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We have investigated the InGaAs/GaAsSb/InAlGaAs/InAlAs type-II “W” quantum wells (QWs)
grown on InP substrates by molecular beam epitaxy. The photoluminescence (PL) emission
wavelength longer than 2.56 wm at room temperature (RT) is demonstrated for the first time in this
material system. The PL emission peaks of our designed samples can cover a wide range from 2 to
2.5 um at cryogenic temperature. The samples show good optical quality that the reduction in
integrated PL intensity is only around one order of magnitude from 35 K to RT. We found that the
integrated PL intensity decreased as the emission wavelength increased, which is due to the
reduction in the electron-hole wave function overlap. This is consistent with the calculated result. In
the power dependent PL measurements, the emission peak of “W” type QWs show blue shifts with
the excitation power (P,,) but does not follow the P!> rule as predicted by type-II band bending

model. The localized states filling effect gives reasonable explanations for the observed

phenomena. © 2010 American Institute of Physics. [doi:10.1063/1.3506427]

I. INTRODUCTION

Mid-infrared (mid-IR) light source are useful in many
different applications, such as environment monitoring, in-
dustrial gas detection, life science, and military security,
etc."? In semiconductors, the mid-IR lasers with wavelengths
in the 2—-3 wum range have been fabricated on GaSb sub-
strates using InGaAsSb/AlGaAsSb type-I quantum wells
(QWS).3’4 It is, however, much more desirable to use a more
popular substrate such as InP, which is cheaper, has a better
quality and has a better thermal conductivity. But to grow
type-I QWs with emission wavelength longer than 2 um on
InP is difficult due to lattice mismatch.” The longest wave-
length reported is 2.33 um with a highly strained InAs/
InGaAs system.ﬁ_8 However, if we use the type-II InGaAs/
GaAsSDb heterostructure on InP substrates, we can bypass the
requirement for small band gap materials by using the stag-
gered band alignment and the wavelength can be extended
longer without being limited by the band gap of the constitu-
ent materials. In this work, the mid-IR light sources between
2-3 um were studied using the type-1I “W” type Qws. !
We demonstrate that the emission wavelength can be ex-
tended longer than 2.56 um at room temperature.

Il. EXPERIMENTS

The structure of a “W” type QW used in this work is
composed of symmetric InGaAs/GaAsSb/InGaAs layers,
which are sandwiched between two InAlAs barrier layers,
lattice matched to InP. The barrier layers provide a strong
quantum confinement to enhance the electron-hole wave
function overlap and hence the optical matrix element. The
band alignment of a represented Ings3Gag4sAs (lattice-
matched to InP)/GaAsy,Sbys (~0.7% compressive
strain)/Ing 5oAlg43As “W” structure is shown in Fig. 1(a). In
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order to optimize the structure, we first calculated the emis-
sion wavelength and the amount of electron-hole wavelength
overlap by solving the Schodinger equation using the effec-
tive mass approximation with the parameters taken from the
previous articles.'>'* Figs. 1(b) and 1(c), respectively, show
the layer thickness dependence of the “W” type QWs emis-
sion wavelength and the electron-hole wave function over-
lap. Basically, wavelength can be tuned in the range from 1.8
to 3 wm via modifying the thickness of InGaAs and
GaAsSb. However, the wave function overlap decreases
when the emission wavelength is increased, as indicating in
Fig. 1(c). This is an intrinsic feature for the “W” type QW.
The electron and hole are confined separately in different
layers, the electron in the two coupled InGaAs layers and the
hole in the GaAsSb layer, as shown in Fig. 1(a). Since the
confinement potentials are large (>0.4 eV) for both carriers,
the quantization energies are decided by their own layer
thickness; a thicker InGaAs or GaAsSb layer leads to a
smaller electron or hole quantization energy and hence a
longer emission wavelength. Although the increase of the
InGaAs or GaAsSb layer thickness extends the emission
wavelength, it also makes the electron and hole wave func-
tions more concentrated in individual layers, and causes the
reduction in electron-hole overlap. Obviously, it is a trade-off
between the long wavelength emission and the optical matrix
element. "' Although the wavelength can be extended with
more Sb content in GaAsSb, the raised conduction band
edge, however, blocks the electron wave function penetration
into the GaAsSb layer causing a reduction in the electron-
hole wave function overlap. So it is still a trade-off situation.
Since the optical matrix element is an important parameter
for optoelectronic devices, structure optimization of the “W”
type QWs is very important.

Our samples were grown on S-doped (001) InP sub-
strates by a Veeco GEN II solid-source molecular beam ep-
itaxy system. The As, and Sb, species were used through the

© 2010 American Institute of Physics
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FIG. 1. (Color online) (a) Energy band diagram of the “W” type QW with
the wave functions for electron and hole. Calculated contour plots of (b)
emission wavelength and (c) electron-hole wave function overlap vs InGaAs
(vertical axis) and GaAsSb (horizontal axis) layer thickness.

equipped needle-valve controlled cracking cells. The wafer
surface temperature was monitored by an infrared pyrometer.
For the multilayer growth consideration, the structure of the
“W”  QWs designed here are the symmetric
Ing 53Gay 47As/ GaAsSb/Ing 53Gag 47As layers sandwiched be-
tween two 2 nm Ing34Aly3,Gag30As tensile strain layers to
compensate the compressive strain in the GaAsSb layer.
Nine such “W” type QWs spaced by 25 nm Injs5,Alj 43AsS
barrier layers were grown and placed between two 200 nm
Ing 5,Aly 4gAs layers, as shown in Fig. 2. In order to optimize
the “W” structure, this study was performed systematically
by varying the thickness of the InGaAs/GaAsSb layers, the
composition of the GaAsSb layer and the growth tempera-
ture. The growth parameters are listed in Table I, where three
series of samples are grouped and labeled as A, B, and C.
Groups A and B are samples with variable thicknesses of
InGaAs and GaAsSb, respectively. Group C contains
samples with different Sb mole fraction in the GaAsSb layer
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FIG. 2. The structure of the designed “W” type QWs.

by adjusting the Sb,/As, beam equivalent pressure (BEP)
ratio. The growth temperature is also changed from group A
to group C.

lll. RESULTS AND DISCUSSION

After the samples were grown, the photoluminescence
(PL) measurement was carried out using a 488 nm Ar* laser
as the excitation source and a thermal electric cooled In-
GaAs(Sb) detector. All the PL spectra were calibrated by the
response spectrum of a 1000 °C black radiation source. The
PL spectra measured at 20 K are presented in Fig. 3(a). The
peak emission wavelength (N,,) covers the range from ~2
to ~2.5 wm. As summarized in Table I, the A, can be
extended from 2.05 to 2.47 um by increasing the InGaAs
layer thickness from 4 to 10 nm as shown in group A, and
can be extended from 2.17 to 2.42 um with the increase of
GaAsSb layer thickness from 2 to 4 nm (in group B). The
sensitivity of Njey to the InGaAs/GaAsSb layer thicknesses
agrees well with our calculations. Notice that the full width
of half to maximum (FWHM) of the PL spectra increases
from 13.9 to 22.7 meV when the GaAsSb layer thickness is
reduced, as indicated in group B. This is caused by the en-
ergy level broadening due to the thickness fluctuation when
the GaAsSb layer is thin. The A, can be also extended by
the increase of the Sb-content, as shown by group C samples.
The Sb fraction is determined by fitting the A,. with the
calculation results. The Ay goes from 2.37 to 2.48 um,
around a 23 meV difference, as the Sb mole fraction in-
creases from 0.74 to 0.78. We can also see the effect of
growth temperature by comparing these three groups of
samples. It is found that the samples grown at a lower tem-
perature have a longer emission wavelength and a narrower
PL spectrum. This may indicate that the Sb incorporation is
more efficient and the fluctuation of alloy composition is less
at lower growth temperatures.'”'® Figure 3(b) shows the in-
tegrated PL intensity as a function of the emission wave-
length. It clearly shows the trade-off situation as predicted by
the simulation. The calculated curve, which is based on the
assumption that the integrated PL intensity is proportional to
the square of the wave function overlap, fits very nicely with
the experimental results.

The optical transition of the type-II heterostructure has
been extensively studied previously”’18 The Njeq usually
blue shifts with the excitation power (P.), and the amount of
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TABLE I. The InGaAs/GaAsSb layer thickness, the Sb,/As, BEP ratio, the summarized PL peak wavelength,
and FWHM of the “W” type QW samples in group A, B, and C.

Layer thickness

(nm)
Sample Iny 53GaAs BEP ratio Growth Npeak FWHM
number (lattice match) GaAs,_,Sby X Sb,/As, T(°C) (pm) (meV)
Al 4 3 0.58 1.8 475 2.05 24.7
A2 7 3 0.58 1.8 475 2.34 22.4
A3 10 3 0.58 1.8 475 2.47 254
Bl 5 2 0.65 2.0 470 2.17 22.7
B2 5 3 0.65 2.0 470 2.27 18.8
B3 5 4 0.65 2.0 470 242 13.9
Cl 4 3 0.74 1.8 460 2.37 12.6
C2 4 3 0.78 2.9 460 2.48 13.8

shift is linearly dependent on the one-third power of P, be-
cause of the band bending effect caused by the accumulation
of spatially separated electrons and holes in the adjacent tri-
angular interface potential wells. However, the power depen-
dent emission of a “W” type QW has never been studied in
detail. We found that, although A, shifts to a shorter wave-
length as P, is increased, the energy shift does not obey the
P;f law, especially under low P.. The power dependent
spectra of sample Al and C1 are presented in Fig. 4(a), and
the amount of energy shift is plotted as a function of the P,
in Fig. 4(b) along with the ideal P!”* curve for comparison
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FIG. 3. (Color online) (a) PL spectra of samples in group A, B, C, and (b)
integrated PL intensity (normalized at sample A1) plotted against the peak
wavelength. The calculated result is plotted as the solid curve.

(both axes in log scale). Since the curves are not linear in this
log-log plot, the energy shift vs. P,, does not follow any
power law. We also notice that sample Al has a more pro-
nounced energy shift than sample C1. This power dependent
behavior is not due to the heating effect since the integrated
PL intensity is linearly proportional to P.,, as shown in the
inset of Fig. 4(b). The possible reason for the amount of blue
shift to deviate from the P! law is the state filling effect of
the localized states. The localized states are caused by inter-
face roughness and alloy composition fluctuation, which are
common in the ternary alloy.19’20 Under low excitation pow-
ers, the generated carriers occupy the localized states with
lower energies. As the amount of carriers is increased with
increased P, higher energy states are occupied and there-
fore the peak of the emitted light shifts to a shorter wave-
length. The extended tail in the low energy side of the PL
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FIG. 4. (Color online) (a) Power dependence PL spectra of sample Al and
sample C1, and (b) the energy shifts vs P,, along with the simulation results
and the ideal Pi,’f curve for comparison. The inset shows the power depen-
dence of the integrated PL intensity.
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FIG. 5. (Color online) (a) PL peak wavelength vs temperature in sample A1,
B1, B2, and B3. (b)Temperature dependence of the normalized integrated
PL intensity (points) with the fitted Varshni curves.

spectra shown in Figs. 3(a) and 4(a) is an indication of the
radiation from these localized states. We have performed a
simulation for such effect by assuming a joint density of
states  associated  with  the localized states as
erfc[((Ey)-E)/ 6E], where erfc is the complementary error
function, (Eq) and JE refer to the average and the standard
deviation of the transition energy to take into account of the
inhomogeneous broadening effect.”! SE values of 30 and 18
meV were used in the calculation for samples Al and CI.
When the Fermi level is raised because of a higher pumping
power, the emission peak blue shifts to a higher energy. The
calculated results are shown together with the experiment
data in Fig. 4(b). Excellent agreement between the calculated
and the experimental results was achieved. Since sample Al
has a broader PL spectrum, it has a larger JE and a more
pronounced states filling effect. Therefore it has a larger en-
ergy shift compared to that of sample Cl. In general, both
the states filling effect and the band bending effect should
contribute to the energy shift. The reason that states filling
effect dominates here is due to the large SE and the relative
small band bending effect in “W” type QWs.

In order to examine the sample emission at higher tem-
peratures, we have done the PL measurement with the tem-
perature varied from 35 to 290 K under a fixed 10 mW
excitation power. Figure 5(a) shows N, as a function of
temperature for samples Al, B1, B2, and B3. As the tem-
perature raises, the emission wavelength red shifts as ex-
pected due to the band gap shrinkage. The cut-off A
around 2.56 um in the spectrum of sample B3 is caused by
the lens absorption in our measure system. The temperature
dependence of the emission peak is fitted well with the
Varshni relation, E(T)=E(0)—aT?/(8+T), as shown the
curves in Fig. 5(a). The peak wavelength can be extrapolated

J. Appl. Phys. 108, 103105 (2010)

to 2.67 um at room temperature in sample B3. The tempera-
ture dependence of the normalized integrated PL intensity is
presented in Fig. 5(b). It shows only about one order of mag-
nitude reduction in the PL intensity from LT to RT. The
reason that the “W” type QWs emission intensity can be well
sustained to high temperatures is due to the good carrier
confinement and a low density of nonradiative defects in our
samples.

IV. CONCLUSIONS

In conclusion, we have studied the InGaAs/GaAsSb/
InAlGaAs/InAlAs “W” type QWs grown on InP substrates.
The emission wavelength covers the range from ~2 to
~2.5 pm at low temperature. The trade-off between long
wavelength emission and high optical matrix element pre-
dicted by the simulation has been confirmed by the results of
PL spectra. The type-II band alignment in the “W” structure
has been characterized by the power dependent PL. measure-
ments. The peak position shifts to shorter wavelength as P,
increases. It was found the amount of energy shifts does not
follow the Péf law as most type II structures. The localized
states filling effect due do the surface roughness and alloy
fluctuation is proposed to explain the observed phenomenon.
The calculated results agree well with the experiment results.
The temperature dependent PL spectra show the well sus-
tained emission at RT, and the emission wavelength of the
“W” type QWs can be extended to over 2.56 um. According
to our experiments and simulation results, it iS very promis-
ing to develop the Mid-IR lasers on InP substrates employing
the “W” structure of InGaAs/GaAsSb/InGaAs QWs.
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