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Gate voltage tuning of photo-responses in n-AlGaAs/GaAs/AlGaAs double-
heterojunction
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We demonstrate that the gate voltage V; tunes the Schottky photocurrent s for the irradiation of two lights (Light A and B) in
an n-AlGaAs/GaAs/AlGaAs double-heterojunction. Light A is a 975-nm-laser that illuminates the entire Schottky gate region
at 280pW/mm?, Light B is a 670-nm-laser that locally illuminates the ungated region at 0.4uW. When V, = 0V, Light B doubles
Isg for Light A. At Vy = 87mV, Isg is generated only when both Light A and B are irradiated simultaneously, like the logical
operation ANB. When V, = 165mV, Isc is induced only for the illumination of Light A alone, like ANB.



Because of their importance as infrared (IR) detectors, the IR photo-response of Schottky barrier diodes has been
extensively studied for decades.*® A Schottky-barrier photodetector typically comprises a thin metal film on a semiconductor,
creating a rectifying potential barrier at the interface. The photon energy of the detectable light is determined by the Schottky
barrier and not by the bandgap energy of the semiconductor. Therefore, an appropriate combination of a metal and a
semiconductor can potentially detect infrared photons in the energy range of 0.2-0.6 eV.*5

In previous papers,'*3) we investigated the photo-response of an n-AlGaAs/GaAs heterojunction to illumination on the
Schottky gate region and the ungated region. Our findings showed that a lateral photocurrent is generated in the two-
dimensional electron gas (2DEG) only when both regions are illuminated, like the logical operation ANB.1Y We also examined
the Schottky photocurrent and found that the photocurrent caused by illumination of the Schottky gate region is enhanced by
illumination of the ungated region.’® In this brief paper, the influence of the gate bias on the photo-response of the double
heterojunction is studied. We measure the Schottky photocurrent Is¢ at different gate voltages V, and demonstrate that the value
of V, tunes Is¢ for the illumination on the Schottky gate region and the ungated region.

For our study, a selectively doped n-AlGaAs/GaAs/AlGaAs double-heterojunction was prepared on a semi-insulating GaAs
(100) substrate by molecular beam epitaxy. A 500-nm-thick GaAs buffer layer was grown, followed by a 310-nm-thick
superlattice layer (10 nm Alg27Gap73As/2 nm GaAs), a 15-nm-thick GaAs quantum well (QW), a 10-nm-thick non-doped
AlGaAs spacer, an 80-nm-thick Si-doped AlGaAs layer, and a 10-nm-thick GaAs capping layer. The heterojunction wafer was
processed into a Hall bar structure with a Schottky gate. The Schottky gate was fabricated by vacuum evaporation of Al with
a thickness of about 100 nm. The sample was bonded with silver paste in a ceramic package with a gold coated surface. The
details of the sample preparation are given in Refs. 11-13.

To illuminate the Schottky gate region, we used a 975-nm-laser beam with an excited power density of about 280 pPW/mm?
(Light A) as the IR light source, which illuminated the entire sample structure (Fig. 1). The 100-nm-thick aluminum Schottky
gate is expected to reflect over 90% of the incident light (using the Fresnel formula, the reflectance is approximately 94%).
However, since the photon energy of Light A is less than the band gap energy of GaAs and AlGaAs, interband absorption does
not occur, and GaAs and AlGaAs crystals are nearly transparent to the incident light. Therefore, the laser beam propagates
through the sample, reflects off the back surface, and reaches the Schottky junction interface (Fig. 1(a)). Thus, Light A is
capable of exciting photoelectrons at the metal-semiconductor interface in the Schottky gate region, as well as inducing an
intraband transition that excites 2D electrons from the QW (Fig. 1(b)).

To illuminate the ungated region, we used a 670-nm-laser beam with an excitation power of 0.4 uW (Light B) as the light

source (Fig. 2). Light B was focused by a microscope objective lens into a 50 pum diameter spot, allowing for observation of



the sample surface and precise monitoring of the irradiation position. The irradiation position is approximately 1.4 mm away
from the gate region. The photon energy of Light B (wave length 670 nm) is about 1.85 eV, which exceeds the bandgap of
Alo27Gag73As (~ 1.78 eV), the superlattice, and GaAs. Using the absorption coefficient of AlGaAs to that of GaAs with the
energy shift of the bandgap difference,*® it is roughly estimated that about 10% of the incident light is absorbed by the n-
AlGaAs layer, 30% by the superlattice layer, and the rest by the GaAs buffer layer, apart from surface reflection.

The absorption in the n-AlGaAs layer generates electrons and holes, and the electrons (holes) move toward the QW (surface)
((i) in Fig.2(b)). The electrons are immediately redistributed uniformly in the QW due to the high conductivity of the 2DEG
channel. In contrast, the holes accumulate at the surface, but many of them recombine with electrons in the QW, where the
recombination process is accelerated by the band flattening resulting from their Coulomb potential. Although some of the
accumulated holes at the surface may move in the in-plane direction, their travel distance is insignificant due to the low mobility
of holes. Therefore, the absorption in the n-AlGaAs layer has little effect on the Schottky photocurrent occurring at a large
distance.

In the photo-absorption of the superlattice layer ((ii) in Fig.2(b)), generated holes move toward the GaAs buffer and
accumulate there, while electrons are attracted to the QW and is redistributed in the QW. In contrast to the holes at the surface,
those in GaAs have a relatively high mobility (~ 400 cm?/Vs).'® Moreover, the holes are separated from the electrons that
recombine with them by a thick superlattice. Therefore, the accumulated holes diffuse in the in-plane direction over a long
distance and then spread to the Schottky gate region.

In the photo-absorption of the GaAs buffer layer ((iii) in Fig.2(b)), most of the generated electrons and holes are recombined
due to their insufficient spatial separation. A few electrons still accumulate at the interface between the superlattice and the
GaAs buffer, and then thermally cross the superlattice barrier into the QW. The remaining holes in the GaAs buffer are unable
to recombine and diffuse in the in-plane direction. However, since the contribution of this process ((iii) in Fig.2(b)) is expected
to be relatively small, the previous process ((ii) in Fig.2(b)) is most important for the in-plane hole diffusion. Note that only
the holes that diffuse in the in-plane direction and reach the gate region can affect the Schottky photocurrent.

Figure 3(a) shows the Schottky photocurrent Isg from the source contact to the gate, when Light A and/or B are turned on or
off. No gate voltage is applied. On the horizontal axis of Fig. 3(a), A, B, and A+B represent the irradiations of Light A, B, and
both, respectively. The measurement setup is schematically illustrated in Fig. 3(b). When the sample is illuminated with Light
A, the photocurrent Isg is about 12 nA (= lp). In contrast, the photocurrent is not generated by Light B (Isg = 0 nA). When both
Light A and B are irradiated, the resulting Isg is about 21, (= 24 nA); Light B doubles the Isg caused by Light A. The magnitude

of Iy is proportional to the intensity of Light A, whereas the amount of the photocurrent increase depends on Light B. In the



experiment, the intensity of Light B was adjusted to achieve a doubling of the increase amount. The inset in Fig. 3(a) shows
the summary table of the photocurrent responses.

Figure 4(a) shows the Schottky photocurrent Isg from the source contact to the gate, where a voltage Vg of about 87 mV is
positively applied between the gate and the source (Fig. 4(b)). When either Light A or B illuminates the sample, no photocurrent
is observed (Isc = 0 nA). However, the photocurrent Isg flows from the source to the gate for the irradiation of both Light A
and B, and its value is equal to lp (= 12 nA). The inset in Fig. 4(a) shows the summary table of the photocurrent responses.
Note that the summary table corresponds to the logical operation ANB.

Figure 5(a) shows the Schottky photocurrent -Isg from the gate to the source contact, where a voltage V, of about 165 mV is
positively applied between the gate and the source (Fig. 5(b)). When the sample is illuminated with Light A, the photocurrent
-lsc flows from the gate to the source, and its value is equal to o (= 12 nA). In contrast, no photocurrent is generated for the
irradiation of Light B alone and for the irradiation of both Light A and B (Isc = 0 nA). The inset in Fig. 5(a) shows the summary
table of the photocurrent responses. It corresponds to the logical operation ANB.

When the sample is illuminated with Light A, electrons are excited in both the Schottky metal and the QW in the double
hetero-junction (Figs. 3-5(c)). Electrons excited in the Schottky metal transfer to the QW (Tg), while electrons excited in the
QW transfer to the Schottky metal (Tgr). Such electron transfer induces the photocurrent Isg, where the direction and the
magnitude of Is are determined by the relationship between Teand Tg.

More specifically, Te is defined as the number of electrons per unit time that are photoexcited in the metal gate, overcome
the Schottky barrier, and travel to the QW. The height of the Schottky barrier is reduced by the image-force lowering effect,
the magnitude of which is proportional to the square of the electric field on the semiconductor side of the Schottky metal-
semiconductor interface.® Even if the electrons overcome the barrier, some electrons may not reach the QW due to scattering
processes, and the probability of their arrival increases with increasing electric field from the QW to the Schottky gate.
Therefore, the electric field in the sample is of great importance and significantly affects the value of Te. Similarly, Tris defined
as the number of electrons per unit time that are photoexcited in the QW, travel to the Schottky barrier, and cross it. As in the
case of T, the electric field within the sample influences the height of the Schottky barrier and the probability of the electron
arrival.

The irradiation of Light B alone does not generate the photocurrent, as shown at B in Figs. 3—5(a). When the sample is
irradiated with Light B, electrons and holes are excited in the 310-nm-thick superlattice layer ((ii) in Fig. 2(b), Figs. 3—5(b)).

While the electrons are attracted to the QW, the holes move toward the GaAs buffer, and then diffuse and spread to the Schottky



gate region. The positive charge of holes induces electric fields, promoting the electron transfer from the gate to the QW (Tg)
and inhibiting the electron transfer from the QW to the gate (Tr).

The gate bias Vg plays a similar but opposite role to Light B. Applying the gate bias alone does not generate a current (off in
Figs. 4(a) and 5(a)). However, the positive gate bias induces the electric field directed from the Schottky metal gate to the QW.
Since the traveling electrons are subjected to the electric field, the electron transfer from the QW to the gate (Tr) increases and
from the gate to the QW (Tr) decreases. Note that applying the gate bias promotes T, while irradiating Light B promotes Tg.

When Light A illuminates the sample and no gate bias is applied, the electron transfer from the gate to the QW (7%) is larger
than that (7%) from the QW to the gate (Fig. 3(c)), resulting in a net current /s of 12 nA (= Iy) (A in Fig. 3(a)). The irradiation
of Light B increases 7 and decreases 7z. Therefore, Light B amplifies /s caused by Light A, resulting in a doubling of Is¢ to
21y (A+B in Fig. 3(a)).

As the gate bias V, increases, the electron transfer 7 (7) for the irradiation of Light A decreases (increases). At V=87 mV,
Tr is equal to Tk, resulting in a net current of zero (Isg= 0 A at A in Fig. 4(a)). When Light B is irradiated, 7r increases and Tk
decreases, leading to the generation of the photocurrent /s = Iy, as shown at A+B in Fig. 4(a).

With a further increase in the gate bias V,, the electron transfer 7 is smaller than 7% for the irradiation of Light A (Fig. 5(c)).
Consequently, the photocurrent -Is¢ flows from the Schottky metal gate to the source contact (Fig. 5(b)). At Vy = 165 mV, -Is¢
is about /Iy, as shown at A in Fig. 5(a). When Light B is irradiated, 7 increases and 7r decreases, resulting in 77 = T and,
therefore, Is¢ = 0 A (A+B in Fig. 5(a)).

Although qualitative explanations of the experimental results have been provided, a deeper understanding of the phenomenon
would require a more comprehensive investigation. In particular, it is necessary to study quantitatively how the transfer rates
Trand Ty are affected by the image force lowering effect and the probability of electron arrival. Such a quantitative analysis
can be performed by examining the dependence of the Schottky photocurrent on the wavelength of the incident light, which is
currently under investigation.

In this work, we demonstrated that the Schottky photocurrent signal behaves in a manner analogous to logical operations.
Optically controlled switching and logic devices are considered essential technologies for optical computing and digital
communication systems.'-?? Previously, it was shown that an n-p-n-p Shockley diode with a QW can operate as an optical
logic device that changes its logic function depending on the applied voltage.?>?? However, Shockley diodes, originally
developed as thyristors, need a reset process to switch from ON state back to OFF state. An optical logic device has also been
proposed, consisting of two heterojunction phototransistors sensitive to two different wavelengths, which does not require a

reset process.?? But, the logic function is limited to the AND operation. The advantage of our method is that no reset process



is required and the logic operations (A N B, ANB) are switched by the applied bias. In addition, we use two different types of

light absorption, one for the semiconductor bandgap and the other for the Schottky barrier. This differs from previous studies,
which have utilized only the former type of absorption. Our approach potentially offers a wider choice of two light wavelengths.
Moreover, two optical detections are performed at a distance from each other, allowing for a wider range of device designs.
However, our result only showed the possibility of the logic device with optical input and electrical output, although all optical
logic element (i.e., optical output) is plausible for practical applications. This issue is left for future work.

In summary, we have studied the Schottky photocurrent Isg for the irradiation of two lights (Light A and B) in an n-
AlGaAs/GaAs/AlGaAs double-heterojunction and demonstrated that the photo-responses are tuned by the gate bias V. Light
A, a 975-nm-laser beam with an intensity of approximately 280 pW/mm?, illuminated the entire sample structure. Light B, a
670-nm-laser beam with an intensity of approximately 0.4 pW, locally illuminated the ungated region of the sample structure.
With no gate bias applied, the irradiation of Light A causes lss of about 12 nA (= lp) from the source contact to the gate.
Conversely, the photocurrent is not generated by the irradiation of Light B alone. If both Light A and B are irradiated, Light B
amplifies lsg for Light A by a factor of 2. When a gate bias Vy of 87 mV is applied, no photocurrent is observed for the
irradiation of either Light A or B. Only the irradiation of both Light A and B causes Isg (= lo), like the logical operation ANB.
When V4 = 165 mV, no photocurrent is generated for the irradiation of Light B alone and for the irradiation of both Light A

and B. Only if Light A is irradiated alone, lsg (=-lo) is induced, like the logical operation ANB.
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FIG. 1. Schematic drawings of the sample cross-section view (a) and the band diagram of n-AlGaAs/GaAs/AlGaAs double-heterojunction
(b) when Light A is irradiated.
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FIG. 2. Schematic drawings of the sample cross-section view (a) and the band diagram of n-AlGaAs/GaAs/AlGaAs double-heterojunction
(b) when Light B is irradiated.
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FIG. 3. Measured photocurrent Iss for on/off action of Light A (975 nm) and B (670 nm) at the gate bias of Vg =0 V (a). Schematic
drawings of the sample cross-section view (b) and the band diagram of n-AlGaAs/GaAs/AlGaAs double-heterojunction (c).
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FIG. 4. Measured photocurrent Isc for on/off action of Light A (975 nm) and B (670 nm) at the gate bias of Vq = 87 mV (a). Schematic
drawings of the sample cross-section view (b) and the band diagram of n-AlGaAs/GaAs/AlGaAs double-heterojunction (c).

ing

AlP
Publish

L.



ing

AlP
Publish

——— e

.

[E}]

il e F,= 165 m¥ o

A | B | 4

.,

';." oo off 5
T-.':C off rn i
-
= o i Y]
E
] 1 1 1 1
all’ A H T it
Light A. B {on'off)
183 Eectrin il
ihj s
b= <k
Light 4 E':',"l -
LA
Light & \_U/-

o LT (o1
Super [Lztince } .
! Tinaa il Ciale
[P n-AlAs

FIG. 5. Measured photocurrent Isc for on/off action of Light A (975 nm) and B (670 nm) at the gate bias of Vg = 165 mV (a). Schematic
drawings of the sample cross-section view (b) and the band diagram of n-AlGaAs/GaAs/AlGaAs double-heterojunction (c).
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