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We present a method to extend the operating wavelength of the interband transition quantum well photodetector from
an extended short-wavelength infrared region to a middle-wavelength infrared region. In the modified InAsSb quantum
well, GaSb is replaced with A1Sb/AlGaSb, the valence band of the barrier material is lowered, the first restricted energy level
is higher than the valence band of the barrier material, the energy band structure forms type-II structure. The photocurrent
spectrum manifest that the fabricated photodetector exhibits a response range from 1.9 pm to 3.2 pm with two peaks at

2.18 pm and 3.03 um at 78 K.
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1. Introduction

Nowadays, middle wavelength infrared (MWIR) pho-
todetectors have been widely studied in environmental
monitoring, '3 and aerospace industry fields.[*! Especially,
HgCdTe detectors have been deeply studied during the de-
velopment of the MWIR photodetectors. However, the crys-
tal growth of HgCdTe suffers the nonuniformity and size
limitation of substrates, which limits the applications of IR
FPAs.[6-191 From the viewpoint of producibility, the InAsSb
material system is an ideal alternative material system for
HgCdTe due to its superior electronic properties and growth
stability,[!1-1?! its dielectric constant is low (=~ 11.5) and the
room temperature self-diffusion coefficient is low (= 5.2 x
107'® cm?/s). The InAsSb material system can be ap-
plied in the nBn detectors,!'?! pin detectors!!*! and differ-
ent low-dimensional-structure detectors.!!>1°1 Based on the
InAsSb material system, the corresponding wavelength of the
photodetectors can cover short wavelength infrared (SWIR)
region and MWIR even long wavelength infrared (LWIR)
regions. [!7:18]

Recently, it has been reported that the photo-excited
carriers in a low-dimensional semiconductor material can
be effectively extracted from a p-n junction by inserting
quantum wells into the depletion region of a p-n junc-
tion, the response spectrum can be extended, quantum ef-
ficiency can increase and the absorption efficiency in the
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quantum wells (QWs) can be rather high, which can en-
hance the signal-to-noise ratio.['->? Based on those phe-
nomena, researchers have fabricated three infrared interband
transition quantum well detectors on different substrates, in-
cluding GaAs-based InGaAs/GaAs QWs detectors, 23! InP-
based InAs/InGaAs/InAlAs QWs detectors,?*! and GaSb-
based lattice-matched GaSb/InAsSb QWs detectors.!?>! All
the detectors have successfully proved the effectiveness of uti-
lizing interband transition of QWs as a new method of detect-
ing IR spectra. The above results demonstrate the possibility to
fabricate new type of MWIR interband band transition quan-
tum well infrared photodetectors (IQWIPs) based on InAsSb
heterostructures within a p—n junction.

To implement the innovative MWIR IQWIPs, a key step
is extending the response wavelength from short wavelength
to middle wavelength. However, there has been no report
on the method to extend the wavelength of an IQWIP based
on InAsSb hetero structures within a p—n junction so far. In
this work, based on the InAsSb/GaSb lattice matched proto-
type detector, we apply a method to extend the wavelength of
a GaSb-based IQWIP, the method of extending the response
wavelength into MWIR is found and a MWIR photodetector
based on InAsSb/AlSb/AlGaSb interband transition multiple

quantum wells is successfully fabricated.
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2. Experiment

In the photodetector based on InAsSb/GaSb multiple
quantum wells, the energy level position in a quantum
well is essential for designing an effective device. Hence
the modification of the structure is focused on the en-
The

InAsSb/(Al)GaSb quantum-well energy band structures are

ergy band structure of InAsSb/GaSb quantum wells.

firstly calculated under the framework of effective-mass ap-
proximation as shown in Fig. 1. After the theoretical anal-
ysis, two InAsg 91 Sbg.g9/GaSb QWs structures with different
thicknesses of quantum wells and an InAsSb/AlSb/AlGaSb
QW structure were grown in a V80 H solid source molecular
beam epitaxy (MBE) system equipped with a valved arsenic
and antimony cracker sources, a reflection high energy elec-
tron diffraction (RHEED) was equipped in MBE to monitor
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crystal growth quality. The InAsg 91 Sbg.09/GaSb IR photode-
tector structures were started with growing a 300-nm-thick n-
GaSb (4 x 107 cm™3) buffer layer to smooth the surface, then
a 50-nm un-doped GaSb barrier layer, followed by 10-period
InAsg.91Sbg.g9 (10 nm or 15 nm)/GaSb (50 nm) MQWs, a 200-
nm-thick p-GaSb (4 x 10'7 cm™3), 150-nm-thick p*-GaSb
(1 x 10" cm™3) and 5-nm-thick p*-InAs (1 x 10'® cm™3)
as the contact layer, as shown in Fig. 2(a). The structure of
the InAsg 7Sbg 3/A1Sb/Alg 3Gag 7Sb IR photodetector was em-
bedded in the same p—n zone, but the un-doped zone began
from a 40-nm un-doped Alp3Gag 7Sb barrier layer, followed
by 10-period InAsy 7Sbg 3 (10 nm)/AISb (10 nm)/Aly 3Gag 7Sb
(40 nm), as shown in Fig. 2(b). The growth temperature was
430 °C, and the growth rates depending on gallium, aluminum
and indium beam flux were 5000 A/h, 2143 A/h and 2000 A/h,
respectively.
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Fig. 1. Band structure of a single QW embedded in GaSb bulk at 300 K. The red arrows indicate the transition from the valence band of InAsSb (Ey)
to the first excited state (E7): (a) 5-nm-thick InAsg 45Sbg 55 QW, where the transition from the heavy hole valence band (Eyy,) to the first excited state
(E1) of InAs( 45Sby 55 is 0.44 eV, the response cut-off wavelength (Aog) is 2.82 um; (b) 10-nm-thick InAsg 91 Sbo.g9 QW, where the transition from the
heavy hole valence band (Eyy,) to the first excited state (Ey) is 0.39 €V (Ao = 3.16 pm); (¢) 15-nm-thick InAsg 91 Sbg g9 QW, where the transition from
the heavy hole valence band (E,y) to the first excited state (E}) is 0.35 eV (Aogr = 3.54 pm); (d) InAsg 70Sbo 30/AlSb/Alg 30Gag 70Sb QW, where the
transition from heavy hole valence band (Eyy,) to E; is 0.39 eV (Ao = 3.16 um), the transition from light hole valence band (E,;) at 300 K is 0.48 eV

(Aogr = 2.59 pm).

The crystal quality was assessed using high resolution x-
ray diffraction (XRD). After characterizing the crystal quality,
the wafers were fabricated into a set of mesa-isolated pho-
todetectors by photolithofraphy and wet etching. The fab-
ricated device area is 1 mm?. The electrodes of 20/100-
nm Ti/Au were deposited onto the p-InAs in sequence by
electron-beam evaporation. Then, 15/101/26/26/100-nm-thick
Ni/Au/Ge/Ni/Au layers were deposited on the n-GaSb for an
n-ohmic contact. The samples were loaded into a cryostat with

a germanium (Ge) window for the test of photocurrent (PC)
spectrum, the cryostat with a germanium (Ge) window pro-
vided a temperature controlled vacuum environment for the
PC test, the PC spectrum was the typical normalized relative
spectral response curve tested under zero bias voltage with a
Bruker VERTEX 80 Fourier transform infrared spectrometer,
the test wavelength range was from 1 pm to 6 pm. All the
subsequent results can refer to the uncoated, unpassivated de-
tectors.
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Fig. 2. Schematic diagrams of (a) the InAsg 91 Sbg.09/GaSb and (b) InAs( 7Sb0.3/A1Sb/Aly 3Gag 7Sb quantum well IR photodetectors.

3. Result and discussion

As reported in Ref. [25], because of the quantum con-
finement modulation in the InAsSb/GaSb quantum well, the
effective band gap was enlarged. The interband transition in
the structure is from the valence band (Evyg) to the first ex-
cited state (E;) of InAsSb QWSs. The first effort to extend
the response wavelength was increasing the composition of
Sb in InAsSb, from 0.09 to 0.55. As shown in Fig. 1(a),
the quantum well is a type-II structure, the transition from the
heavy hole valence band (E};) to the first excited state (E)
of InAsg 45Sbg 55 is 0.44 eV, the response cut-off wavelength
(Aofr) is 2.82 wm, which is still in the SWIR region. In ad-
dition, the high incorporation of Sb in the InAsg 45Sbg 55 epi-
taxial layer introduces a lattice mismatch of about 3.2% with
respect to the GaSb substrate, which will degrade the mate-
rial quality and the performance of the photodetector.!?®! Thus,
only by increasing the incorporation of Sb in the InAs;_,Sb,
quantum well is unable to extend the wavelength from the
eSWIR to the MWIR region.

The next effort to extend the response wavelength is
broadened the width of the InAsg 91 Sbg oo quantum well from
5 nm to 10 nm (IQWIP-A) and 15 nm (IQWIP-B), respec-

10°

tively, the thickness of a GaSb barrier is 50 nm. The energy
band structures are shown in Figs. 1(b) and 1(c). After in-
creasing the quantum well width, the valence of GaSb is higher
than E, the quantum well structures of IQWIP-A and IQWIP-
B both convert from type-II to type-Ill. The transition energy
of the IQWIP-A and IQWIP-B are 0.39 eV (Ao = 3.16 pum)
and 0.35 eV (Aoff = 3.54 um), respectively, both the absorp-
tion wavelengths shift from the SWIR to the MWIR region.
Therefore, it is possible for the InAsSb/GaSb material system
to cover the MWIR spectrum region theoretically, by increas-
ing the width of well.

Then the structures were grown by MBE, which were
characterized by XRD as shown in Figs. 3(a) and 3(b). The
overall thickness of the quantum well structure per period is
given by the following expression:

D=ty+1t=A1/(2A6,cos6g), €))

where ty, is the thickness of a quantum well, #, is the thickness
of a barrier, the A6, determined from the angle between the
satellite peaks and 6g is the Bragg angle of the GaSb (004)
diffraction.
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Fig. 3. X-ray diffraction pattern of InAsg 91 Sbo.09/GaSb QWs and InAsg7Sbg 3/A1Sb/Alg3Gag7Sb QWs: (a) the 10-nm InAsg 91 Sbo o9
well in InAsgg;Sby.g9/GaSb QWs, (b) 15-nm InAsyg;Sbggg well in InAsgg;Sbgg9/GaSb QWs, (¢) 10-nm InAsy7Sbgs well in

InAs0‘7 Sb()g/Ale/Alos Ga0'7 Sb QWS.
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The satellite peaks in the XRD curves show the quantum
well periods of (a) 61 A and (b) 67 A, which coincide with the
design value.

The photocurrent (PC) spectra of IQWIP-A and IQWIP-B
are shown in Fig. 4(a). Compared with the spectrum of the de-
vice with the 5-nm-thick InAsSb quantum well, IQWIP-A and
IQWIP-B have no response peak in the region from 1.6 um
to 4.0 pm at room temperature. Considering the impact to the
signal-to-noise ratio from the dark current, the optical char-
acterization was tested again at 78 K, but there was still no
response signal from IQWIP-A and IQWIP-B. Compared the
energy band structures of InAsg 91 Sbg g9 (5 nm)/GaSb (50 nm)
QW structure in Ref. [25], the structure is of type II, the main
transition in this structure is from the Eyg of InAsSb to Ej,
then the electron is extracted from the quantum well and a re-
sponse current is formed, but the energy band structures of
IQWIP-A and IQWIP-B are of type IIl, the transport mecha-
nism is different from that of type II. The transition process of
the type-III structure is that the electron leaps from the Evyp of
InAsSb to Ey, because E; of InAsSb is lower than the valance
band of GaSb, then the electron is not extracted from the quan-
tum well but absorbed into the valance band of GaSb barrier
and recombines with the hole finally, so no response current
is generated. Thus, increasing the thickness of InAsSb well
in the InAsSb/GaSb lattice matched quantum well is not avail-
able to extend the wavelength into the MWIR region, the struc-
ture of the photodetector should be of type II.

Hence, the QW structure was modified further, so that
it gave us the structure of IQWIP-C. AlSb is approximately
lattice-matched to GaSb, whereas has a wider band gap.[?”]
Using AISb and the ternary alloy Aly3Gag7Sb as the bar-
rier can raise the E; of InAsSb, so IQWIP-C replaces
the GaSb barrier with Alyp3Gag7Sb and inserting AlSb be-
tween Aly3Gag7Sb and InAsSb, the thicknesses of AlSb and
Alp3Gag7Sb are 10 nm and 40 nm, respectively. Consider-
ing that the Al(Ga)Sb barrier would increase the band gap of
the QW, we increased the well width to 10 nm to reduce the
band gap of the QW, the molar fraction of Sb in InAsSb was
0.3. The structure of InAsg 7Sbg 3/AISb/Aly 3Gag 7Sb was cal-
culated within the framework of effective mass approximation.

As shown in Fig. 1(d), the energy band structure of
the InAsg 7Sbg.3/AlISb/Aly 3Gag 7Sb quantum well is a type-II
structure, the valence band of light hole is separated from that
of heavy hole in the quantum well, the transition from heavy
hole valence band (Eyp) to E; is 0.39 eV (Aygr = 3.16 um)
at 300 K, the transition from light hole valence band (E\;)
at 300 K is 0.48 eV (Ao = 2.59 pm) at 300 K. The result
shows that the IQWIP-C can get the response wavelength in
the MWIR region.

The structure was grown and the crystal of the epitaxial
layer was characterized by XRD, as shown in Fig. 3(c). From

Eq. (1), the thickness of the QW structure per period in IQWP-
Cis 73 A, which coincides with the design value.

Figure 4(b) shows the PC spectrum of IQWIP-C at 78 K,
there are two peaks in the PC response curve. The first peak is
around 2.287 um, the second peak is around 3.026 um. Con-
tacted with the band structure of IQWP-C in Fig. 1(d), two
peaks are corresponding to the transition from the InAsg 7Sbg 3
valence of light and heavy hole to E. The result demonstrates
that the structure of IQWIP-C can extend the wavelength into
the MWIR region and the position of E| higher than the va-
lence of the barrier can make a response occur, which means
that the type-II structure is necessary for the operatiion of the

photodetector.
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Fig. 4. Typical normalized relative photocurrent spectral response
curves of (a) InAsg.91Sbg.g9/GaSb QWs with different quantum wells:
5 nm, 10 nm (IQWP-A) and 15 nm (IQWP-B) under zero bias at room
temperature; (b) IQWIP-C InAsg 7Sbg 3/AlSb/Aly 3Gag 7Sb QWs under
zero bias at 78 K.

4. Conclusion

Through the theoretical design, growth, device fabrica-
tion, crystal and optical characterization, we have demon-
strated a method to extend a wavelength from a short wave-
length into a middle wavelength of InAsSb/(Al)GaSb quantum
wells based on interband transition, with the wavelength peak
at 3.026 um, and we have drawn the following conclusion:
type-1I structure is necessary for operation of the photodetec-
tor. The results in this work provide a feasible way to extend
the wavelength of the detector based on interband transition of
InAsSb/Al(Ga)Sb quantum wells.
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