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Infrared phototransistor using capacitively coupled two-dimensional
electron gas layers
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A narrow-band infrared phototransistail4.8 um) is designed and realized based on a
GaAs/AlGaAs double-layer structure. An isolated island formed from the first quantuniQ@ua

works as a gate, which is capacitively coupled to the remote two-dimensional electr(2DgzG)

layer working as the source/drain channel. Incident radiation excites the intersubband transition
within the isolated QW island. Excited electrons tunnel out of the QW causing it to positively charge
up. This affects the conductance of the remote 2DEG channel, yielding detectable photosignals. The
present detection mechanism makes it possible to design semiconductor infrared detectors with
higher sensitivities along with custom designed tunability. The mechanism also holds potentiality of
single-photon detection in the infrared region.2605 American Institute of Physics
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Semiconductor quantum wel®WSs) provide us with an  field-effect transistor in the near-infrared rar?gewhere
attractive system for designing detectors of infrared radiatiorsingle photons have been detected by utilizing quantum dots
(IR) because the energy spacing between two-dimension#hat trap charges created via band-gap photoexitation.
subbands in the QWs is readily designed in the infrared spec- To realize the scheme in the above, we fabricate devices
tral range by choosing material parameters including the wellFig. 2(@)] in a GaAs/AlGaAs modulation doped hetero-
width. The most extensive studies have been carried out ostructure crystal containing a GaAs QW and an inverse het-
QW infrared photodetectonlsz, in which electrons are photo- erostructure as shown in Fig(l8. The layers are grown by
excited in multiple QWs to yield photocurrent that is driven molecular-beam expitaxy on an-type conducting GaAs
vertically to the QWSs. Vertical photocurrents, however, in-substrate: They consist of a @dm thick buffer layer
trinsically suffer from relatively low electron mobility, lead- (AlGaAs/AlAs superlattices a 30 nm A} sGa, /AS spacer
ing to limited detector performance. Let al® studied lat- layer, a 50 nm GaAs layer, a 100 nm composition-graded
eral photocurrents in GaAs QWs that are induced by excitindAl,Ga; ,As (x=0.01—0.1) barrier layer, a 2nm
self-assembled quantum dots embedded in the QWSs. In all Al ,Ga; gAs tunnel barrier, a 10 nm GaAs QW layer, a
these detection schemes, however, photoexcited electro®s nm Al ;Ga,7As barrier layer, and a 10 nm GaAs cap
yield the photocurrent to be detected. Because of the lack dhyer. Electrons in the lower inverse heterostrucure are sup-
a built-in amplification mechanism, the detection sensitivityplied by a s-doping (Si:5X 10** cm™) at 30 nm below the
may hardly reach a single-photon level, which has beemeterointerface, and those in the upper QW by draoping
achieved both in the shortér! and the longeP:° wavelength  (Si:8x 101 cm?) at 25 nm above the upper heterointerface
ranges. of QW. Two additionals-doping layers(both 1x 102 cm?

In this letter, we propose and demonstrate a differensi) are placed at 25 nm and at 60 nm below the top surface
detection scheme, in which an electrically isolated island of d&or compensating surface charge. Shubnikov—de Haas and
QW is photoexcited to serve as a gate to a remote twoeapacitance-voltage measurements show that the electron
dimensional electron ga@DEG conducting channel. As
schematically shown in Fig. 1, photoexcited electrons escape
the isolated QW island leaving holes behind. The photoelec-
trons are driven to the 2DEG conducting channel yielding IR
photocurrents. Another effect larger than this direct photo-
current arises from the positive charge left on the QW island,
which, through capacitive coupling increases the electron
density in the 2DEG channel and thus its conductance. The
effect persists until the excited electrons recombine with
holes in the isolated island, serving as an amplification
mechanism. Our detector is thus a charge-sensitive pho
totransistor, in which a QW island works as a photosensitive
floating gate. This scheme is reminiscent of a photosensitive
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PElectronic mail: anzh@thz.c.u-tokyo.ac.jp FIG. 1. Schematic representation of the detector.
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(85nm) FIG. 3. Solid dots represent photosignal against the gate voltagg for
GaAs (IOnm)/ =5 um andA=14.8 um. White dots show reference data taken without the
radiation from the globar. The inset shows the capacitance and the conduc-
Al ,Gag gAs tance against the gate voltage, both with solid lines. For the conductance,
(2nm) ; reference data taken in the complete davikhout 300 K-black-body radia-
AlogGao]A ) tion) is represented with the dotted line. The smaller panel in the inset is a
(30nm) i .- blow up of the conductance curves arowig=-0.59 V.
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FIG. 2. (a) Top view (left pane} and cross-sectional viewight pane) of in the inset of Fig. 3, the capacitance between the .front gates
the device (b) GaAs/AlGaAs heterostructuréc) Schematic representation and the QW/2DEG layers decreases step wiseVat
of the energy diagram. =-0.59 V and atV,=-1.6 V by decreasing the gate bias
voltage V. This indicates that the upper QW in the regions
] - underneath the gates is depleted belgyw—0.59 V forming
densqy angl the electron mob|I|t}/1 o_flthe upper QW are 2.9e isplated island in the constricted region, and the lower
X 10" cm? and 3.7<10° c?V~'s™, and those of the opEG channel undereath the gates is depletedvat
lower 2DEG layer are 2X10"cm™? and 9.7 =_36 V. This is reassured by the conductance curve shown
x10* cn? Vis both at 4.2 K. _ together in the inset of Fig. 3, where the conductance de-
The device is fabricated by a standard technique Otreases with decreasing,, changing the slope of its de-

electron-beam lithography. A two-terminal conductor with acrease atV,=-0.59 V and completely vanishing a¥,
constricted region of a 5@m width and a 20Qum lengthis  =—-1 6 V.

formed by wet mesa etching of 80 nm depth. Ohmic contacts A globar is used as the source of IR radiation. The ra-

are prepared by alloying of a 200 nm thick AuGe/Ni layer. diation from the globar is chopped at a low frequency
Two front cross gates sandwiching the constricted region args Hz), passed through a grating monochromator and guided
formed by depositing a metal lay€t5 nm Ti/65 nm A0, tg the device through an optical system consisting of mirrors,
so that in a negative bias condition the upper QW in themetal light pipes, and KRS-5 lenses. A black polyethylene
constricted region is electrically isolated. Normal compo-film is placed at 4.2 K. A dc current of 3@A is passed
nents of the optical electric field to the QW plane are neede¢hrough the device and the voltage drop across the device is
to cause inter-subband transition in the QW. To create thetudied. The photosignal is detected via a standard modula-
vertical components for normal incident IR radiation, a metalijon technique using a lock-in amplifier. For later discussion,
grating consisting of an array of square metal pads isve mention that not only the radiation from the globar but
deposited;*® where the ratio of the open to the metal-padalso 300 K-black-body radiation arising from room-
areas is fixed to unity. Different devices with grating periodstemperature optical componergtae chopper, the monochro-
of g=2.5um, 5 um, and 7.5um are prepared. mator grating, mirrors, and metal-pipe walls, gteeaches

The upper QW is so designed that the energy spacinghe device in our optical scheme.
between the ground subband and the first excited subband is Typical photosigna(\ =14.8 um) is shown in Fig. 3 for
Eo1=90 meV (wavelength of 14.Qum). When IR light with  a device ofg=5 um. The photosignalsolid dots is found to
the photon energy oEy; is incident on the isolated QW, occur whenV, decreases beloW,=-0.59 V, viz., when the
electrons are excited to the first excited subband, where th@Ww island is electrically isolated. The polarity corresponds
thin tunnel barrier allows those excited electrons to rapidiyto increase of conductance due to the illumination. These
escape to the lower barrier layer as schematically depicted isharacteristics are a consequence that the QW island is posi-
Fig. 2(c). The electrons, having tunneled out of the QW, fall tively charged up by IR illumination only when it is electri-
down the electrostatic potential slope in the graded barriecally isolated from the source/drain contacts and that the
layer until they eventually reach the 2DEG channel to bepositive charge on the isolated QW island is sensed by the
absorbed there. This causes the isolated QW island to posPDEG channel through an increase in the electron density.
tively charge up. Through capacitive coupling, the pile-up  The excitation spectrum taken in the devices @f
positive charge in the isolated island increases the electron2.5 um, 5 um, and 7.5um is displayed in Fig. 4, wheré,
density of the lower 2DEG channel leading to an increase ins fixed atVy=-0.7 V for all of the devices. The photore-
conductance. sponse takes a sharp maximum at aboui4.8 um for each

All of the experiments are carried out &=4.2 K and  device, which is in good agreement with the expected en-

with the n-GaAs substrate grounded to the Earth. As showrergy, Ey,, for the 0— 1 intersubband excitation in the QW.
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-0.25 whereas the radiation intensity of the former is larger than
-0.204 that of the latter only by a factor of 23.
In general, the response to radiatia(, increases lin-
S 0159 early with the radiation intensit? only if the radiation is so
5 -0.10J weak that the electrostatic potential in the heterostructure
>.§ does not change its profile. The responsg will level off as

-0.05- the electrostatic potential of the QW island decreases sub-
stantially, and is completely saturated when the amplitude of
decreaseAU, approaches the excitation enerfy;. In our
5 s - 1-4 e 18 detector, the ground-state subband of the QW island should
Wavelength (um) line up with the Fermi level of the 2DEG channel in the dark.
When exposed to IR radiation, the QW island is positively
FIG. 4. Excitation spectrum in devices wig=2.5um, 5um, and 7.5um.  charged up decreasing its electrostatic potential. As the po-
tential decreases, the responsiviiG/P, decreases because
The fact that the peak position is substantially unaffected byhe recombination lifetime of photoexcited electron/hole
the grating period suggests that the grating-induced resgairs decreases. Furthermore, part of photoexcited electrons
nance structure is insignificant, compared to the sharp energgan possibly be trapped within the graded barrier without
levels in the QW. reaching the 2DEG layer, screening the effect of the positive
We have also fabricated devices without metal gratingcharge in the QW island. The experimentally found incre-
Though not shown here, additional experiments confirmednent of conductancdG/G=7% in the presence of back-
that those devices yield no discernible photoresponse. Thiground radiation makes us to expect that the ground state
fact, together with all the other findings described abovesubband of the QW island is lower than the Fermi level by
provide definite evidence that the bound-to-boufd- 1) about AU=€’An,/C,,~60 meV, whereC,, is the capaci-
intersubband excitation in the isolated QW island leads to &nce between the QW island and the 2DEG channel, and
positive charge up of the island and its influence on the conAn,~(AG/G)n,=1.5x 10'% cn¥ is the electron density in-
ductance of the remote 2DEG layer is sensed. crease in the 2DEG channel. Since the amplitudéofis
The intensity of relevant IR radiation (A comparable td=y;=~90 meV, we expect that our detector is
=14.8+0.5um) emitted from the globar and reaching the saturated due to the background black-body radidfiemd
active area(50x 200 um?) of the device is roughly esti- interpret the relatively low valueD"=1x 10° cm HZ/2/W,
mated to be on the order of 3 pW. The induced photosignalo be a consequence of strong saturation. The intrinsic detec-
is aboutVg,=-0.15uV (Figs. 3 and 4 or the induced rela- tivity, (9G/dP)p-o, may be much higher thaR"=(1x 10°)
tive change in conductance is abad\®/G=+0.001%. Not- X (7%/0.001% X (1/23)=3x 10** cm HZV2/W.
ing the signal to noise ratio, we roughly estimate the detec- In summary, we have demonstrated a scheme of infrared
tivity to be on the order oD"=1x10° cm HZ2/W. As  photodetection. Incident light induces intersubband transition
discussed below, we suppose that this apparent detectivity is an isolated QW island and causes the island to charge up.
significantly suppressed by a saturation effect of the coexistthis changes the electrostatic potential of a remote 2DEG
ing 300 K-black-body radiation and that the intrinsic detec-conducting channel through capacitive coupling, and causes

0.00 {7 A

0.05

tivity can be much higher. its conductance to increase.
We find in the inset of Fig. 3 that af;=-0.59 V the ] ] ) )
conductance increases step wise with decreagjnas large This work is supported by the Solution Oriented Re-

as AG/G=+7%. This jump of conductance is independentS€arch for Science and TechnoloyORST of the Japan

of globar radiation, but disappears if we block all radiation Science and Technology CorporatiQIST).

by housing the device within a 4.2 K-metal can as shown by, ,

the dashed curve in the inset. Thus, this conductance changg: = Levine. J. Appl. Phys74, R1 (1993.

. . . L . Rogalski, J. Appl. Phys93, 4355(2003.

is ascribed to the influence of 300 K-black-body radiation sg Lee, K. Hirakawa, and Y. Shimada, Appl. Phys. L6, 1428

(A=14.8+0.5um). We also notice in Fig. 3 that a significant (1999,

fluctuation of resistance takes place when the QW island is‘s‘B. F. Levine and C. G. Bethea, Appl. Phys. Letd, 581 (1984

isolated(Vy<-0.59 V). The fluctuation shows up also when EHRa?adso% Z‘s\éerf;‘;eve’ A. Poelaert, A. Peacock, and D. J. Goldie, J. Appl.

the globar is turned off, as shown by open dots in Fig. 3. °A. gts.Shiélds l\/f P. g;SuIIivan I. Farrer, D. A. Ritchie, R. A. Hogg, M. L.

(Though not shown here, the fluctuation is absent when the  eadbeater, C. E. Norman, and M. Pepper, Appl. Phys. LZ8t.3673

device is placed in the completely dark conditjoithese (2000.

findings make it highly probable that the isolated QW island Y. Kang, Y.-H. Lo, M. Bitter, S. Kristjansson, Z. Pan, and A. Pauchard,

charges up significantly via-01 intersubband excitation sgpﬁl' Phys. '-9882' 3?58(2\5)0:)-t . A H. il Nt

due to 300 K-black-body radiation, and that the number of (L'on‘é%yimog’ 465(2(?05.\/’ - Antonov, 1. Rutsuwa, and 1. Hiral, ature

excited holes on the isolated QW island statistically fluctu- s astafiev, S. Komiyama, T. Kutsuwa, V. Antonov, Y. Kawaguchi, and

ates. Considering the optical scheme, we roughly estimatek. Hirakawa, Appl. Phys. Lett80, 4250(2002.

the power of 300 K-radiation reaching the device in the rel-*°M. Graf, G. Scalari, D. Hofstetter, J. Faist, H. Beere, E. Linfield, D.

evant wavelength regiof\=14.8+0.5um) to be on the or-  Ritchie, and G. Davies, Appl. Phys. Le®4, 475(2004. o

der of 70pW. We note that the amplitude of the This expectation is supported'by the additional experimental finding that
or . . the amplitude of photosignal increases when another black polyethylene

300 K-radiation-inducedG (7%) is larger than that of the  fiim of 4.2 K is added: The signal does increase despite the total radiation

globar-inducedAG (0.001% by a factor as large as 40 intensity is reduced to about 15%!
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