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Abstract

Filamentation, and consequently output beam quality in InGaN quantum-

well lasers are found to be strong functions of quantum-well width because of

the interplay of quantum-confhed Stark effect and many-body interactions.

For an h.zGa0.8N/GaN gain medlumj the antiguiding factor in a thick 4nm

quantum well is considerably smaller than that for a narrow 2nm one. As

.
a result, lasers with the thicker quantum well maintain fundamental-mode

operation with wider stripe widths and at significantly higher excitation levek.
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Considerable work is being directed towards improving InGaN laser [1,2] performance.

One goal is to achieve high power, fundamental-mode operation, which is important for

applications such as digital versatile disk and laser printers. It is well known that in edge-

emitting semiconductor lasers, the carrier-induced phase shift, or refractive index, plays an

important role in determining optical beam quality. [3] This paper describes a theoretical

study of the underlying physical mechanisms governing

phase shift in an InGaN/GaN quantum-well structure.

the Iateral mode dependence on laser configuration.

Earlier stuches have shown that the optical gain and

the behavior of the carrier-induced

The results are used

absorption, as well as

to determine

luminescence

in nitride-based quantum-well structures are strongly affected by two intrinsic physical prop-

erties. One is the quantum-confined Stark effect, due to the piezoelectric field or spontaneous

polarization in a wurtzite heterostructure, which results in significant dependence of the op-

tical emission energy and oscillation strength on quantum-well width. [4,5] The other is the

strong many-body interactions, which are responsible for significant excitonic and Coulomb

correlation signatures in the optical spectra. [6] We also showed in an investigation that the

interplay between these two properties leads to interesting excitation dependent nonlinear

behaviors in the imaginary part of the optical susceptibility, which determines optical gain

and absorption properties. [7] A practical consequence is a stronger dependence of laser

threshold on quantum-well structure than usually found in conventional near.infrared III-V

lasers. [8] By extendhg earlier calculations to include the real part of the optical suscepti-

bility, issues involving the carrier-induced phase shift and its effects on laser beam quality

may be addressed.

In our analysis, we compute the room temperature local intensity gain G and carrier-

induced phase shift d@/dz spectra as functions of carrier density N. From Maxwell’s equa-

tions and working in MKS units, [9]

G=–KXi=–a ImP

d(j K

z– 2X7=– u_——
2&oncE

ReP,

(1)

(2)
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where E and w are the electric field amplitude and frequency of an optical plane wave, co and

c are the permittivit y and speed of light in vacuum, K and n are the laser wavevector and

refractive index in the host medium, and x = Xr + ixi is the complex susceptibility within

the active region. In semiclassical laser theory, the amplitude P of the induced polarization

is

(3)

where V is the active region volume, k is the carrier momentum in the quantum-well plane,

ve(v~) identifies the conduction (valence) quantum-well subband, p~’Vh is the optical dipole

matrix element, and p~V~ is the microscopic dipole due to an electron-hole pair. To calculate

the microscopic dipole, we solve the semiconductor Bloch equations. Limiting ourselves

to the small signal limit, the changes in the electron and hole populations n; and n’#,.

respectively, are negligible, and we have to consider only the polarization equation, [9]

In 13q. (4), the transition frequency ti~”~ and the Rabi frequency fll~vh are modified by

many-body interactions (exchange shift and Coulomb field renormalization, respectively).

The second line describes the carrier-carrier correlations which are treated at the level of

quantum kinetic theory in the Markovian limit. They describe screening (imaginary part)

and dephasing (real part), and consist of diagonal ~-evh term) and nondiagonal (p~~~ term)

contributions. These terms replace the relaxation rate approximation, and eliminate the

dephasing rate as a free parameter, which result in greatly improved predictive capability

and accuracy. To account for deviation from ideal two-dimensional quantum confinement

because of finite quantum-well thickness and confinement potential, we modifj the Coulomb

potential energy with a form factor involving integrals of the envelope part of the quantum-

weIl eigenfunctions. The numerical solution of (4) requires as input the electron and hole

dispersions and the dipole matrix elements, which are computed using ~. ~ theory and the
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envelope approximation. [10] The effects of the screening of the quantum-confined Stark

effect is taken into account by the iterative solution of the k . ~ Harniltonian and Poisson

equation. Input parameters to the bands tructure calculations are the bulk wurtzite material

parameters gi~ren in Ref. [7].

To illustrate the role of the quantum-confined Stark effect, we consider Gao.21no.8N/GaN

quantum-well structures of well width 2nm and 4nm. . Numerically solving the microscopic

polarization equation (4) for the steady state solutions and substituting the results into (I)

to (3) yield the gain and carrier-induced phase shift spectra shown in Fig. 1. The differences

in the results for the two quantum-well widths may be traced to the strength of the quantum

confinement relative to those of the piezoelectric and spontaneous polarization fields. In the

case of the narrow 2nm quantum well, strong quantum confinement limits modifications to

bound state energies and the dipole matrix elements by the piezoelectric or spontaneous

polarization fields. As a result, the gain spectra for different carrier densities overlap one

another, and gain occurs at relatively low carrier densities of N > 3 x 1012cm–2, as shown in

Fig. la. In contrast, Fig. lb shows a situation where a weaker quantum confinement makes

a wider well more susceptible to the piezoelectric or spontaneous polarization fields. These

fields can cause an appreciable separation between the confined electron and hole eigenfunc-

tions, significantly reducing the optical dipole matrix element. Consequently, a high carrier

density (N > 1013cm–2) is necessary to screen the fields and produce gain. Because of the

higher carrier densities, the gain spectra for the 4nm quantum well shown in Fig. lb are

broader than the ones showing similar peak gains in the 2nm case. The overlap among the

spectra is also reduced because of the blue shift in the band gap energy with increasing

carrier densi ~y due to screening of the quantum-confined Stark effect. The quant urn-well

structures show distinct mechanisms for the onset of gain. In the 2nm quantum-well case,

the onset of gain is due to band filling, as in conventional semiconductor lasers. In contrast,

a significant population inversion already exists in the 4nm quantum-well case at the onset

of gain. Here. the appearance of gain is due to the restoration of the dipole matrix element

by the screening of the quantum-confined Stark effect.
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For the carrier-induced phase shift, Fig. la shows a decrease in d#/dz with increasing

carrier density for the 2nm quantum well. This dependence is due to band filling, similar to

the case for conventional near-infrared III-V laser structures where the quantum-confined

Stark effect is absent. In contrast, Fig. lb shows

dependence for the 4nm quantum well. Here, we

ual screening of the quantum-confied Stark effect

a considerably weaker carrier density

have a contribution due to the grad-

with increasing carrier density, which

increases the dipole matrix element. Because d@/cLz is proportional to the square of the

dipole matrix element, this contribution counters that due to band filling. Figure lb shows

that both contributions approximately cancel each other, resulting in a weak carrier density

dependence. Furthermore, each d#/dz spectrum exhibits a richer structure compared to

the 2nm quantum-well case, because the higher carrier densities give rise to contributions

from transitions involving higher hole bands. The increased structure together with the blue

shift in the bandgap energy with increasing carrier density lead to intertwining of the d@/dz

spectra.

Discussions of the carrier-induced phase shift often involve the antiguiding factor [3]

‘=-’(a(:y))(a-’1 (5)

because it provides a useful measure of gain medium effects on laser beam quality. Figure 2

depicts the dependence of R at the peak gain frequency wpk on the peak gain GPk, where a

laser typically operates. For the 2nm quantum well and a threshold gain of around 103cm-1,

R has a value that is greater than 6, which is almost a factor of three higher than typical in

near-infrared quantum-well lasers. One contribution to the high 1? value is the higher joined

density of states because of the significantly heavier electron and hole effective masses in the

nitride compounds. For the 4nm quantum well, values for R are noticeably smaller, because

of the screened quantum-confine Stark effect on d~/dz, as discussed earlier.

A large antiguidlng factor means a high likelihood of multilateral mode operation because

of the onset of filamentation. This is particularly true in a gain-guided edge-emitting laser.

To illustrate this behavior, we performed a wave-optical analysis based on using the Crank-
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Nicholson method (11] to numerically solve the wave equation for the Iateral intracavity field

chstribution u(y, z) = ]u(y, z) { exp [–iO(y, z)], where lu\2 is proportional to the intracavity

intensity, O gives the phase front, and the distribution is averaged over the transverse di-

mension. We defined a coordinate system where y is the lateral (plane of quantum well)

dimension, x is the transverse (perpendicular to quantum well plane) dimension, and z is

along the resonator axis. The wave equation is solved simultaneously with the rate equation

for the total carrier density, with the coupling between the two equations provided by the

optical susceptibility defined in (1) and (2). [12] We assume a gain-guided edge-emitting laser

structure, where the field in the transverse dimension is index-guided by epit axial layers.

Figure 3 shows ~u(g, 0) 12and 6(Y, O) versus g at different excitation levels for a laser with

the 2nrn quantum-well gain region. We chose a resonator length L = 500prn, confinement

factor 17= 0.032, facet refiectivities RI = R2 = 0.18, and an effective internal optical loss

of a = 30cm– 1. The unsaturated carrier distribution for a 6pm stripe width is calculated

using the current spreading model by Hak& [13]. Near threshold, the laser operates with

a single-lobe intensity distribution and a phase front that is relatively uniform. However,

for excitations N/lV~~ > 1.1, where lV~~is the threshold carrier density, the optical beam

separates into two intensity lobes (filaments). As shown in the curves for N/Nth = 1.29

and 1.51, the full-width-at-half-maximum of each filament is Wj = 1.9pm. There is also

a large (> 7r/2) phase difference between the filaments. An asymptotic filament width is

reached at high excitation levels, when the self-focusing due to the saturation of the optical

susceptibility is balanced by diffraction. While the asymptotic filament width is independent

of stripe width, it is strongly influenced by the antiguiding factor and the laser wavelength

(via diffraction). To prevent beam breakup at high excitations one should use a stripe width

that is close to the asymptotic filament width. For the 2nm quantum-well active region, our

simulations show that a single-lobe field distribution may be maintained far above threshold

if the stripe width is reduced to 2pm. This result is consistent with recent experiments

involving fundamental-mode operation of InGaN quantum-well lasers. [14]

Figure 4 shows a different behavior for the 4nm quantum-well laser with the same
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resonator geometry (but with r = 0.064 because of the wider quantum well). Here, a

single-lobe intensity distribution exists to much higher excitation levels. Examination of

the phase profiles shows the more subtle transition from gain guiding to filamentation in

this wider quantum well. While the shape of the lateral intensity profile remains basically

unchanged, the phase front undergoes a transition from a diverging gain-guided wavefront

to that of a flat or slightly converging index-guided one, indicating that filamentation has

taken place. At lV/lVt~ >1.2 the beam width is essentially that of the asymptotic filament

width wf = 3.7pm.

In summary, a microscopic theory is used to calculate; the carrier-induced phase shift

dg5/dz in InGaN quantum wells, so that the effects of the active medium on laser beam

quality may be studied. The carrier density dependence of d@/dz was found to be strongly

influenced by the quantum-confined Stark effect. A consequence is a strong dependence of

the antiguiding factor on the quantum-well width. Using the calculated optical susceptibility

in a wave-optical laser model, the lateral field distribution in a stripe geometry edge-emitting

laser was investigated. For a laser operating with a 2nrn Ino.2Gao.GN/GaN quantum-well gain

region, filamentation limits the stripe width to 2pm, if fundamental lateral mode operation

is desired at high excitation levels. One the other hand, a laser with “a4nm Ino.2G~6N/GaN

quantum-well gain region was found to maintain fundamental-mode operation high above

threshold with a wider 6pm stripe width.

This work was supported in part by the U. S. Department of Energy under contract No.

DEAC04-94AL85000.
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Figure 1. Room temperature

.

Figure Captions

intensity gain and carrier-induced phase shift spectra for

Ino.zGaO.sN/GaN quantum-well structures. The quantum-well width and carrier densities

are (a) w = 2nm and N = 4.4 x 1012cm–2 (solid curve), 4.6 x 1012cm–2 (dashed curve) and

4.8 x 1012cm–2 (dotted curve); (b) w = 4nm and N’ = 2.2 x 1013cm–2 (soiid curve), 2.4 x

1013cm-2 (dashed curve) and 2.6 x 1013cm-2 (dotted curve).

Figure 2. Antiguiding factor at the gain peak frequency for 2nm and 4nm Ino.zGa.sN/GaN

quantum-well structures vs. peak gain.

Figure 3. Lateral phase and intensity distribution at output facet for gain-guided edge-

ernitting laser with 6pm stripe width and 2nm InO.zGaO.gN/GaN multiple quantum well

gain region. The excitation levels are N/Nti = 1.03 (solid curve), 1.29 (dashed curve) and

1.51 (dotted curve). The resonator configuration gives a threshold gain of Gt~ = 2x 103cm–1.

Figure 4. Lateral phase and intensity distribution at output facet for gain-guided edge-

emitting laser with 6pm stripe width and 4nm Ino.2Gao.81i/GaN multiple quantum well

gain region. The excitation levels are N/Nt~ = 1.04 (solid curve), 1.42 (dashed curve) and

1.89 (dotted curve). The resonator configuration gives a threshold gain of Gt~ = 103cm-1.
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