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Phototransistors Using Point Contact Structures

Yasushi NAGAMUNE*1'*2,Takeshi NODA*2,Yuzo OHNO*2,
Yasuhib ARAKAWA*2,Hiroyuki SAKAKI*2,and Masanobu WATANABE*1

*lErFcrrar′
ελ77′εα′Itabο″αrοry

f―」名FU鶴
`tO″
ο,■ rrt″ba―sraF,fbα″αた,3θ5,JaPα″

*2J4sr加
たげ IPIご

“
S″

'α

′■ jθ

“
ε′,U73ル′rsり げ 乃ゎο

7-22-JRψο″gJ,Mり″αわ―た
“
,7したvOノ 06,JcPa″

WWi鵠■mll臨Stt」r鳳端棚〕尉Lお豫:翼TT認器通漁 淵需lplications,we demonstrate the optical subtraction cil℃ uit using two point contact

phototmnsistors and the optical alnplifier using a point con● ct phototransistor and a light emiting diode.

1. INTRODUCTION

Semiconductor nanostructures have received much
attention for quantum device applications. Transport or
optical properties have been individually investigated so
far.l' 2) et the next step, it is important to study these
properties simultaneously in order to obtain more detailed
information and new ideas for applications. In the previous
papers we demonstrated photon-assisted tunneling through
a point contact structure under microwave illumination
condition.3' 4)

On the other hand, optical processing and computing
have recently become significant for achieving neural
network systems. Various approaches have been proposed
and actually integrated circuits have been fabricated.5-?
However, optical devices for this field are not sufficiently
prepared. These devices have complicated structures, so
that fabrication is not so easy. More simple structures are
desired.

In this rvork we investigated transport properties of the
point contact samples, which were fabricated by the
regrorvth technique, under visible light illumination
condition, and found that the sample showed
phototransistor action. The point contact phototransistors
(PCPTs) have large responsivity and on-off rate although
they have simple structure. As applications, we
demonstrated the optical subtraction circuit and the optical
amplifier using the PCPTs.

2. EXPERIMENTAL

2.1. Sample Fabrication

Samples including point contact structures were prepared
b1,' molecular beam epita:iy (MBE) of a modulation-doped
n-type In3.17Gag.gAs/GaAs quantum well with a thickness

of 10 nm, followed by the formation of constrictions with
widths of 100 - 500 nm and a length of 200 nm by wet
etching, and regrowth of GaAs by MBE for embedding the
etched grooves.S) Carrier density and mobility of the
unetched quantum well under dark condition at room
temperature were 6.0 x l0l5 m-2 and 0.42. m2lvs,
respectively. In the same wafer we also made Auston-
su'itch-like samples in which a constriction was perfectly
etched a$'a-v.

Since the InGaAs point contacts are embedded by GaAs
and hy'drogen cleaning was performed before the regrowth,

there should be virtually neither non-radiative nor pinning
centers at the regrowth interfaces.9)

2.2. Micr o -Photoconductivity Measurement

Micro-photoconductivity (p-PC) measurements were
carried out with a cw HeNe laser with a TEMoo mode
which was focused onto the area around the point contact
by an objective lens of an optical microscope. The
numerical aperture of the lens was 0.42 and the working
distance 17 mm. The wavelength of the laser was 632.8 nm
and thus the beam diameter was 0.75 pm which is almost
equal to the spatial resolution of the measurement system.
The laser beam shape and size were checked by monitoring
the reflection image by a conventional charge-coupled
device (CCD) camera through the same objective lens. For
monitoring the position of the laser beam against the point
contact, a white light illumination by a tungsten lamp was
used.l0) The change of p-PC of the point contact was
measured as a function of laser beam position, laser power,
or bias voltage which was applied between the source and
the drain. Here, note that most of the bias voltage is applied
in the pornt contact. For measuring p-PC as a function of
wavelength, output light from a double-monochrometer
was used, where a tungsten larnp was set at the input of the
double-monochrometer. Spectral profile of the light was
measured by a power meter, and the data were used for
obtaining precise p-PC profile of the samples.

3. RESULTS AND DISCUSSION

3.1 . Phototransistor Action

Figure I shows the drain current profiles of the polnt
contacts with various width of 500, 300, 200, and 100 nm
as a function of HeNe laser power at room temperature,
where the bias voltage was changed from 0.2 to 1.0 V with
a step of 0.2 V and the laser beam less than 300 pW was
irradiated just on the point contact. As shown in these
figures, current for the wide pornt contact is a little
influenced by the laser illumination. However, with
decreasing the width of the polnt contact, current at 0 pW
largely decreases and approaches to zero while totally
current decreases because of decrease of the sample
conductance.

Figure 2(a) and 2(b) show the conductance at laser
powers of 0 and 300 pW and a bias voltage of I V, and the
responsivity at 5 pW and I V as a function of width of the
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Fig. I .Drain current profrles of the point contacts with
uarious widths as a functinn of HeNe laser power at room
temperature, where the bias voltage applied between the
source and the drain was changed from 0.2 to 1.0 V with a
srcp of 4.2 V as indicated at tlrc right side of each curve for
the 500-mn sample.

polnt contact, respectively, which were derived from Fig. 1.

From Fig. 2(a), one can see that narrow pornt contacts are
also conductive because they are embedded in the GaAs
lateral barriers, while only etched point contacts of InGaAs
with low In content are not conductive as the width
becomes less than about 4O0 nm due to depletion from the
etched surfaces. Moreover, recombination of electron-hole
pairs is non-radiative and very fast in the etched samples.

l-arge responsivity 2x 105 A/W is estimated for the 200-
nm point contact sample as shown in Fig. 2(b). This large
responsivity or optical gain is considered to be due to
efficient hole localization in the point contact. We
measured photoresponse as for the Auston-switch-like
sample, and obtained responsivity of about 2 AIW which
almost colresponds to a quantum efficiency of IOA Vo.

Therefore, it is considered that quantum efficiency of the
PCPTs is also near IOO Vo.

Figure 3(a) shows AC current through the 20Gnm PCPT
measured by a lock-in amplifier with a modulation
frequency of about Zffi Hz as a function of wavelength of
the spectral-resolved incident light, where power of the
light was strongly reduced less than 5 pW, the light
diameter on the sample was set less than I , !.rm, and the
light was irradiated just on the point contact. As shown in
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Fig. 3 Current through thc point contact with a width of
200 nm measured by a lock-in amplifier &s a function of
wavehngth of the spectral-resolved incident light, where
power of the lightwas less than 5 pW, the light diameter on
the sample was set less than I W, and tlrc light was
inadiated just on the point contact.(a) Current through the
point contact mcasured in changing tlrc position
illaminated by the l,aser beam. (b)

this figure, an absorption gap is seen at a wavelength of
about 870 nm, which corresponds to the band-gap of GaAs.
Therefore, it is considered that most of light is absorbed in
the GaAs barrier, and generated holes drop into the InGaAs
polnt contact which effectively reduces height of the
conduction band of the pornt contact, and then majority
electrons can go through the point contact. While under no
illumination condition majority electrons can not pass the
polnt contact because height of the conduction band of the
polnt contact becomes higher in the influence of the lateral
GaAs baniers.

This idea is supported by the result shown in Fig. 3(b).
Here, current ttrrough the point contact was mffNured in
changing the position illuminated by the laser beam. In this
figure, current shows maximum when the laser beam was
irradiated just on the point contact, but the current curve is
broader than the beam size, and the curve dose not have
perfect symmetry and shows small broadness in the right
side. This shows that hole movement into the point contact
occurs from the around area and that the small asymmetry
is caused from the hole movement by the electric field of
the bias voltage.

We also investigated on the GaAs/AlGaAs point contact
structures fabricated by the hydrogen-assisted selective
growth technique using MBE.ll) These samples were ln
sita fabricated, so that the growth interfaces should have the
same grade as that of quantum well samples. Also as for
these samples, similar results were obtained. Moreover,
longer polnt contacts showed larger responsivity, which is
different from the result concerning previous
photoconductive detectors.l2) From these results, it is
considered that the present phototnansistor action relates not
to minority-carrier traps 13) at the surface or the growth
interfaces but to the hole localization in the point contacts.

3.2. Applications

We constructed the optical circuit for subtraction using
two PCPTs as shown in Fig. 4(a), where a chopped laser
beam with a frequency of 4O0 Hz and that with a little
different frequency are inadiated onto the two point
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Fig.2 Conductance at laser powers of 0 and 3M pW and a
bias voltage of I V.(a) Responsivity at 5 pW and I V as a
function of width of point contacts.(b)
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Fig. 4 Optical circuit for subtaction using nvo PCPTs,(a)
where a chopped laser beam with a frequency of 400 Hz
and that with u little dffirent frequency are irradiated onto
two point contacts, respectively. (b) shows thc experimental
resull, wlrcre Pe and Pg correspond to the change of the
laser power of the two lnser beams and the lowest profile
Ie-n is AC current rneasured by the anuneter shown in (a).

contacts, respectively. Here, subtraction is the basic
calculation for realizing neuron devices,l4) and is desired
to be carried out by more simple structures.

Figure 4(b) shows the experimental result, where Pl and
PB correspond to the change of the laser power of the two
laser beams and the lowest profile Il-n is the current
measured by the ammeter shown in Fig. 4(a), As shown in
this figure, one can see subtraction is actually performed by
the present circuit.

By using a PCPT and a red LED, we constructed an
optical amplifier as shown in the inset of Fig. 5. Here, the
PCPT with a size of I x I mm2 includes 20,000 pornt
contacts with a width of about l5O nm in parallel for
obtaining large drain current and large on-off rate, and the
LED has an efficiency of 10 Vo.Main pan of Fig. 5 shows
output light power of the LED as a function of input light
power irradiated on the PCPT. Here, we can obtain large
gain more than 20.

The conduction area of the present structure is made by
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Fig. 5 Otttput profile of the optical arnplifier using a point
contact phototransistor and a light emining diode as a
function af input light power at room temperature. A inset
shows the circuit, and a chain line indicates a gain of 10.

modulation-dop" technique, so that there is an advantage
that the electron mobility is large, therefore high speed
devices are expected.

Moreover, the structure of the lateral point contact
fabricated by regrowth technique is easily changed into
vertical structures. Vertical structures have advantage for
making lamination structures with other devices, therefore
the present fabrication method is promising for laminating.
The light output from the LED is incoherent and also
independent to the input light phase because the input light
is once changed into electron flow. Vertical structures and
combination of laser diodes may improve such situations.

4. CONCLUSION

We investigated detailed photoresponse of the point
contact structures and found that the structures showed
phototransistor action with extremely large responsivity.
We applied these PCPTs for constructing an optical
subtraction circuit or an optical amplifier. The PCPTs or
their applications are promising for general optical circuits
or neural network systems such as smart pixels.14)
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