frequency for ALGaAs is larger than that for
GaAs because the hole lifetime in AlGaAs is shorter
than that in GaAs.
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Fig. 3. Photo-generated charge against signal frequency
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Fig. 4. 2-DEG electron density versus gate source voltage for
different signa frequencies

Fig.4 represents the variation of 2-DEG charge den-
sity with terminal gate source voltage for different op-
tical signal frequencies and dark condition. The results
are calculated from the fitting Eq. (15). The following
fitting parameters are extracted from the numerically
calculated n,— V curve, which is not presented in
this paper: a = 0.4643, n,= 8.2 x 10"cm *, V, =
—0.0509V, V,= 0.3686V. In dark condition, the results
are similar to the observation already reported[7]. Un-
der illumination, with the increase in signal frequency
the channel charge density decreases, which correspond-
ing to the AC | — V characteristics of the device that
isshownin Fig.5.

Fig.6 shows the transconductance of the device
against the gate source voltage for different signa fre-
guencies and dark situation. In dark situation, a opti-
mum gate bias (about 0.1 V) is observed which alowing
the device operation at a maximum transconductance.
At a particular value of Vthe transconductance curve
shifts to the left as the signal frequency decrease. This
is clear from Fig.2 that the photovoltage decrease with
the increase in signal frequency.

IV. CONCLUSION

An analysis of the AC characteristics of Al-
GaAg/GaAs HEMT under illumination with modulated
light has been carried out. The signal-modulated light
is assumed to enter the device through the transparent
gate metal only. Based on this, a new model for the
photovoltage calculation is outlined. Results show that
the corner frequency is much higher than that of MES-
FET's, which is due to the difference between the AC
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Fig. 6. Transconductance characteristics for different signal fre-

quencies

carrier lifetime frequency characteristics in the two re-
gions. The effect of the frequency on the photoconduc-
tive current is evauated, considering the charge flow-
ing from the AlGaAs and GaAs region into the 2-DEG
channel. Although the signal frequency has significant
effect on it, the results show that the relative value of
the photoconductive current is very small comparing to
drain to source current without illumination, which can
be neglected in calculation. The n—V,, | -V, and

9m—Vgs curves show that the effects of signal frequency
are al based on frequency dependent photovoltaic char-

acteristics.

REFERENCES

[1] Alvaro Augusto A.de Salles, “Optical Control of GaAs MES-
FET's,” IEEE Trans. Microwave Theory and Tech., vol. MTT-
31,n0.10,pp.812-820, October 1983.

[2] Alvaro A,de SallesMurilo A. Romero, “Alo,3Gao.7As/GaAs
HEMT’s Under Optical Illumination,” |EEE Trans. Mi-
crowave Theory and Tech., VOLMTT-39,n0.12, pp.2010-
2017, December 1991.

[3] Nandita Saha Roy, B. B.Pal, “Freguency-Dependent OPFET
Characteristics with Improved Absorption under back lumi-
nation”, Journal of Lighttuave Technology, vol.I8,no.4,pp.604-
613, April 2000.

[41 Yoshifumi Takanashi, Kiyoto Takahata and Yoshifumi Mu-
ramoto, “Characteristics ‘of InAIAs/InGaAs High-Electron-
Mobilitv Transistors Under Illumination with modulated
Light” ,“ IEEE Trans. Electron Device, volL46,n0.12,pp.2271-
2277,December 1999.

[5] S. M.Sze, “Physics of Semiconductor Devices’, 1981.

[61 Abdollah Eskandarian, “Determination of the Small-Signa

Parameters of an AlGaAgGaAs MODFET”, |EEE Trans.
Electron Device, vol.35,no.1l,pp.1793-1801,November 1988.

[7] M. Abdel Aziz, M. El-Sayed and M.El-Banna, “An analytical
model for small signal parameters in HEMTs including the
effect of source/drain extrinsic resistances’, Solid-State Elec-
tronics, 43,pp.891-900,January 1999.



	MAIN INDEX
	ABSTRACT
	INTRODUCTION
	THEORY
	A. Photovoltaic Effect
	B. Photoconductive Effect
	C. I-V Characteristics Under Illumination
	D. Transconductance

	RESULTS AND DISCUSSION
	CONCLUSION
	REFERENCES

