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ABSTRACT

The carrier-induced effects in the change of refractive index on the GaAs/Al,Ga, yas square quantum
well (SqQW) and diffused quantum well (DFQW) was investigated. Band-filling, bandgap shrinkage,
and free-carrier absorption were included. Carrier concentrations from 10" to 10" cm™ were
considered. The energy levels and their associated wavefunctions in the SqQW or DFQW structures are
calculated by solving both the Schrédinger and the Poisson equations self-consistently. It is followed by
the absorption change, which is defined as the difference between the absorption coefficient with carrier
injection in QW and that without carrier injection. The refractive index change can be obtained by
applying Kramers-Kronig Transformation. These results obtained are useful in the design of devices,
such as lasers, optical phase, modulators and switches. Thus, it is important to know the carrier-induced
energy shift in GaAs/Aly,Ga, yas quantum well structures.

Keywords: AlGaAs/GaAs, interdiffused quantum well, lasers, carrier effects, refractive index,
absorption

1. INTRODUCTION

The quantum confinement of carriers in semiconductor quantum wells (QWs) and superlattices,
which leads to the quantization of energy levels, has been studied extensively. These effects include
linear and nonlinear transitions, with and without the application of a uniform electric or magnetic field,
which will alter the position of the quantized energy levels and therefore contribute to the absorption
coefficient and refractive index of the structure. However, most of the developments in QW devices
were based on square (rectangular) well structures. It is expected that the ladder of the quantized energy
levels are more sensitive to nonsquare quantum well shapes than to square well shapes. The properties of
these nonsquare QWs are clearly of interest as promising candidates for their tailoring potential, and
may give rise to interesting device properties’ .

The potential profile of a QW produced by selective impurity induced compositional disordering
can be changed from that of a square well to a nonsquare well so that the band gap, and therefore the
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optical and electronic properties of the structure, are modified. The disordering process increases the
effective band gap and decreases the refractive index of the QW so that the implanted regions may be
used to confine photons to the as-grown (ordered) part of the structure, i.e., this process may be used to
form an optical waveguide®.

In fact, the effect of carriers in quantum wells has drawn a lot of attention. The interactions
between carriers (electron-electron, hole-hole, and electron-hole) may cause the emission wavelength
(energy) to shift, which is known as bandgap renormalization. This shift is important in the device
designs anf applications. The confinement energy levels in the QW structure can be tailored by changing
the well width as well as its shape with different compositions. These factors affect the shift of emission
energy induced by injected carriers. So it is an interesting and important area to investigate in terms of
the carrier induced energy shift and optical parameter change in GaAs/Aly,Ga, wAs quantum well
structure.

In this project, the main aim is to investigate the effects of carrier-induced change in absorption
coefficient as well as refractive index on the GaAs/Al,,Ga, As SQQW and DFQW. In fact, little work
has been reported in the corresponding research. However, this research has a considerable significance
on the device design such as modulation doped field effect transistors, photodetectors, QW lasers,
photonic switch, and modulators, etc..

2. THEORY AND MODELLING

At the end of the paper, we would estimate the carrier-induced changes in refractive index for
GaAs/AlWGal_WAs QW. We will consider the case of electrical injection for carrier concentrations
ranging from 1016 to 1018 / cm3. Three carrier effects are included, namely : bandgap shrinkage,
bandfilling, free-carrier absorption, where the mechanisms of these factors were extensively discussed in
Ref.3. Here we consider one of these effects: Bandgap shrinkage.

In this case, both electrons and holes are treated self-consistently*. The z direction, perpendicular
to the quantum well plane, was chosen. The initial potential profile V, 1(z) of the DFQW for electrons,
heavy and light holes are already given by Ref. 5

hz d 1 Y, (2)

T2 dz[m"‘J_r (z) dz

] + Ur (Z)Yr] (Z) = Ererl (Z) b (1)

i.e. U(z) = Vo 1(2). By solving equation (1) we can solve Eyj and W'pj, which are the energy level and
wave function for the Ilth sublevel respectively. The electron, heavy and light hole distribution ng(z),
nhh(2), njK(z) respectively are given by Ref. 6

¥k T )
ni<z>=2p?;1n[1+exp( ey f @

M
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where m//* is parallel effective mass. kg is Boltzmann's constant, T is absolute room temperature, i.e. T
=300K, L is the effective width in the z direction, Efj is Fermi energy which has already been given in
Ref. 3.

Once carrier spatial distributions ne, npp and nyy, are obtained, we can then estimate many-body
carrier effects, namely the Hartree term and exchange-correlation term. Hartree terms Ve, VR and
VHin are obtained from the Poisson equation, as in the following:

d? 4me
gz—;Vae (2= —T(nm, (2)+ny,(2)-n,(2)) 3)
VHhh(2) = VHIW(Z) = -VHe(2)

¢ is the dielectric constant. The boundary condition is taken as Vhh(2), VHIK(Z) and Vie(z) equal
zero at zp, = £50nm. With this condition, the Poisson equation can be solved without any difficulty.
The exchange-correlation term Vy, is given in Ref. 7 by

2
TOLT,

V. (2)= ———{1+0.7734x In(1+ %)]Ry (4)

The subscript r stands for electron, heavy hole and light hole, R, is the effective Rydberg. The

effective potential for carriers is given by the sum of the initial potential of the QW, Hartree term, and
exchange-correlation term: '

UI' = Vo,r + VHr + ch,r (5)

Inserting new potential (5) into the Schrodinger equation (1), new energy levels and carrier
distributions are obtained. By continuing this calculation loop until E;j values converge we obtain self-
consistent energy levels Ref. 4.

The absorption coefficient for the case of no carrier injection, og(w), will first be considered.
Afterwards, the absorption coefficient with carrier injection, a(w), will then be determined, in which
another carrier effect is included: Bandfilling.

Once the electron and hole envelope wavefunctions and subband energy levels of the QW
structure have been determined, the linear absorption coefficient a(w) may be determined in terms of the
imaginary part of the dielectric function €, (@) using the relation:

we, (o)

conR ((‘0)

o(w)=

©)
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where ng(®) and c, are the refractive index of the inter-diffused QW and the speed of light,
respectively. The incoming electromagnetic radiation is taken to be propagating parallel to the x-y plane
(perpendicular to z axis) of the QW layer, therefore o and €, are anisotropic with polarization (TE or
TM). Since we are interested in the QW quantization effect which manifests itself over a limited energy
range above the bandgap, we use an €, (®) calculation, which is based on the direct interband transitions
around the absorption edge in the I'-valley with a parabolic band, and three additional factors to take
account of (i) the polarization, (ii) the 2D enhancement Sommerfeld factor, and (iii) the factor that
includes the probability of the valance band state being occupied multiplied by the probability of the
conduction band state being unoccupied.® Thus the absorption coefficient ai(e) becomes

2 *
e'm, *w

M, > (Y, [ Yoo ) L, (W) Q)

Peq

o) =
( ) GCoconrmeEéVLz

For the case of bandfilling, we include two terms f;. and f,, which are given by the Ferni-Dirac
distribution functions®. Thus the absorption coefficient o(w) due to the induced carrier effect is obtained
in the above manner.

After we calculate the absorption coefficient ao(®) of the GaAs/AlywGal-wAs QW without
carrier injection, we are able to compute the change in absorption coefficient Ac, which is given by:

Ao = a(w) — ao(®) ©®)

The change in refractive index An due to the change in absorption coefficient Ao can be
calculated by the Kramers-Kronig Transformation, which is given in Ref. 9 by:

—sn | AE")
An(E)=6.28x10 POI—(E,) > 52

dE’ ©)]
where P stands for the principal Cauchy integral and E = ho is the photon energy, the units of o and E
arecm-l and eV, respectively.

We now consider the last carrier effect: Free-carrier absorption [3]. Then, Eq. (9) becomes

B0E) g - (o P Py (10)

An(E)=6.28x 10'6PJ swcen)'m, T m o
hh Th

s (EN?-E?

On the whole, the three carrier effects: bandfilling, bandgap shrinkage, and free-carrier
absorption, can produce substantial contributions to the total An. The bandfilling and free-carrier
absorption effects both produce a negative An for wavelengths in the transparent regime of the
semiconductors; bandgap shrinkage produces a positive An in the same regime.
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3. RESULTS AND DISCUSSION

We have calculated the eigenvalues and eigenfunctions of a SqQQW or DFQW. According to Fig.
la and 1b, the results show that as the diffusion length increases, the depth of the well decreases
accordingly. However, when the carrier concentrations increase, the well depth increases, which is due
to the bandgap shrinkage. By comparing the (E, - LH,) transition energies for different diffusion lengths
and carrier concentrations, we can find that the change in diffusion length dominates the change in well
depth. Thus the well depth will decrease when the diffusion length and carrier concentration increase
simultaneously. In addition, the changes in well width L, and Al concentration x also affects the
bandgap shift. We note that if the Al concentration is increased, the transition energy and well depth will
be increased. Moreover, the sensitivity of sp. QW or DFQW to the change in induced carrier
concentration will be reduced with the increase in well width. That is to say, the changes in transition
energy becomes less sensitive to the changes in diffusion length if the well width is increased. Moreover,
when the diffusion length increases, the QW profiles will become effectively more wider, which results
in more eigenpairs to be generated.

According to the results shown in Fig.2a and 2b, we note that the amplitude of absorption
coefficient decreases as the injected carrier concentration increases. The carrier-induced effect,
bandfilling, has also been considered when calculating absorption coefficient due to them. This effect
causes a reduction in the amplitude of the absorption coefficient with the decrease in the injected carrier
concentration. Besides we note that the absorption spectrum for TE mode is significantly different from
that for TM mode. For TM mode, both the heavy and light holes are present and the spectrum
reproduces all the features observed in the usual geometry. For TM mode, only light holes are observed
with increased oscillator strength for which the heavy hole absorption is absent. What is more important,
the first upward edge of the absorption coefficients is blue-shifted when the diffusion length increases.
However, if the well width is increased, this blue-shift effect induced by different carrier concentrations
becomes less significant.

The sign of the change in absorption coefficient A is always negative, since the absorption
coefficient with carrier injection Ax is always negative, since the absorption coefficient with carrier
injection o, (N>0), is absolutely smaller than that without carrier injection o, (N=0). In addition, since
o, decreases with an increase in injected carrier concentrations, we can then understand that | Aol
should be larger for cases of higher carrier concentrations. Moreover, according to Fig. 3a and 3b, Aa
spectrum will be blue-shifted when the diffusion length increases. Just like in the calculation of
absorption coefficient, the blue-shift effect induced by different carrier concentrations would be reduced
with an increase in well width.

The change in refractive index An can be obtained from A« directly by applying the Kramers-
Kronig Transformation. According to Fig.4a and 4b, | An| increases when the injected carrier
concentration increases. When the photon energy is far less than the bandgap energy, An would be very
small. As the photon energy approaches the bandgap energy, the amplitude of An reaches the peak value.
When the photon energy exceeds the bandgap energy, An again returns to a small value. In addition, the
position of the peak value of An is dependent on the diffusion length L,. It will be blue-shifted if L,
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increases. Moreover, the width has a certain significance on the position of the peak value of An. If the
well width is increased to a larger value, the blue-shift effect induced by different carrier concentrations
will become less significant.
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Fig. 1 shows the confinement profile for electrons when the
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Fig. 2 shows the absorption coefficient o spectrum (TE mode) when the well width LZ=7nm. Al

concentration = 0.2
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Fig. 3 shows the change in absorption coefficient Ac. spectrum (TE mode) when the well width
L,=7nm. Al concentration = 0.2
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