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Numerical Analysis of the Photoeffects in GaAs
MESFET’s
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Abstract—The photoeffects on the /-V characteristics of GaAs
MESFET’s have been studied by a two-dimensional numerical
method. It is theoretically verified that the photovoltaic effect
occurring at the channel/substrate interface is responsible for
the substantial increase of the drain current. The reverse gate
current due to illumination is caused by sweep-out by the high
electrical field in the gate depletion region, where a large gra-
dient in the depth profile of the hole Fermi energy is found. For
devices with a lightly doped n-type buffer layer, the increase of
the drain current is less than for devices without a buffer layer,
but is still substantial.

NOMENCLATURE
D, Diffusion coefficient for electrons.
D, Diffusion coefficient for holes.
E Electrical field.
Er Hole Fermi energy without illumination.

Er, Hole Fermi energy with illumination.
E; Energy gap of GaAs.

E; Intrinsic Fermi level.

E,  Cr-related trap energy level.

G,x Photogeneration rate.

I,  Drain current.

I;  Gate current.

J.  Electron current density.

J,  Hole current density.

n Free electron concentration.

Np  Donor concentration.

n; Intrinsic concentration.

N{p Residual donor concentration in the substrate.

Nt Cr-related trap concentration in the substrate.

N7 Occupied Cr-related trap concentration in the
substrate.

p Hole concentration.

q Electron charge.

R Net recombination rate.

T Temperature.

v,  Saturation velocity.

vy,  Thermal velocity.

Vp  Drain voltage.

Vs  Gate voltage.
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y Depth from the top free surface of devices.

o  Light absorption coefficient (=1 X 10* cm™' for
A = 0.83-0.87 um).

€ Permittivity of GaAs.

A Wavelength of light.

uo  Low-field mobility.

u,  Electron mobility (cm?/V - s).
p, Hole mobility (cm®/V - s).

&  Photon flux (cm 2 - s~ ).

¥ Electrostatic potential.
Capture cross section for electrons.
g,  Capture cross section for holes.

I. INTRODUCTION

N THE LAST decade, direct optical control of GaAs

MESFET’s has received considerable attention for its
potential applications in optical communication systems
[1]-[9]. For photon energies equal to or greater than the
bandgap energy of GaAs (E; = 1.424 eV at T = 300 K),
experimental investigations show that the gain and the
drain current of a MESFET can be controlled by incident
light intensity in the same manner as varying the gate bias
[6], [10]. With such a property, the GaAs MESFET can
be used for such functions as a photodetector, optical
switching amplifier, or optical/microwave transducer.

Several mechanisms have been suggested to explain the
photoeffects in GaAs MESFET’s, espetially the increase
of drain current due to illumination. Graffeuil et al. [10]
suggested that incident photons cause a change in the
built-in voltage of the gate junction and by this mecha-
nism, the drain current increases. Pan [2] suggested that
both the photoconductivity effect in the source-gate and
the drain-gate regions and the change of the gate deple-
tion width are responsible for the increase of the drain
current. Edwards [11] measured a positive voltage across
the depletion region between the n-type channel and the
semi-insulating substrate and suggested that the drain cur-
rent increase is closely related to the channel width mod-
ulation by the positive voltage. Analytical work has been
attempted to understand the photoeffects on the I~V char-
acteristics and the device performance of GaAs MES-
FET’s, but these analyses usually assume that the drain
current is enhanced either by a photo-induced voltage
across the Schottky barrier [7], [12], [13] or by photo-
generated carriers below the gate [14], [15].

To shed further light on the mechanisms governing the
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photoeffects, both the device structure and the appropriate
physical equations governing device behavior should be
taken into account. In this work, we have chosen a two-
dimensional numerical approach, which makes very few
assumptions in solving fundamental device equations and
is capable of simulating a realistic device structure for
understanding the photoeffects and the underlying mech-
anism.

II. SIMULATED DEVICE STRUCTURES

In the past, most of the experimental measurements for
the photoeffects were made in uniformly doped MES-
FET’s [7], [8]. For this reason, we chose a uniformly
doped structure for our study. Two GaAs MESFET struc-
tures were simulated in this study. They are shown in Fig.
1(a) and (b). For both structures, the n-type channel is
0.2 pm thick and is uniformly doped with a concentration
of 1 x 10" cm ™. The gate length is 0.5 um and both the
source-gate and the gate-drain spacings are 1.5 um. For
the structure shown in Fig. 1(a), the uniformly doped
channel is located directly on the semi-insulating sub-
strate without any buffer layer, while for the other struc-
ture as shown in Fig. 1(b), there is a 1 ym, 1 x 10"
cm >, n-type buffer layer between the n channel and the
semi-insulating substrate. The semi-insulating substrate is
assumed to be Cr doped with a concentration of 1 x 10'®
cm? [16] and has a residual shallow donor concentration
of 1 X 10" ecm™3. For photon energy around the GaAs
bandgap energy (1.424 eV), the measured absorption coef-
ficient is about 1 x 10* cm™' [17]. To encompass the
photoeffects and other physical phenomena, the total depth
of the simulated device structure is 5 um.

III. Basic EQuATIONS, BoUNDARY CONDITIONS, AND
NUMERICAL METHODS

The basic equations used in this study are as follows:
1) Poisson’s equation

v2¢=—§(p—n+N5+N;D—N;> (1

where N§;, and N7 are the concentrations of the residual
shallow donor and the occupied Cr-related level, respec-
tively, in the semi-insulating substrate.

2) Drift-diffusion current continuity equations for elec-
trons and holes

1
=V i Gt R=0 @

1

¥ Y CmtR=0. 3)

The electron and hole currents are determined from
J. = —qu.nVy + qD,Vn )

J, = —qu,pVy — qD,Vp. (5)
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Fig. 1. Device structures (a) without and (b) with an n-type buffer layer
in this study.

The net recombination rate R in (2) and (3) includes three
kinds of recombination mechanisms: Shockley-Read-Hall
(SRH), radiative (i.e., band-to-band), and Auger recom-
bination [18]. In this study, it is assumed that in the chan-
nel and in the buffer layer, the intermediate centers as-
sisting in the SRH recombination process are neutral
centers located at the intrinsic Fermi level. The lifetimes
for holes and electrons are assumed to be 1 ns [19]. In the
substrate, the Cr-related traps are deep acceptors. At T =
300 K, the Cr-related deep level is 0.6 eV below the con-
duction band [20] and the captured cross sections for holes
and electrons are assumed to be 1 X 10714 [16] and 1 X
107'° cm?, respectively. In steady state, the occupied trap
concentration and the SRH recombination rate in the sub-
strate can be expressed as

o + o e BBV

Ny = : J2 . 6
T ol + me® BT L o[ & pe® B ©

and

2
EpUnUthT(nP = nj)
onln + nie(E'_Ef)/kT] + o,(p + n,-e(E"'E')/kT]

)

respectively. The term G, in (2) and (3) is the photo-
generation rate and is given by

Gope = a® -+ exp (—oy) ®

where @ is the photon flux, « is the absorption coefficient,
and y is the depth from the top surface of the device. The
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absorption coefficient is assumed to be 1 x 10* cm™'.
Because the ohmic and the gate metals in MESFET’s are
not transparent to light, it is assumed that no light can
penetrate to the regions below the source, the gate, and
the drain contacts.

For simplicity, a two-region mobility model is used to
describe the field-dependent mobility term for electrons.
The two-region model is mathematically expressed as fol-
lows:

v,
U = o, forE < =
Ho
U U
= —, for E = — &)
E Ko

where p,, uo, E, and v, are the electron mobility, the low-
field mobility, the electrical field, and the saturation ve-
locity. The low-field mobility and the saturation velocity
for electrons are assumed to be 5000 cm?/V - s and 1.5
x 107 cm /s, respectively. For holes, the low-field mo-
bility and the saturation velocity are 300 cm?/V - s and
10" cm /s, respectively.

To realistically calculate the gate current across the
Schottky contact, the thermionic diffusion current theory
and the image-force-induced and dipole-layer-induced
barrier lowering effects [21] are applied to the gate bound-
ary condition. The workfunction difference between the
Schottky metal and the semiconductor is 0.8 eV. For the
source and the drain contacts, the Dirichlet boundary con-
dition is used. For the free surfaces between the source
and the gate and between the gate and the drain, the Neu-
mann boundary condition is used.

To solve the coupled equations in (1)-(3), the Gummel
method [22] is used. At each bias condition, the conver-
gence criteria are that the drain current change relative to
the previous value is less 107> and at the same time the
maximum potential change is less than 107* kT/q.

IV. RESULTS AND DISCUSSIONS

A. Mechanism for the Increase of Drain Current Due to
Illumination

Fig. 2(a) and (b) shows the calculated Ip—Vp character-
istics for the device shown in Fig. 1(a) without and with
illumination, respectively. The photon flux is 1 x 10%°
em™2 - s~! which is typical for a CW double-heterostruc-
ture GaAs/AlGaAs laser diode (output power around 2
mW focused to a 50-um spot) [7]. Comparing Fig. 2(a)
with Fig. 2(b), we find a substantial increase of the drain
current due to illumination (about 0.6 A /cm). The in-
crease is almost independent of the gate voltage, above
threshold. Fig. 3 shows the calculated /p-Vp character-
istics at different photon fluxes. The gate voltage is fixed
at 0 V and the fluxes are ® = 0, 2.5 x 10'°, 5 x 10",
7.5 X 10", and 1 X 10 cm™? - s™'. From this figure,
it is clear that the drain current increases with the photon
flux.

To explain the reason for the increase of drain current
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Fig. 2. Calculated I,-V)p characteristics (a) without and (b) with illumi-

nation for the device structure shown in Fig. 1(a). The light flux is 1 X
10 em™2 - 57!
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Fig. 3. Calculated I-Vp characteristics at different light flux for the de-
vice structure shown in Fig. 1(a). & = 0, 2.5 x 10'°, 5 x 10°, 7.5 X
10", and 1 x 10®° cm™? - 57",

due to illumination, the depth profiles for the electron
concentration, the hole concentration, and the conduction
band edge along the center of the gate at Vp = 0 V and
Ve = 0V are shown in Fig. 4(a), (b), and (c), respec-
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Fig. 4. Depth profiles of (a) the electron concentration, (b) the hole con-
centration, and (c) the conduction band edge along the center of the gate.

tively. As shown in Fig. 4(c), there is a built-in potential
barrier of about 0.6 eV at the channel/substrate interface
when there is no light illumination. With illumination, the
potential barrier is lowered and the position of the deple-
tion edge on the channel side of the channel/substrate in-
terface moves toward the interface, as shown in Fig. 4(a).
The resulting effective channel width, therefore, in-
creases. In the gate depletion region, no significant change
of the built-in voltage is observed. The position of the

gate depletion edge does not move very much and the
concentration of the photogenerated carriers in the deple-
tion junction is far less than the doping concentration in
the channel (1 X 10" ¢cm™). When the SRH lifetimes
for electrons and holes are set to be 1 us, the magnitude
of the drain current is almost the same as that with the
lifetimes of 1 ns. So it can be concluded that the gate
depletion width and the photogenerated carriers in that re-
gion are not responsible for the increase of drain current.
The increase of the channel width can be understood from
the charge distribution near the channel/substrate inter-
face. Because the electrostatic potential in the substrate
side is lower than that in the channel side, the photo-
generated electrons and holes, respectively, accumulate
on the channel and the substrate sides of the interface un-
der illumination. The charge accumulation can be seen
clearly in Fig. 4(b). Because of the charge accumulation,
both the depletion region width and the interface potential
barrier are reduced. Therefore, the channel width in-
creases and the drain current increases. The phenomena
of the interface potential barrier lowering and the accu-
mulation of electrons and holes, respectively, on the
channel and the substrate sides are similar to ‘‘the pho-
tovoltaic effect”” of a p-n junction.

Another possible reason for the increase of the drain
current is the reduction of the source-to-gate and gate-to-
drain resistances in series with the active channel due to
illumination. Fig. 5 shows the depth profile of the elec-
tron concentration along the center of the region between
the source and the gate. It is clear that the effective chan-
nel width is larger under illumination than that without
illumination. It is expected that the source-to-gate and the
gate-to-drain parasitic resistances are reduced due to il-
lumination. However, the peak concentrations in the
channel with and without illumination are almost the
same, meaning the photoconductivity effect in the n chan-
nel is negligible. The reduction of the resistance can be
explained by the photovoltaic effect occurring at the chan-
nel/substrate interface.

Summarizing these results, the change of gate depletion
width and the photogenerated free carriers in the gate de-
pletion junction are negligible and make no significant
contribution to the increase of the drain current. The re-
sponsible mechanism is the photovoltaic effect occurring
at the channel/substrate interface. This conclusion is con-
sistent with the experimental results reported by Edwards
[11]. The measured positive voltage across the n channel
and the semi-insulating substrate corresponds to the cal-
culated potential barrier lowering at the channel/substrate
interface.

B. Reverse Gate Current and Hole Fermi Energy

Another important photoeffect is the measured reverse
gate current due to illumination [7], [13]. The calculated
gate current versus gate voltage under different photon flux
is shown in Fig. 6. The source and the drain voltages are
fixed at 0 V. It is found that the reverse gate current is
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approximately proportional to the photon flux. Higher
open-circuit photovoltage, i.e., the gate voltage at which
the gate current falls to zero, is also observed at higher
photon flux. For the photon flux ranging from 2.5 x 10"
to1 X 10° cm™2 - 57!, the open-circuit photovoltage is
around 0.5 V. In Salles’s measurement [7], for a photon
flux around 10 cm™? - s, the open-circuit photovolt-
age is around 0.4 V, which is 0.1 V lower than our cal-
culated value. The 0.1-V difference is probably due to a
larger workfunction difference used in this study.

In the past, the difference between the hole Fermi ener-
gies with and without illumination (i.e., Er — Ej,) in the
gate depletion region has been considered to be equal to
the change of the gate built-in voltage [10] and regarded
as an important parameter to model the Ip-Vj character-
istics [12], [13]. To see the relationship between the dif-
ference in hole Fermi energies and the built-in voltage
change, we show the depth profile for the difference in
the hole Fermi energies without and with illumination in
Fig. 7. Throughout the region, the hole Fermi level with
illumination is lower than that without illumination. The
difference increases with depth. It increases sharply in the
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gate depletion region and reaches a plateau in the region
below the channel. From Fig. 4(c), we can see that the
built-in voltage change in the gate depletion region is neg-
ligible while the difference in the hole Fermi energies
shown in Fig. 7 is significant (larger than 0.3 eV). So
there is no close relationship between the built-in voltage
and the difference in the hole Fermi energies in the gate
depletion region.

The holes generated between the source and gate and
between the gate and the drain diffuse to the gate deple-
tion region and are swept out of the gate contact due to
the high electric field in that region, so the photovoltaic
effect cannot occur at the gate depletion junction. The
sweep-out effect has been suggested by Sugeta et al. for
explaining the high-speed photoresponse mechanism of
GaAs MESFET’s [4]. Both the steep profile of the hole
Fermi energy (shown in Fig. 7) and the low concentration
of the holes (shown in Fig. 4(b)) in the gate depletion
region confirm the sweep-out effect. To accumulate
enough holes in the gate depletion region to change the
built-in voltage or the depletion width, the light flux has
to be much higher than what has been used or what a reg-
ular semiconductor laser can deliver.

C. Device with a Light n-Type Buffer Layer

A MESFET structure commonly used in microwave ap-
plications is that shown in Fig. 1(b). An undoped or
lightly doped buffer layer (usually n-type) is grown on the
substrate prior to the growth of the channel layer. The
thickness of the buffer layer is chosen so that the free car-
riers in the layer are totally depleted by.the substrate to
buffer layer interface potential. The simulated Ip-V), char-
acteristics of such a device at different photon fluxes are
shown in Fig. 8. The gate voltage is 0 V and the photon
fluxes & are 0, 2.5 X 10", 5 x 10", 7.5 x 10", and 1
x 10® cm™? - s~!. Comparing Fig. 3 with Fig. 8, we
see that the drain current for the device with a buffer layer
is higher than that without a buffer layer. The increase of
the drain current due to light illumination is substantial
but is lower than that obtained in the device without a
buffer layer. These phenomena are explained by the fact
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that the depletion width on the channel side due to the
forming of the channel/substrate space-charge region and
the depletion width change due to the illumination are re-
duced by the n-type buffer layer. However, the photovol-
taic effect is still strong enough to cause a substantial in-
crease in the drain current.

V. CONCLUSIONS

The photoeffects on the /-V characteristics of the GaAs
MESFET’s have been studied by a two-dimensional nu-
merical method. The photovoltaic effect occurring at the
channel/substrate interface is found to be the mechanism
responsible for the substantial increase of the drain cur-
rent. The photovoltaic effect causes the lowering of the
interface potential barrier and the reduction of the width
of the space-charge region in the channel side, widening
effective channel thickness. The reverse gate current is
caused by the sweep-out effect which results in a large
gradient in the depth profile of the hole Fermi energy in
the gate depletion region. For devices with an n-type
buffer layer, the increase of the drain current due to illu-
mination is less than that for devices without a buffer
layer, due to a smaller change of the depletion width.
However, the increase of the drain current is still substan-
tial.
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