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Quantum-Well Infrared Phototransistor
With pHEMT Structure
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Abstract—A quantum-well infrared phototransistor with a
pseudomorphic high-electron mobility transistor (pHEMT) struc-
ture is presented. The proposed phototransistor uses four periods
of a GaAs/Aly 5 Gag 7As (50 A /120 A) quantum-well absorption
region, as well as an Ing ;15Gag.gssAs quantum well conducting
channel under the absorption layer. The phototransistor shows a
large responsivity of 140 A/W around 6 ym at 23 K (for a cutoff
wavelength of 7.5 pum). The relation between the photoconductive
gain and the transconductance of the pHEMT structure is also
investigated.

Index Terms—Infrared (IR) detectors, MODFETSs, quantum-
well (QW) devices, quantum-well infrared photodetectors
(QWIPs).

I. INTRODUCTION

NFRARED (IR) imaging systems have been widely used in

various fields of applications, including industrial, defense,
security, and medical applications, and IR photodetectors are
key elements of IR imaging systems. The medum-wavelength
IR (MWIR, 3 to 5 pm) and long-wavelength IR (LWIR, 8 to 14
pm) are interesting wavelength range for IR detectors. This is
because the ranges of MWIR and LWIR are atmospheric win-
dows in which the IR light can propagate a long distance with
low air absorption. Many researchers have widely investigated
quantum structure IR photodetectors that use the intersubband
transitions of quantum-wells (QWs) or quantum dots because,
compared to detectors that use materials with a small energy
bandgap, such as HgCdTe (MCT) and InSb, quantum structure
IR photodetectors have easy wavelength tunability and can be
operated at high temperature [1], [2]. Moreover, quantum-well
IR photodetectors (QWIPs) can be used as the focal plane arrays
of an IR imaging camera [3].

Typically, QWIPs use the conventional n-i-n photodiode
structure and have low photoconductive gains. The responsivity
(R) of a typical QWIP (with the n-i-n photodiode structure) is
proportional to the product of the quantum efficiency () and
the photoconductive gain (g), as shown as follows in (1):

e
R = nEg. (H

In typical QWIPs, 7 and g cannot be increased at the same time
because the number of absorption layers (which increase 7)
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Fig. 1. Structure of the proposed QWIP-pHEMT with the electrodes and bias
notations.

increases the length of the photo-excited electrons path, thereby
decreasing the photoconductive gain. Thus, typical QWIPs
have a similar level of responsivity (~1 A/W) regardless of
the QW periods [4], [5]. For focal plane arrays, typical QWIPs
use CMOS address switches to get an output signal from an
addressed pixel, and the switches are integrated into a read-out
integrated circuit. Aside from allowing high responsivity, the
proposed QWIP with the pHEMT structure obviates the need
for the CMOS address switches and enables the read-out inte-
grated circuit to be simplified because a gate can be used as the
devices switch.

Cho and Lee reported on lateral quantum dot IR photodetec-
tors (QDIPs)that have a high degree of responsivity and can be
operated at high temperatures [6], [7]. However, these QDIPs do
not have pHEMT structure but a pHEMT-epi structure, which
basically comprises two terminal devices and a laterally trans-
porting channel. The lateral structure has not yet been applied
to QWIPs; furthermore, there have been no reports on QWIPs
with a pHEMT structure. We therefore introduce a QWIP with a
pHEMT structure and explain the mechanism of its large degree
of responsivity.

II. DEVICE STRUCTURE AND FABRICATION

Fig. 1 shows an epitaxial structure of a QWIP with a
pHEMT structure. The absorption layer consists of four pe-
riods of GaAs/Aly3Gag 7As (50 A/120 A) QWs, in which
each conduction band was designed to have only one bound
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Fig. 2. (a) Measured transconductance G,, (= Als/AV,,) when Vi, =
0 Vand 15V at23 Kand V4s = 4 V. (b) Responsivity spectra with different
back-gate voltages (Vps =5 V, 10V, 15 V) at23 Kand V4, = 4 V.

state. We doped the center of the GaAs well (30 A thick) at
n = 1 x 10'® cm™3 to supply electrons to the QWs. When
the IR light is incident to the QWs and absorbed, the electrons
in the QWs had bound-to-continuum transitions. Then the
photo-excited electrons are collected to Ing.15Gag.s5As layer
(channel) and transport along drain and source contacts. The
50 A n-doped (1 x 10'® cm~?) GaAs layer under the channel,
which had an 80 A undoped GaAs spacer, also supplies elec-
trons to the Ing 15Gag g5As channel.

For drain and source contacts, we deposited and an-
nealed AuGe/Ni/Au on the Ing 53Gag 47As (400 A, n-doped
5 x 10'® cm™3) layer. A succinic acid solution was used to
selectively etch the Ing 53Gay 47 As layer onto the Aly 3Gag 7 As
layer. After a device isolation step, we deposited Ti/Pt/Au on
the Alg 3Gag.7As layer to make the gate, and then deposited
back-gate metal (Au) on the substrate after polishing the 45°
parallel facets at the end of the sample. Because the n-type
QWIP uses intersubband transitions in the conduction band, this
QWIP does not respond to normal incidence IR light, because
of the well-known selection rule of the intersubband transitions
in QWs. Thus, the detector must have a light coupler with a
45° polished facet that converts light that is normally incident
to laterally traveling light. We made two QWIPs, each with a
pHEMT structure and a different window area (50 X 33 pm;
50 x 25 pum), and we verified that the photocurrents are propor-
tional to the device areas.

III. RESULTS AND DISCUSSION

Fig. 2(a) shows the G,,,(= Al4s/AVy,) characteristics of the
pHEMT structure at 23 K. At room temperature, a QWIP with
the pHEMT structure has typical current—voltage (I-V) charac-
teristics. However, at low temperature, the /-V characteristics of
a QWIP with the pHEMT structure collapse due to the electron
trapping in the QW layers when positive gate voltages (Vs > 0)
are applied. This collapse accounts for the dip at Vgs = 0.12 Vin
the G,,,, which is shown in Fig. 2(a). The electron trapping effect
at low temperature has also been reported in an AlGaAs/GaAs
high electron mobility transistor (HEMT) [8].

Because we used a QWIP with a pHEMT structure as a pho-
todetector, the gate voltage had to be set to negative (Vs < 0)
so that the photo-excited electrons were readily collected in the
Ing.15Gag g5 As channel. When the gate voltage became nega-
tive, the density of two-dimensional electron gas (2DEG) in the
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Fig. 3. (a) Gate bias dependence of G,,, (= Al4,/AVj,) and the measured
peak responsivities at 6 gm at 23 K (Vi,s = 10 V, Vg = 4 V). (b) Energy band
diagram of the QWIP with the pHEMT structure. Each bright line represents
the band diagram when the QWIP is under illumination (up) and gate voltage is
increased by AV,.(> 0) in the dark condition (down).

channel decreased and the QW was finally depleted. We there-
fore applied a positive voltage on the back-gate to keep the
density of 2DEG sufficient to have a gain in the channel cur-
rent and associated transconductance. Furthermore, as shown in
Fig. 2(a), the threshold gate voltage decreased when we applied
the positive back-gate voltage.

Fig. 2(b) shows the calibrated responsivity spectra of the
QWIP with the pHEMT structure at different back-gate biases
at23 K (Vgs =4V, Vg = —0.65 V, Vi,s = 15 V). To measure
the photocurrent spectra, we used a grating-monochromator,
optical filters, a low noise current amplifier, and a lock-in ampli-
fier with an optical chopper. We then obtained the responsivity
spectra from the photocurrent spectra of the QWIP and from a
standard MCT detector whose responsivity spectrum was well
known. The cutoff wavelength was 7.5 pm. In addition, the
maximum peak responsivity was 140 A/W when V3 = 15V
and 5 A/W when V;,; = 5V (at 6 um). The responsivity of
140 A/W is a hundred times greater than the responsivity of a
conventional n-i-n vertical diode-type QWIP and this level was
maintained up to 53 K.

Fig. 3(a) shows the relation of GG, and the peak responsivity
at 6 um (Vgs = 4V, Vs = 10V, at 23 K). Note that the
peak responsivity curve follows the GG,,, curve. We can estimate
the gain of the QWIP with the pHEMT structure from the G,
and the photocurrent. The photoconductive gain from the QWIP
itself, as in a conventional n-i-n diode structure, is negligible
because the gain from the pHEMT structure is enormous. In
Fig. 3(b), the photo-excited electrons from the QWs move to the
channel and are transported along the channel by the lateral field
of the drain/source, thereby increasing the density of 2DEG in
the channel. This increase is equivalent to the increment of the
gate voltage (AV,s > 0) of the pHEMT. If the IR light is inci-
dent to the QWs whose flux density (the number of photons per
unit area and per second) is @, the number (n;) of electrons
generated from the 7y, QW can be written as n; = 7;4;Ps,
where 7; is the quantum efficiency (n;) of the it, QW. When
electrons escape from the QWs, the net charge of the QWs be-
comes positive as a result of Aq. We therefore assume that Ag
can be written by using the value of n; as follows:

Ag=e Agn;®s. @
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Assuming that a QWIP with a pHEMT structure has only the
gain of the pHEMT structure, the photocurrent and responsivity
of the QWIP with the pHEMT structure can be written as
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where AV, is the equivalent gate voltage increment in a dark
condition, that makes the I45 increment equals to the photocur-
rent under illumination, as shown in Fig. 3(b). The Lapsorption
parameter is the length of the absorption layer (800 A), e, is
the dielectric constant of Alg 3Gag.7As, (= >_, 1;) is the total
quantum efficiency of four periods of the QWs, hv is the energy
of a single photon, and gqwrp—paEMT is the gain of the QWIP
with the pHEMT structure.

To measure the IR flux density, we used the photocurrent
and responsivity of a standard MCT detector by the relation
isN[CT = AdMCT(I)shVRMCT~ Here, isN[CT is the phOtOCllI'-
rent, Aqmcr is the window area of the detector, and RyicT
is the responsivity of the standard MCT detector. In our mea-
surement system and device, the measured photocurrent was
13.5 nA and the IR flux density at a wavelength of 7.5 ym was
4.99 x 10 s7'cm=2 when Vi,s = 15V, Vs = —0.65 V, and
Vae =4V, Ay =50 x 25 ym? and G,,, = 1.28 x 107 A/ V.
Using these parameters, we calculated the quantum efficiency
for the four periods of the QW layers and obtained values of n =
2.85% and IQWIP_pHEMT = 474. This estimated quantum
efficiency is a reasonable value because the efficiency for 25
periods of an Aly 3Gag 7As/GaAs (50 A/50 A) QWIP at 7.5 um
was about 20% [9]. We deduce, therefore, that the large respon-
sivity originates from the large G,,, of the pHEMT structure.

The detectivity, which represents the signal-to-noise ratio of
the detector, was 2.4 x 10 cm - Hz'/2/W (6 pum, 23 K),
and the maximum operating temperature was 65 K. The de-
tectivity is smaller by one order than 50 periods of a typical
AlGaAs/GaAs QWIP (n = 16%, maximum detectivity= 2 x
10" cm - Hz'/2 /W) because of small quantum efficiency of
QWIP-pHEMT (1 = 2.85%) [3]. However, the quantum effi-
ciency can be improved sufficiently by increasing the number of
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periods of the QWs and by using light coupling structures. As a
result, we can implement focal plane arrays that use the QWIP
with the pHEMT structure without a CMOS switch, thereby
simplifying the readout circuits. In this letter, optimum oper-
ating gate voltage of QWIP-pHEMT is —0.65 V, therefore the
device can be turned on by applying —0.65 V to the gate and
turned off (145 = 0) by setting the gate voltage below the pinch
off.

IV. CONCLUSION

We have demonstrated a QWIP with a pHEMT structure, and
shown it to have a responsivity that is a hundred times larger
than that of a typical QWIP. This large responsivity (140 A/W)
is due to the transconductance (G,,,) gain of the pHEMT struc-
ture. However, even though the QWIP with the pHEMT struc-
ture has a larger degree of responsivity than typical QWIPs, the
signal-to-noise ratio is not improved because the quantum effi-
ciency is small and the electrons that escape from the QW by
thermal emission are amplified by the transconductance of the
pHEMT structure.
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