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Abstract

Taking account of the contribution of spin—orbit splitting, the energy
band of GaN/InGaN quantum wells (QWs) has been calculated. For the
quadratic electro-optic effect (QEOE), the resonant third-order nonlinear optical
susceptibility due to the interband transition of the mode, whose polarization is
parallel to the [0 O 1] direction of the QWs, has been analysed as a function of
the well width and the concentration of In.

1. Introduction

Recently, GaN-based semiconductor material and devices have caused great interest in people
because of their many advantages, for example wide band gap, high electron saturated drift
velocity and great thermal conductivity [1-5]. Among them, the quantum-confined structures,
including quantum wells, wires and dots, are very active, in which the carriers are confined
in one, two and three dimensions correspondingly. The discrete energy levels, resulting from
the quantum confinement effect, cause many unique physical properties. Compared to bulk
material, the nonlinear optical effects in GaN/InGaN quantum wells are stronger. Although
there have been some experimental reports [6-9], it is important and significant to calculate the
third-order nonlinear optical susceptibility of the GaN-based QWs.

As we all know, there are two kinds of transition processes occurring in semiconductor
quantum wells. Many studies of conduction intraband transitions (the transition between
two different subbands in the conduction band) have been reported [10, 11]. However, to
light-emitting diodes (LEDs) and laser diodes (LDs), intersubband transitions (the transitions
between a valence subband and a conduction subband) are more important. Different from
GaAs-based quantum wells [12, 13], the spin—orbit split-off energy of GaN/InGaN QWs is very
small and similar to the energy difference between valence subbands. So, for GaN/InGaN QWs,
the contribution of spin—orbit splitting cannot be neglected in the calculation of the valence band
structure and nonlinear optical susceptibility due to intersubband transitions. In this paper, to
understand the impacts of structure and material on nonlinear optical effects, the third-order
nonlinear optical susceptibility due to the intersubband transition for the parallel mode in the
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Figure 1. The structure of GaN/InGaN QWs.

GaN/InGaN quantum wells, including the contribution of the spin—orbit splitting, has been
calculated as a function of the well width and the concentration of the material In.

2. Model and theory

The structure of the GaN/InGaN QWs used in this paper is shown in figure 1. Because of
the implantation of the material In, the energy gap of InGaN is smaller than GaN and thus
the InGaN layers form potential wells. Since the potential barrier GaN layer between two
neighbouring wells is wide enough, the wavefunctions in the wells will not be overlapped and
the multiple quantum wells can be treated as a single quantum well (QW).

Using the approximation of effective mass [14, 15], the wavefunction near the I point in
the first Brillouin zone of the QW can be expanded as:

W(r) =) U0 Fy(o). (1

Here F,(r) is the slowly-varying envelope function and U,(r) is the Bloch function. For
the holes in the valence band, U, (r) corresponds to six band-edge wavefunctions, |v,) (n =
1,2,3,...,6). For the electrons in the conduction band, U;(r) = |C), and |C) is the ground-
state wavefunction of electrons. In this way, the effective mass equations of the electrons and
holes can be obtained.

With the contribution of spin—orbit splitting, the holes of the valence band in the
GaN/InGaN QW are divided into three types: (i) the heavy holes, which denote that the value
of 32 E /9*k and the corresponding effective masses are large; (ii) the light holes, which denote
that the values of 32E/3k and the corresponding effective masses are small; (iii) the spin—
orbit split-off holes, which are generated by the interaction between the magnetic torque from
the spin of valence electrons and the magnetic field from the orbits of other valence electrons.
Considering the direction of spin, there are three two-fold degenerated energy levels at the top
of the valence band. Thus the Hamiltonian of the valence band can be written as the 6 x 6
Luttinger—Kohn matrix [16, 17]:

HO(kxv kyv kz)

AL C 5C —iv/2B B 0
Cc* A —%(A+—A,) i,/2C 0 b
| mhe Sae-a) —atianta) 0 i3¢ V2B
2B —ijict 0 —A+5(AL+AD) H(AL-A)  5C
B* 0 —i,/3C* —%(A+—A,) A -C
L0 B* —iv2B* —%C* -C* Ay
2
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where A denotes the split of the spin—orbit coupling. A, A_, B and C have the forms:

hZ
Ay = _Z—mo[(k’% + ki)(J/l )+ kZZ(Vl F 2p)]
3h2
B= 3 [ya(k; — k3) — i2yskyky] ()
2m0 M
Van? o
Cc= y3(iky + ky)k,

mo

where 1, y» and y3 are Luttinger parameters. Since there is no confinement in the directions
of x and y, the method of separation of variables can be used and the envelope functions of the
holes can be rewritten as:

Fy(ky, ky, 2) = el thon) £ (2); 4

1
VL:Ly
here L, and L, are the normalized constants, which denote the length of the QW in the

directions of x and y, respectively.
Thus the effective mass equation for the valence band is:

Ho(ky, ky, 2)[ fm(2)] = E(kx, ky, 2)[ fin(2)], (&)

where m = HH%, LH?, SO1, SO|,, LH|, HH| denotes the terms for heavy holes, light holes
and the spin—orbit split-off holes with opposite spins. Near the top of the valence band, f,,(z)
can be expanded as:

N
Jn(@) = \/%;cﬁ" sin MTZ (6)

As shown in figure 1, L denotes the width of the QW. Combining (5) with (6), the eigenvalue
equation can be obtained as:

[H][C"] = E[C™], @)
where [H]is a 6N x 6 N matrix obtained from (2) and the eigenfunction is:

[C™] = (Cuuy, Crut, Csor Csoy, CLuys Cuuy)'s (®)

Ci = (C,,C5Ch...COO". )

Thus, by solving the eigenvalue problem, the energy structure of the holes near the top of the
valence band can be obtained.

As for the electrons near the bottom of the conduction band, it is simpler than the situation
for holes. After the effective mass equation is given, the method of separation of variables
can also be used on the slow envelope wavefunction of the electrons, since the QW forms
discrete quantized energy levels in the direction of z and the electrons are confined only in the
z direction. Setting the energy level at the top of the valence band to be zero, the wavefunction
and the energy at the I' point for electrons at the bottom of the conduction band are:

1 2
Jolky, ky, 2) = expli(kex + kyy)]\/; sin ? (10)

JL.L,
hZ(k)ZC +k§) h2n2n2

2m 2mEL?’

E=E,+ 11)

here E, is the energy gap, and m is the effective mass of the electrons.
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According to the selection rules of the transition between the valence and conduction
bands, the transition between the valence band and the conduction subband can exist only when
An = 0. Considering that the envelope function varies slowly, the element of the transition
matrix, whose quantum number is n, is:

6 6

(ro), = f WO, U0 dr =Y (elry|v) f FE@Fi@de =Y felr,l)Cl. (12)

i=l1 i=l

(elrolv) = (e Jrplrgs ) = —" EgBg+8) o s (13)
plVi) =€, ] [Fpllq, ] _Ec_Ev ZmZ(Eg—‘r%A) J.J'°p.q-

In (12) and (13), r,4=123 = x,y,2, 88,4 denotes that there is no transition
between different directions and different spins. The band-edge wavefunctions of the holes
(13/2,£3/2),13/2, £1/2),|1/2, £1/2)) are shown in [12]. Taking them into (13), and setting

h E.(E A
g g+2) —Q. (14)

the matrix element of the dipole transition in the z direction between the nth subband of the
valence band and the nth subband of the conduction band can be written as:

Zetv = 1 Cn Sza Zelv = Cn Q.

So far, the energy structure and the wavefunctions of holes near the top of the valence
band and electrons near the bottom of the conduction band can be obtained. If we know the
expression of the third-order nonlinear optical susceptibility, it is easy to get the impacts of the
structure and the material on it.

The original expression for third-order nonlinear optical susceptibility is [19]:

_ 4
Xﬁy)ﬁy(—wa; w1, 2, W3) = ‘ Z Z Zf(a,k)
k

3.4
6w, wiwrw3hi’m*V ~ ared

Note that [18]:

B
X pgbpgcpcdpglla (16)
(Rpq — w1 — ) — 03)(R¢g — 01 — ©2)(Rga — 1)

where wi, w,, ws are the frequencies of the incident radiation and «, B, y are their respective
polarizations, and p represents a dipole matrix element. The polarization of the response is ©
and its frequency is W, = | + @y + w3.)_,, .4 Tepresents a summation over superlattice
bands, and ), represents a summation over the Brillouin zone. f(a, k) is the occupation
number of states in the ground state, and Q,, = (Ep — Eo) /A — Vpa- Y. , Tepresents a sum
over permutations of the pairs (i, —ws), (o, w1), (B, w2)(Y, w3). In this paper, the dc field
can be considered as a coherent superposition of the photon with zero frequency. The dc-
Kerr effect and the electron-absorption process can be described by the third-order nonlinear
susceptibility: Xé331§05(w) = Re x®(-0w, 0,0, w), X]EZSA)(G)) = Im x®(—w, 0,0, ). For the
mode parallel to the [0 O 1] direction of the QW, the third-order nonlinear optical susceptibility
X 3 (—w, 0,0, w), due to the transitions from the valence band to the conduction band, can be
obtained from formula (16), shown as follows [12, 13]:

4
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Figure 2. The energy of the holes as a function of X vertical to the z-direction of the MQWs.

(?)( 0.0. ) e e 3 dk?
N—w w)=—\|=— —
X e L \2n (27 )?

/ / 1
x Yo (elzlv)wlzle) {1z ) W Izle)(pf — pd) ————
v.v'=HH,LH.SO @ = e v

1 1 1 1
X — X + — X . (17)
O+ Ly, O ey OFU. O Uy

The suffixes ¢, ¢’ denote the two-fold degenerated state with opposite spins in the conduction
band and v, v' denote one of the three two-fold degenerate states with opposite spins in the
valence band. p? and p? are the quasi-Fermi energies, p? = 0.15 eV and p? = 0.05 eV. pucy (k)
is defined as:

E.(k) — E,(k .
ey (k) = % — 1Yy, (18)

where E.(k) and E, (k) are the energies of the electrons in the conduction band and the holes
in the valence band, y.y = 1/7¢y, Tey = (Tee + Twy)/2, and 7. and 7,y are the relaxation times
of the electrons and holes and can be assumed to be To. = T,y = 10713 s.

3. Results and discussions

Setting the concentration of In to be 0.05, the parameters of the potential well material InGaN
are given in table 1 [20].

After defining the energy at the top of the valence band to be zero, the energy structure of
the holes near the top of the valence band is shown in figure 2, while the width of the QW is set
as 7.0 nm and the concentration of In as 0.05.

At room temperature, the electrons and holes in the QW are distributed mainly near the
bottom of the conduction band and the top of the valence band, respectively. Most of the
carriers are near the state n = 1, k¥ = 0. According to the rules of selection, the intersubband
transition can be described as the transition from the HH1, LH1 or SO1 valence subband to the
first conduction subband. Thus the # in (15) is equal to 1. Taking the wavefunctions into (17),
the modulus, real and imaginary parts of X((;;OE can be obtained, shown in figure 3.
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Figure 5. The real part of XéQOE with different well width.

Table 1. The parameters of InGaN that are used.

Parameters Ing.05Gag.9sN

Length of primitive cell: g (A)  4.50

Forbidden gap: E, (V) 3.08855
Effective mass: m} 0.1485
Luttinger parameters:
Y1 2.7225
V2 0.7755
V3 1.1265

From (8), (9) and (15), it can easily be seen that for the mode, whose polarization is parallel
to the [0 O 1] direction of the QW, the HH1 state has no contribution to the transition process.
From figure 3, it seems that there is only one peak in each one of the three curves. But this
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Figure 6. The imaginary part of )(((;gOE with different well width.

is not true. In fact, near the frequency of 3.15 eV, there is another peak in each curve, which
is too tiny to be seen. The great difference between the values of the two peaks results from
different transition probabilities. Since the tiny peak is due to the transition from the first light
hole valence subband LH]1 to the first conduction subband el while the large peak is due to the
transition from the first spin—orbit split-off hole valence subband SO1 to el, the great difference
shows that the mode with polarization parallel to the [0 0 1] direction of the GaN/InGaN QW is
more sensitive to the transition from SO1 than LH1 to el. From this point, some spin-dependent
dynamic research can be performed in the future.

Furthermore, to understand the impacts of the material and structure of the QW on the
nonlinear optical effects, the modulus, real and imaginary parts are given as functions of the
well width and the concentration of In, respectively.

As the concentration of In is fixed at 0.05, the modulus, real and imaginary parts of X((;FEOE
are shown in figures 4-6 with varying well width from 6.5 to 8.5 nm. There are two peaks

8
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Figure 7. The modulus of )(((;gOE with different concentrations of In.

in each curve. However, the tiny peak near the low frequency is too small to be seen, which
is smaller than that near the high frequency by over one order of magnitude. So, with the
frequency confined from 3.13 to 3.17 eV, the tiny peaks, due to the transition from LH1 to
el, are magnified in figures 4(b), 5(b) and 6(b). From both (a) and (b) of figures 4-6, with
an increase in well width, the position of the peaks generates red-shift. This indicates that the
energy difference between LH1 or SOI1 and el decreases as the well width increases. On the
other hand, the value of the peaks, which are due to the transition from SOI to el, decreases
with an increase in well width. Because of the great difference in the value of the two peaks, it
can be seen that the QEOE will increase with an decrease in well width. This indicates that with
the increase in well width, the quantum confinement effect and correspondingly the third-order
nonlinear optical effect will become weaker.

In contrast, from figures 4(b), 5(b) and 6(b), the value of the peaks, due to the transition
from LH1 to el, increases as the well width increases. This is an interesting phenomenon and
we think it results from the following reasons. In the GaN/InGaN QW, the discrete quantized

9
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Figure 8. The real part of X((;E)OE with different concentrations of In.

energy levels are formed in the z direction, while the particles with effective masses move freely
in the x—y plane. For the holes of the valence band, the motions in the x, y and z directions
are coupled mutually and every valence subband has a contribution for HH, LH and SO. Only
at k, = k, = 0, the wavefunction of each subband tends to that of the corresponding hole
state. The GaN/InGaN QW is Type I QW and the carriers are distributed mainly near the T’
point (k = 0). However, in a real situation, the wavevectors parallel to the layer are not zero
(kx # 0, k, # 0), which results in the coupling of HH and LH. This can be seen from figure 2,
in which the curvature of the LHI subband near the frequency of 2.5 /ay becomes positive.
The HH1 holes have much effect on the transition process from LH1 to el and the influence
becomes greater with decreasing well width. Since HH1 has no contribution to the third-order
nonlinear susceptibility of the mode with the polarization parallel to the [0 O 1] direction of the
QW, the value of the peaks due to the transition from LHI to el decreases with decreasing well
width.
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Figure 9. The imaginary part of XgE)OE with different concentrations of In.

In addition, setting the width of the potential well to be 7 nm, the modulus, real and
imaginary parts are shown with varying concentrations of the semiconductor material In.

From figures 7 to 9, it can be seen easily that, with an increase in the concentration of
In, the peaks generate red-shift and become bigger. The red-shift indicates that the energy
difference between LH1 or SO1 and el becomes small as the concentration of In increases.
In addition, the increase in the peak values shows that, within a certain range, the quantum
confinement effect, and correspondingly the third-order nonlinear optical effects, will become
stronger with an increase in the concentration of In.

4. Conclusions

Including the contribution of the spin—orbit splitting, the energy band structure has been
calculated. Then the third-order nonlinear optical susceptibility for the quadratic electro-
optic effect due to the intersubband transition of the mode, whose polarization is parallel to
the [0 O 1] direction of the QW, has been analysed. The results show that the spin—orbit split-
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off holes contribute more to the susceptibility than the light holes. With the increase in the well
width and the concentration of In, the energy difference between LH1 or SO1 and el becomes
smaller and the nonlinear susceptibility generates red-shift correspondingly. On the other hand,
with the increase in the well width, the values of the peaks due to the transition from SO1
to el decrease while those due to LH1 to el increase, which results from the strong coupling
between HH1 and LH1. With the increase in the concentration of In, the values of the peaks
due to the transitions from both LHI and SOI to el increase. The results are significant for
studying the competition between different modes in the QW and are useful for designing new
semiconductor QW optoelectronic devices.
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