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Optical Effects on the Static and Dynamic
Characteristics of a GaAs MESFET

J. L. GAUTIER, D. PASQUET, anp P. POUVIL

Abstract —In this paper, we describe the effect of light on the S'-parame-
ters of a GaAs MESFET. The photon energy is greater than the gap
bandwidth of the semiconductor. The photoconiductive and photovoltaic dc
phenomena in' the channel and in the depletion layer are theoretically
analyzed with a unndlmensxonal model to describe the light effect on the dc
transconductance gm- The comparison between the dc transconductance,
w1thout and under illumination, and the theoretlcal model’ shows a very
close agreement :

I INTRQDUCTION

The transmission of information using optical fibers requires
high-speed optoelectronic detectors. Schottky-gated field effect
transistors (MESFET’s) have many apphcatlons in this area
because they permit the design of light-driven devices [1]- [6].

Previous experimental and’ theoretical works have shown the
light dependence of the dc and ac characteristics of MESFET’s
[7]-[10], but the photoconductive and photovoltaic phenomena in
the channel and in the depletion layer are not theoretlcally
analyzed.

In the present work, the effect of the light intensity on the dc
transconductance g,, and the S-paraméters of a. commercial
GaAs MESFET is shown. Then, a unidimensional model to
describe the hght effect on the dc transconductance 8m 18 consid-
ered and the behavior of the S-parameters under 111ummat10n is
shown.

II. EXPERIMENT

In this experiment, the optical source is an injection laser
(A = 827 nm) which is butt-coupled to a multimode optical fiber
(diameter = 500 pm). The emitted output power varies from zero
up to a maximum output power of 2 mW. The distance between
the fiber and the GaAs MESFET is about 1 mm. ’

The field effect transistor used in this work is a Hewlett-Packard
HFET 5001 which has a 1.3-um-long gate. The doping level and
the thickness of the active layer constituting the channel are
Np=13%10"7 ¢cm™3 and H = 0.18 pm, respectively.

This chip transistor is mounted in a microstrip fixture shown in
Fig. 1. A home-made apparatus driven by a 9826 HP computer
measures the static transconductance g,, [11]. The microwave
measurements are performed with a network analyzer. A calibra-
tion method developed in our laboratory allows the computation
of S-parameters of the MESFET at the planes P; and P, (Fig. 2)
[12]. S-parameters of the MESFET have been measured between
2 and 8 GHz for several blas conditions (points A, B, C, and D)
(Fig. 3.

HI. ResuLts

A. S-Parameters

For the 4, B, and C bias points, the light increases the input
capacitance corresponding to the parameter Sy, (Fig. 4). The
light has little effect on the parameter S,,. It has an important
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Fig. 1. Microstrip fixture.
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Fig. 2. Measurement planes.
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Fig. 3. Bias conditions to measure S-parameters 4 near the pinchoff voltag( 2,
B in the saturation region for Vs #0 V, C in the saturation region for
Vgs =0V, and D in the ohmic region.

Fig. 4. S;; parameter at the bias point 4. *: dark, *: light power = 0.3 mW,
*: light power = 2 mW.

influence on the parameter SZ, near the pinchoff (point 4) (Fig.

5).

Mizuno [10] has shown that the effect of light on point 4 is the
same as an increase of V;s- A small decrease of the modulus of -
S,; is observed for V¢ = 0 (Fig. 6).

The behavior in the ohmic region (point D) is quite different.
In this area, the resistance corresponding to the parameter Sy,
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Fig. 5. 8, parameter at the bias point 4. #: dark, #: light power = 0.3 mW,
*: light power = 2 mW.

*: light power = 2 mW.

decreases (Figs. 7 and 8). In this region, the S-parameters are
relatively independent on the incidént optical power level. A
saturation phenomenon seems to occur with a very low light
power. The light dependence of S;, and S,, parameters are less
significant than the others.

B. DC Transconductance

The light has no effect on the dc transconductance g, for V¢
less than —1 V. As V¢ increases, the light makes g, decrease,
while as V¢ reaches the pinchoff voltage, the light effect on g,
is inverted (Fig. 9). This result confirms the effect on §,;, ob-
served on the point C (Fig: 6).

C.. Reverse Gate Current

Fig. 10 shows the effect of the light on the reverse gate current.
An offset voltage V,; corresponding to a photovoltaic effect
appears.

IV. CALCULATION AND DISCUSSION

The effect of light on S-parameters and on the transconduc-
tance is attributed to the generation of electrons and holes which
appear when the energy of the incident photons is greater than or
equal to the forbidden gap bandwidth of the semiconductor [13].
A photovoltaic effect occurs in the Schottky junction of the
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Fig. 7. Sy, parameter at the bias poirit D. *: dark, *: light power = 0.3 mW,
*: light power = 2 mW.

Fig. 8. S, parameter at the bias point D. =: dark, %: light power = 0.3 mW,

*: light power = 2 mW.
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Fig. 9. Mcasured g, variations versus Vg for ¥pg =3 V. %: dark, v light
power = (.3 mW.
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Fig. 10. Measured I; versus Vs which permits one to find V; ;. 4: dark, B:

light power = 0.3 mW.
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Fig. 11. Drift velocity versus electric field for GaAs. 4: measured by Ruch

[16], B: theory.

transistor - gate, while a photoconductive effect occurs in the
active region of the channel. The photovoltaic phenomenon is
shown in the current—voltage characteristic (I; versus V) for
the reverse-biased source-gate junction with open drain. II-
luminating the gate has the same effect as applying a forward
bias V;; between the source and the gate [9] as shown in Fig. 10.
The measured voltage for the optical power of 0.3 mW is V;; =
035 V.

A theoretical calculation for the forward-bias voltage ¥;; as a
function of the minority carrier concentration P in the dark and
of its increased value A P due to the creation of the electron-hole
pairs under the effect of the incident light is written as follows:

KT, P+AP
VLL=7111 P (1)

where K is the Boltzmann’s constant, T is the absolute tempera-
ture, ¢ is the electronic charge, and AP depends on the absorp-
tion coefficient of the semiconductor, the transit time, the active
layer width, and the number of photons falling on unit area per
second.

We believe that the photoconductive effect makes the number
of charges greater and, consequently, increases the value of the
capacitance corresponding to the S;; and S,, parameters near
the pinchoff.

Photovoltaic and photoconductive effects can be taken into
account in the Schockley model [14] to describe the transconduc-
tance variation. Applying this model, we can write the drift
velocity v versus the electric field E as follows [15] (Fig. 11):
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Fig. 12. Schematic cutaway of the GaAs MESFET. Gate length L =1.3 pm,
width Z =300 pm, depth H=0.18 pm.

1.3x10"cm™?), and where

E,=3500V/cm
_ EO.US
Ee= o' Ey — v

and v, is the saturation velocity.
For E less than E;, we use the Schockley assumptions under
the gate. For E equal to E,, we obtain the saturation current
I, and the electric field in the depletion region reaches to
infinity.
The dark current is given by [17]
3( Up = “(2>D) ‘2( u)p — "(3)0)
Vrp
1+ z _L(“szu - u%D)
where I, is the dark current near the pinchoff voltage
Ipp=q* Npp-po  Z-H’/6¢€q €, L

(4)

Ipsp=1Ipp

(%)
u,yp is the normalized depth of the depletion region for x =0 in
the dark for V; , = 0 and V; = 0 (Fig. 12)

uop={((Vs = Vas +Vip)/Vep) (6)
u,p is the normalized depth of the depletion region for x =L
and E=E; in the dark with ¥, , =0
1/2 .
usp=((Va = Vas +Vps+Vip)/Vep) / (7)

Npp is the free carrier’s density in the dark, V,, is the pinchoff
voltage in the dark
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VPD=‘I'NDD'H2/2‘0'€r (8)

V3 is the barrier voltage of the Schottky junction (¥ = 0.75 V),
¢, is the vacuum dielectric constant (€, =8.854 X 10~ F/cm),
¢, is the GaAs dielectric constant (¢, =13.1), Z is the depth of
the channel (Z = 300 pm), H is the thickness of the active layer
(H =018 pm), and L is the gate length (L =1.3 pm).

The saturation transconductance g,,,, in the dark is given by

3LIPDI.?D IDsatD[s?D

Vop (1—upp) E,
8mp =
i 2Vpp-Lp V
3 PD 2
3IDsa:D‘IsD(3IPDL‘ E +Ip| L+ E (1"“01)) 9
Vep Lsp _ 2 (4 < ’

E 2Ipp L 3psan + V1

¢ PD *sD

IR 3 1,pL

-E
v(E)=“°—E, for 0 < E< E, )
1+‘E,:
v(E) =g, for E > E, 3)

where p, is the low-field mobility (pq = 4500 coi®/V -s for Ny, =

c

where I ;, is the saturation current in the dark corresponding to
the maximum current which could exist without the depletion
region and with carriers traveling at their saturation velocity v,

(10)

The saturation current I, , and the transconductance g,,;,

IL,=q Npp-Z-H-v,.
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Fig. 13. Calculated g,, versus Vg in the saturation region. *: dark, ¥: light
power = 0.3 mW. Npp=13x10"7 em™3, V., =0V, Np, =15%10"7 cm™3,
V=035V,
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Flg 14. *: (Agm)ex = (gmL - ng)experimemal versus VGS in the saturation
region #: (Ag, )t = (8mL — &mD) theoretical VEISUS Vi in the saturation region.

when the transistor is illuminated, can be obtained by substitut-
ing in (4)—-(10) subscript D by subscript L taking into account
the increase of the carrier density and the voltage V; , (Fig. 13).

The free-carrier density in the light N,, is experimentally
obtained by measuring the slope of the dc characteristic I,
versus Vg of a device without the gate biased in the ohmic
region.

The comparison between experimental and theoretical values
of the change in g,, due to illumination (Fig. 14), i.e.,

(Ag,,)ex = 8., (under illumination, experimental)
— g,,(dark, experimental)

(Ag,)y = g, (under illumination, theoretical)
— g,,(dark, theoretical)

confirms the validity of our model.

V. CONCLUSION

The change in the transconductance g,, and the S-parameters
of commercially GaAs MESFET’s illuminated by the light of
photon energy greater than the gap bandwidth is shown. We
believe that this change in the dc and ac characteristics is
explained by the photoconductive and photovoltaic phenomena.
These effects can be applied to the design of amplifiers and
oscillators driven by light and ultra-fast photodetectors.
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Complex Permittivity Instrumentation for High-Loss
Liquids at Microwave Frequencies

H. A. BUCKMASTER, SENIOR MEMBER, IEEE,
C. H. HANSEN, ASSOCIATE MEMBER, IEEE, AND H. ZAGHLOUL

Abstract —This note draws attention to the fact that the instrumentation
system for the measurement of the complex permittivity of high-loss liquids
proposed by Zanforlin [1] can be improved so as to i) increase the
sensitivity and stability of the demodulation process, ii) make the demod-
ulation accurately linear rather than approximately square law, and iii)
improve the degree of bridge balance and stability.

Recently, Zanforlin [1] described a method for determining the
complex permittivity of high-loss liquids at millimeter wave-
lengths which uses a matched hybrid-tee in a balanced bridge
configuration. This configuration is a slight modification of an
carlier balanced bridge due to Hallenga [2] which was developed
to determine the complex permittivity of both high- and low-loss
liquids by measuring the change in the Q factor and the shift in
the resonant frequency of a resonant cavity. The object of this
note is to draw attention to several shortcomings in this instru-
mentation system as well as to provide methods for their resolu-
tion. It also discusses the method of analyzing the experimental
data obtained using the Zanforlin [1] cell which is an extension of
that due to Van Loon and Finsy [3] and the references therein.

Manuscript received October 23, 1984; revised April 15, 1985. This work was
supported in part by the Natural Sciences and Engineering Research Council
and the University of Calgary.

The authors are with the Physics Department, the University of Calgary,
Calgary, Alberta, Canada T2N 1N4.

0018-9480 /85 ,/0900-0822$01.00 ©1985 IEEE



