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ABSTRACT: InGaAs is known as a material system with high electron mobility derived from InAs and can be
formed by metal organic chemical vapor deposition. The base material substrate is InP and is formed by controlling
the composition ratio of In and Ga to lattice match with this InP. The bandgap energy Eg of InGaAs is 0.87 eV,
and photoelectric conversion of 1550-nm light, which is a communication wavelength band, can be executed.
Therefore, it is now used as a detector material in optical communication technology. In this study, we investigated
the photoresponsive properties of InGaAs high-electron-mobility transistors (HEMTs) with simultaneous
utilization of photoresponse characteristics and high-frequency response characteristics of this InGaAs crystal. A
1550-nm wavelength femtosecond pulse laser (with a pulse width of 100 fs and a period of 50 MHz) was coupled
with DC light with a wavelength of 1480 nm and irradiated from the InGaAs HEMT metal electrode surface. Laser
light transmitted through the side of the gate metal electrode into the device structure generates electron-hole pairs
via the photoelectric effect in the InGaAs layer, and it was confirmed that the maximum drain current of 0.4 mA
was reduced. A current response is detected inside the semiconductor by transporting electrons to the drain
electrode side and holes to the source electrode side. Because the laser used is pulsed light, the process of
generation and disappearance of electron-hole pairs were confirmed as photoresponsive properties.
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1. INTRODUCTION 1550 nm light, which is a communication wavelength
band, can be executed [10]. Therefore, it is now used
GaAs is an indispensable material in our current as a detector material in optical communication
advanced information society [1-3]. GaAs crystal technology [11].
does not exist in a stable in nature, it is most In this study, we investigated the photoresponsive
artificially constructed crystal. Stable crystal properties of InGaAs  high-electron-mobility
structure at room temperature is zinc blend type. To transistors (HEMTs) with simultaneous utilization of
use a GaAs semiconductor characteristic effectively, photoresponse characteristics and high-frequency
made of a thin film structure on a semiconductor response characteristics of this InGaAs crystal. A
substrate using Metal Organic Chemical Vapor 1550-nm wavelength femtosecond pulse laser (with a
Deposition (MOCVD). GaAs has higher electron pulse width of 100 fs and a period of 50 MHz) was
mobility than as a general semiconductor Si. It is used coupled with a DC light with a wavelength of 1480
as a base material of key devices for transmitting and nm and irradiated from the InGaAs HEMT metal
receiving packet communications in mobile terminals electrode surface. Laser light transmitted through the
[4]. Because GaAs is used for transmitting and side of the gate metal electrode into the device
receiving devices, the operating frequency has been Source Gate Drain
dramatically expanded [5]. However, because of the I—l )
demand for increasing amounts of information, _l Ohmic contact
further increases in transmission and reception speeds | I " (non-alloyed)
are required, and situations, where it is difficult to use i-Iny ,, Al , As ) .
GaAs, are approaching [6]. It is essential to develop [ - -~~~ —========—===""""" Si 8-Doping

new material systems. InGaAs, a ternary material, has
been a subject of focus for a long time [7,8]. InGaAs
is known as a material system with high electron

i-In ,Ga ,,As (Channel)

mobility derived from InAs and can be to be formed i-Inj , Al As
by metal organic chemical vapor deposition [9]. The
base material substrate is InP and is formed by InP substrate

controlling the composition ratio of In and Ga to
lattice match with this InP. The bandgap energy Eg of
InGaAs is 0.87 eV, and photoelectric conversion of Fig. 1 Schematic cross section of the HEMTs
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structure generates electron-hole pairs by the
photoelectric effect in the InGaAs layer. The
significance of this research is the possibility of
HEMT which is an active device to be a passive
device.

A current response is detected inside the
semiconductor by transporting electrons to the drain
electrode side and holes to the source electrode side.
Because the laser used is pulsed light, the process of
generation and disappearance of electron-hole pairs
were confirmed as photoresponsive properties. These
results suggest that InGaAs HEMTs may function not
only as electronic response devices but also as
photoresponsive devices. In this research, we focused
on the hole accumulation effect inside the InGaAs
layer. By using this effect, a prediction model was
constructed regarding the carrier behavior inside the
InGaAs layer when the light was irradiated from the
device electrode face of the InGaAs HEMT. This
model enables the visualization of the hole behavior
during InGaAs, optical response of InGaAs HEMT
that has been inferred that a hole dominant. These
results suggest that InGaAs HEMTs may function not
only as electronic response devices but also as
photoresponsive devices.

2. EXPERIMENTAL METHOD

Figure 1 shows the crystal structure cross-section
of the InGaAs-based HEMT used in this study. The
current frequency band of InGaAs is at the 12-GHz
level, and it is intended for satellite communication.
Therefore, the mounting line was a micro split line
with a coplanar structure. The channel layer, InGaAs
was lattice-matched with InP substrate and which was
sandwiched InAlAs layer. Due to the surface
potential difference between InAlAs and InGaAs, a
square well potential is formed in the InGaAs layer.
Si was sheet-doped in the InAlAs layer on the InGaAs
layer. The doping density adjusted to around 1E-12 /
cm?. The number of electrons introduced into the
InGaAs layer is larger than the state density function
due to the influence of this high concentration doping.
As a result, the degeneracy of electronic level
occurred inside the InGaAs layer. The two-
dimensional electron gas (2DEG) formed due to the
degeneracy effect and high-speed operation became
possible.

Figure 2 shows the measurement block diagram.
An AF4B125 laser (Anritsu Corporation) was used as
a direct current laser. The femtosecond pulse laser
(Karma Corporation) had a pulse width of 100 fs, a
period of 50 MHz, and an average output of 20 mW.
These two lasers were polymerized with an optical
coupler, and the light intensity was controlled by the
direct light intensity. The multiplexed light was split
by the optical splitter into an output of 10:90. The
10% output was monitored with a light intensity
meter and the remaining 90% was converted to a
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Fig. 3 DC characteristic of an InGaAs HEMT

parallel-plate beam via a drum lens. The incident light
output was changed by CW laser. The electrode
surface of the InGaAs HEMT had the InAlAs layer of
the ohmic contact layer and the Si sheet-doped layer.
In this experiment, the wavelength of the pulsed laser
light was 1550 nm. The energy of the laser had lower
than the band gap energy of the ohmic contact layer
and the InAlAs layer. Therefore, 1550 nm light could
transparent the two semiconductor layers. External
quantum efficiency correspondingly reduced for the
electrode metal surface reflections. Nevertheless, a
laser could introduce into the InGaAs layer from
between the electrodes. The top of the InGaAs HEMT
electrode was irradiated via an aerial transition
process and the photoresponsive characteristics were
confirmed. For the measurement, a network analyzer
at the 40-GHz level (Anritsu MS4664B) was used. A
single-mode fiber was used for the light transmission
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path. For the high-frequency-response measurement,
a 40-GHz-level adaptation system was used.

3. RESULTS AND DISCUSSION
3.1 DC Characteristics of InGaAs HEMTs

Figure 3 shows the DC current-voltage
characteristics (/V characteristics) of the InGaAs
HEMT used this time. As shown in fig. 1, the gate
portion of the InAlAs layer does not have a recess
structure. Therefore, InGaAs HEMT shows of
depletion type IV characteristics. In order to
completely turn off the channel current of this type of
HEMT, it is necessary to greatly negative the gate
voltage. This type of characteristic is not suitable for
switching operation. However, InAlAs layer does not
carry out the manufacturing process in the direction
perpendicular to the gate part, which ensures high
reliability in device characteristics and lifetime. In
addition, a stable current amplification factor can be
obtained. Although a relatively good drain current
rise is seen in the linear region, the current does not
exhibit a complete saturation state in the saturated
region but rather a slightly rising upward
characteristic. For this reason, the drain conductance
Gd has a certain value or more, but the
transconductance Gm has a good value of 100 S.

3.2 Confirmation and Analysis of Photoresponse
Characteristics

Clear optical response characteristics were
confirmed in the /V characteristics of Fig. 3. At the
stage when the coupling light entered the HEMT, the
drain current value was reduced by 0.4 mA at the
maximum. To clarify that this lowering phenomenon
is a photoresponsive characteristic, the S parameter
was measured by a vector network analyzer (Anritsu
MS4644B) and a parameter analysis was conducted.

Figure 4 shows the frequency dependence
characteristics of the source-gate capacitance Cgs and
the gate-drain capacitance Cge. The light output was
controlled by CW laser output. The output intensity
was 50 mW, 72 mW, 90 mW. This is the incident light
output on the top of InGaAs-HEMT. In Fig. 4, the
blue line shows the frequency dependence before
light irradiation and other lines show the frequency
dependency during light irradiation. Slight decreases
in both Cgs and Cgq induced by light irradiation can be
seen. Electron-hole pairs should have been generated
in the InGaAs Ilayer by light irradiation.
Photogenerated electrons are transported to the drain
side together with a two-dimensional electron gas
(2DEG). Both Cg and Cgyq values are confirmed to be
clearly degraded by light irradiation. However
distinct changes are only at 50mW light irradiation
before the light irradiation (0 mW). No clear light
intensity dependence has been confirmed during light
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Fig. 4 Frequency dependence characteristics of the
parasitic capacitance of InGaAs HEMT

(a) Source—gate capacitance, Cys
(b) Gate—drain capacitance, Cggq

irradiation. It is obvious that electron-hole pairs were
generated in the InGaAs layer by light irradiation.
Although it increased the light intensity, it did not
have a large change in the electron-hole pairs
generation rate. Next, the current amplification factor
is confirmed whether it has changed by ON/ OFF of
light irradiation. Figure 5 shows the frequency
dependence of the current gain before and after light
irradiation. There is almost no difference before and
after. It is thought that the gain current was as weak
as 0.4 mA at the maximum and was not reflected in
the h21 parameter. From fig. 5, it is considered that
the number of electron-hole pairs generated by light
irradiation is extremely small. In this experimental
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system, the window for introducing the laser light into
the InGsaAs layer is only the gap existing between
the source and gate electrodes or the gap existing
between the gate and drain electrodes. In addition, a
three-layer structure of Ti/ Pt/ Au is formed as a gate
metal, and both are materials having a metallic luster.
Radiation light reflection from Au on the surface and
reflection from Ti/ Pt on the electrode side surface. It
is thought that these deteriorated external quantum
efficiencies, resulting in weak photocurrent.

Figure 6 shows the frequency dependence
characteristic of the drain conductance Gg. A clear
difference was confirmed for Gq depending on the
presence or absence of light irradiation. It was
confirmed that the drain conductance was lowered by
light irradiation. Moreover, contrary to the results of
capacitive component analysis and gain analysis, the
drain conductance is confirmed to be slightly
dependent on the light intensity. A phenomenon that
does not affect the current value change rate and the
parasitic component is expressed inside the InGaAs
layer. In addition, the decrease of Gd suggests the
existence of the electron consumption process inside
the channel. The reason for this will be discussed
below.

3.3 Hole Accumulation Effect

It is known that the InGaAs layer originally has a
hole accumulation effect [12]. At this time, holes are
accumulated in the InGaAs between the gate and the
source. The accumulated holes are recombined with a
2DEG, attenuating the number of transferred
electrons, and this attenuation is a frequency
dispersion phenomenon of Gq. [13,14]. Based on this
hole accumulation effect, consider what phenomenon
has occurred in the device in which the InGaAs-
HEMT channel layer. Expectations diagram for
carrier behavior within the InGaAs HEMT device
shown in figure 7. First, figure 7 (a) shows carriers in
the channel layer in the case without light irradiation.
At this time, the electrons supplied from the source
move inside the two-dimensional electron gas located
under the InAlAs layer and the InGaAs layer and go
out to the drain electrode.

Next, figure 7 (b) shows the carrier inside the
device during light irradiation. By executing light
irradiation, thermal vibration occurs due to an
increase in energy inside the device, and the bonds
between atoms are broken. Electron-hole pairs are
generated by photovoltaic effect [15]. The generated
electrons move in the two-dimensional electron gas
and reach the drain electrode side. Holes form two-
dimensional hole gas (2DHGQG) in the lower part of the
InGaAs layer and move to the source electrode side
[16]. In InGaAs-HEMT devices, heterojunction plane
by InAlAs and InGaAs has two sides vertically
sandwiching the InGaAs layer has a structure that
confines the carriers, respectively. Two-dimensional
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electron gas (2 DEG) is formed on the upper surface
of the InGaAs layer and two-dimensional hole gas (2
DHG) is formed on the lower InGaAs surface. Figure
7 (b) and (c), 2DHG shows a layer of orange. Here,
the hole cannot go out and from the outside using the
source electrode. The source electrode is located on
the 2DHG layer opposite direction, the potential
barrier possessed by the InAlAs inhibit hole transport.
It is known from this that hole accumulation occurs
between the source and the gate as shown in fig. 7 (c)
[17, 18]. Here, as the light irradiation is continued, the
amount of hole accumulation continues to increase.
When this hole reaches the 2DEG layer,
recombination occurs with electrons in the layer. A
large number of holes generated by hole
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accumulation effect is known to perform Auger
recombination [19, 20]. Recombination within the
normal InGaAs layer indicates band-to-band

recombination and creates a light emission mode [21].

However, when the number of holes exceeds a certain
value, the non-emission Auger recombination mode
dominates the main factor. It is known that the hole
consumption rate due to Auger recombination is a
higher speed mode than band recombination [22].
Thus, the electron density of the 2DEG is rapidly
decreased. This effect contributed to the decrease of
the source-drain current value during light irradiation.
Also, while the drain conductance varies depending
on the presence or absence of light irradiation, the
reason why Gain did not change can also be explained
by the hole accumulation effect. From the above, it is
concluded that the photoresponse of the InGaAs-
HEMT device in this study is a hole response.

4. CONCLUSIONS

A 1550-nm wavelength femtosecond pulse laser
(with a pulse width of 100 fs and a period of 50 MHz)
and DC light with a wavelength of 1480 nm were
coupled to an InGaAs HEMT and irradiated from the
device metal electrode surface. Semiconductor laser
light penetrating into the device structure from the
side surface of the gate metal electrode generated
electron-hole pairs by the photoelectric effect in the
InGaAs layer, and it was confirmed that the
maximum drain current of 0.4 mA was reduced. In
electron-hole pairs generated by incident light holes
accumulated in the source region. It is clear from the
S parameter analysis that the hole accumulation effect
is due to noticeable frequency dispersion of the drain
conductance. These results suggest that InGaAs
HEMTSs may function not only as electronic response
devices but also as photoresponsive devices. In this
research, we focused on the hole accumulation effect
inside the InGaAs layer. By using this effect, a
prediction model was constructed regarding the
carrier behavior inside the InGaAs layer when the
light was irradiated from the device electrode face of
the InGaAs HEMT. This model enables the
visualization of the hole behavior during InGaAs,
optical response of InGaAs HEMT that has been
inferred that a hole dominant.

From now on, we will investigate system-on-chip
of photoresponsive element and signal processing
element on InGaAs crystal.
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