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In this paper, an experimental approach to acquiring true spontaneous emission rate
of optically-pumped InGaAs/GaAs quantum-well laser structure is described. This
method is based on a single edge-emitting laser chip with simple sample processing.
The photoluminescence spectra are measured at both facets of the edge-emitting device
and transformed to the spontaneous emission rate following the theory described
here. The unusual double peaks appearing in the spontaneous emission rate spectra
are observed for the InGaAs/GaAs quantum-well structure. The result is analyzed in
terms of Indium-rich island and Model-Solid theories. The proposed method is suit-
able for electrically-pumped quantum-well laser structures, as well. © 2017 Author(s).
All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
[http://dx.doi.org/10.1063/1.4990630]

Optically-pumped InGaAs/GaAs quantum well structure has been demonstrated to be of
great potentials for many laser applications, e.g. tunable semiconductor lasers,! optical pumping
sources” and vertical-external-cavity surface-emitting lasers, etc.>”’ In design and investigation of
InGaAs/GaAs quantum well lasers, an important physical parameter, i.e. the spontaneous emission
rate (SER) is necessary to be known because it characterizes laser material lightening mechanism.
The parameter of SER is generally obtained by theoretical calculation at present.®~'? Since the the-
oretical result fails to contain the influence from structure defects in the device, it cannot exactly
present the true SER spectrum and reflects only ideal performance of the device. This can be clearly
seen in the subsequent results in this paper. Therefore, it is significant to acquire the true SER spectra
of semiconductor lasers by experimental measurement. Unfortunately, most previous experimental
investigations on the spontaneous emission focused only on the spontaneous emission intensity, rather
than spontaneous emission rate,''~!¢ especially on the spontaneous emission rate spectrum.

In this paper, an experimental approach to acquiring the true SER spectrum of the optically-
pumped InGaAs/GaAs quantum-well laser structure is proposed. The method is simple and effective,
as it does not need complicated sample processing. The true SER spectra with dual peaks due to
special InGaAs/GaAs quantum-well structure are observed and analyzed. The method is described
below.

In order to obtain SER spectrum of the InGaAs/GaAs quantum well laser structure, the pho-
toluminescence (PL) spectra are measured at both facets of a single edge-emitting laser chip. The
principle to obtain PL spectra is illustrated in Fig. 1.

The reflectivity of the two facets are designed to be Rj=0 and R,=R, respectively. L. and P
denote lens and polarizer, respectively. 808nm laser is used as the pump source. Ip; ; and Ipy; are the
PL spectral intensities measured at both facets of the device. The relation between the spontaneous
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FIG. 1. Schematic diagram of SER measurement based on PL spectra from dual facets of the laser device.

emission intensity, Is, and PL spectral intensities can be established as!’

1PL1=%” (% = 1) (Re% +1) (1)
Ipi> = % (e - 1) 0)

where L is the laser medium length and G denotes modal gain of the well. The spontaneous emission
intensity, I, can be expressed by removing modal gain in the equations (1) and (2).

RIZ 1=R)Ippi -1,
Iy = PL2 In ( ) Ipr1 — IpL2 3)
L{(1=RYIpps = (1= R?) Ip12)] RxIpra
In theory, SER can be expressed as'®
myu (hV - Eg) Efn — Efp —hv
rp (hv) = 3 : ' “4)
T.whd kgT

where m; denotes the reduced mass of an electron-hole pair and d is the quantum-well thickness.
E; is the effective band gap and 7, denotes the radiative recombination lifetime. u(hv — E,) is the step
function. Eg, and Eg, represent the Fermi levels of conduction band and valence band, respectively.
T is the temperature and hv denotes photon energy. kg is the Boltzmann constant and 4 is the Planck’s
constant. In order to obtain the SER spectrum from experiment, an inversion factor P is introduced
to the equation (4). It is written ast?

®)

hy — AEf
kT

PF:[I—exp(

where AEy = Ej, — Ejp, denotes the Fermi level separation between conduction band and valence
band. Substituting the equation (5) into the equation (4) yields

mu (hv - Eg) 1
hv) = 6
ro )= na ( - Pr ) ©
where the inversion factor Pg can also be expressed as
11 (2n?h*v?\[ G G
P = | — _— =A_ 7
F=cr (3n2h3c2) [pr] I, ™

where C is the scaling factor and I is the optical confinement factor relating to the quantum well
structure, c is the speed of light in vacuum and n is the refractive index of the well materials. All
the constants in the equation (7) are available and involved in the coefficient A here. By assum-
ing that the carrier distributions are fully inverted at low photon energies, the scaling factor C
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can be obtained. Combining the equations (1), (2), (3) and (7), the inversion factor, Pr can be
described as

(1= RYIpy — (1= R?) Ipr2
A

Pr= 8
F Rx 12, (®)
By substituting the equation (8) into the equation (6), SER is obtained as
BRIpp»
ryp (hv) = — L . )
RIPLZ —A(l —R) Ipr1 +A(1 —R) Ipio

where B = m,u(hv — E g)/‘mrhzd is the constant and available. Thus, SER can be obtained, as long as
the PL spectra of Ip; and Ipr, are known.

The wafer of experimental devices is grown by Metal organic Chemical Vapor Deposition
(MOCVD). The edge-emitting sample size is 0.5mm X 1.5mm in area. The designed active layer
of the device is a compressively-strained Ing ;7Gag g3As quantum well with a thickness of 10-nm,
which is sandwiched by 8nm-thick GaAsg 92Pg og barriers. A 2nm-thick GaAs strain-compensating
layer is embedded between the well and the barrier. The waveguide layer is AlGaAs with a thick-
ness of 2um. One facet of the edge-emitting device is coated with the transmittance of T = 99.99%.
The other facet of the device is uncoated, the reflectivity, R of which is determined by the material
index. The well is vertically pumped from fiber-coupled 808nm pulsed laser under room temper-
ature. The pump beam is reshaped from Gaussian pattern to flat-top one to generate fixed carrier
density and gain distribution in the axial direction. With a linear polarizer, the PL spectra in trans-
verse electric (TE) and transverse magnetic (TM) polarizations are measured. The results are shown
in Fig. 2.

Thus, with the equation (9), the SER spectra in both TE (solid lines) and TM (dash lines)
polarizations can be obtained, which are shown in Fig. 3. The dual peaks are observed in both
TE and TM SER spectra and they are marked using letters A, B and C, D for TE and TM SERs,
respectively. The maximum of SERs as functions of carrier densities for TE and TM modes are plotted
in Fig. 4, respectively. The difference between TE and TM SERs indicates that the InGaAs/GaAs
quantum-well structure is compressively strained, as the TM polarization-generated photon energy
corresponding to the point, D is larger than the TE polarization -generated one corresponding to the
point, A.

The dual peak phenomenon in Figs. 2 and 3 should be associated with Indium-rich island effect
happening in the process of InyGa;_,As/GaAs material growth.?’ The Iny,Gaj_ As /GaAs structure is
a sort of highly-strained material system due to a larger lattice mismatching value. Hence, some small
clusters of Indium atoms are generated on the surface of InyGaj_4As layer to relax high stress in the
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FIG. 2. PL spectra in TE and TM polarizations from both facets of the optically-pumped edge-emitting Ing ;7Gag g3As
quantum well device.
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FIG. 3. SER spectra in TE and TM polarizations with various carrier densities of 3.6x10'7 cm3, 4.2x10'7 cm3, 4.5%10Y7
cm? and 4.8x10'7cm™ from Ing 17Gag g3 As/GaAs well structure.
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FIG. 4. The maximum of SERs as functions of carrier densities for TE and TM polarizations.

process of the material growth. As a result, the Indium atoms are migrating to the clusters because
these clusters are of lower potential energy. Since the migration length of Indium atoms is much
larger than that of Gallium atoms,”! the smaller clusters of Indium atoms gradually accumulate and
finally form Indium-rich islands on the surface of InyGa;.xAs layer. The migration of Indium atoms
up to the surface of InxGa;_xAs layer and the formation of Indium-rich islands result in the reduction
of Indium content in the subsurface of the In,Ga;.xAs material system so that some Indium-reduced
regions around the islands emerge for the InyGa; xAs quantum well layer. This can be understood
as a sort of surface defect for the quantum well from the material growth. Obviously, it is difficult
to obtain the actual SER spectra reflecting the influence from structure defects, such as Indium-rich
islands, with a pure theoretical approach.

In terms of Model-Solid theory,?? the dual peaks in SER spectra in Fig. 3 are just corresponding
to the Indium contents of x=0.17 and x=0.12 for the InyGa; x As/GaAs material system, respectively.
This means that a sort of hybrid InyGa; xAs well structure that contains both Ing 17Gag g3As and
Ing.12Gag gsAs is formed due to the Indium-rich island effect. A diagram to illustrate such a band
structure and wave functions in both the first conduction sub-band (C;) and the first valence sub-band
for heavy holes (HH;) and light holes (LH) is plotted with different Indium contents of InyGa;.xAs
materials. It is shown in Fig. 5. The lattice mismatching between In,Ga; x As/GaAs/GaAsP materials
lead to a special hybrid strain structure, i.e. the compressive strain occurs in Ing 17Gag g3 As and the
bottom GaAs layers, as well as the tensile strain occurs in Ing 12Gag ggAs and the inner GaAs layers.
This results in specially-slanted band edges, as shown in Fig. 5. This special band structure makes
carriers easier to move into the well and increases the carrier recombination rate.



085319-5 Yu et al. AIP Advances 7, 085319 (2017)

In0.17GaA's_ Ing,GaAs
A

GaAs

Pump beam

AEg 17 =0.079V AEg 1, =0.023¢V

Growth direction

FIG. 5. Hybrid band structure and wave functions in the first conduction sub-band (C;) and the first valence sub-band of
heavy holes (HH/) and light holes (LH;) due to different Indium contents in InyGaj_xAs well.

Theoretically, the SER in TE polarization is mainly determined by the electron-hole recombi-
nation between the conduction band and the HH; band, while the SER in TM polarization is mainly
associated with the electron-hole recombination between the conduction band and the LH; band.?
Thus, the space between the maximum of TE and TM SERs is corresponding to the difference between
the first sub-bands of HH| and LH;. For Ing ;7Gag g3 As materials, the band offsets for HH; and LH;
are AEy;, = 0.025¢V and AEyj;, = —0.0544¢V. Thus, the difference between the first sub-band of HH;
and LH; is AE(y 17 = 0.079¢V. For Ing 12Gag ggAs materials, the band offsets for HH; and LH; are
AEp, =-0.0073¢V and AEj;, = 0.0161¢€V, respectively. So the separation between the first sub-band
of HH; and LH; is AEy 12 = 0.023¢V.

The data and analysis presented above illustrate that the main peaks marked by A and D in
both TE and TM SER curves in Fig. 3 occur due to the compressively-strained Ing 7Gag g3 As/GaAs
layer. The corresponding TE photon energy is less than TM photon energy. Meanwhile, the sub-
peaks marked by B and C in both TE and TM SER curves in Fig. 3 occur due to the tensile strained
Ing.12Gag g3 As/GaAs region. The corresponding TE photon energy is larger than TM photon energy.
From the results in Fig. 3, it can be seen that the SER values from Ing 7Gag g3 As/GaAs layers are
larger than those from Ing 12GagggAs/GaAs region under the same carrier density for both TE and
TM modes. This is because the carriers initially occupy energy levels in the Ing 7Gag g3As layer
due to the lower C; potential so that the carrier recombination happens prior in there, as illustrated
in Fig. 5.

In summary, an experimental approach to acquiring both TE and TM spontaneous emission rates
of optically-pumped InsGa;.xAs/GaAs quantum-well laser structure is proposed in this paper. The
method is based on the PL spectrum measurement at both facets of an edge-emitting laser device. The
special dual peak configuration in the SER spectra from the InyGa;_x As/GaAs quantum-well structure
is observed. Our analysis reveals that a special well structure containing some randomly-distributed
Ing.12Gag g As regions on the surface of Ing 17Gag g3As layer is formed. This is probably caused due
to the Indium-rich island effect generated in the process of the material growth. This special well
structure shows a hybrid strain feature, i.e. the compressive and tensile strains exist simultaneously
for the well. The results will be very helpful to investigating and analyzing defects and performance
of semiconductor lasers.

The authors gratefully acknowledge the financial support of the National Natural Science
Foundation of China (Grant numbers. 61376067, 61474118) for this work.
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