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Abstract 

The amplified spontaneous emission of a strained quantum-well distributed 

feedback laser biased below laser threshold is used to extract the gain and refractive 

index spectra in a systematic manner. A modified Hakki-Paoli method is used to obtain 

the gain and differential gain spectra. The refractive index change due to carrier injection 

is obtained from the shift of the Fabry-Perot peaks in the amplified spontaneous emission 

spectrum. The measured amplified spontaneous emission spectrum, gain, refractive 

index change, and linewidth enhancement factor are then compared with our theoretical 

model for strained quantum-well lasers. Our model takes into account the realistic band 

structure and uses the material and quantum-well dimensions directly in the calculation 

of the electronic and optical properties. The theory agrees quite well with the 

experiment. 

I. Introduction 

Distributed-Feedback (DFB) lasers have become the source of choice for 

long distance fiber-optic telecommunication systems due to their capability for 

dynamic single-mode operation and their inherent temperature stability. 

Strained quantum-well systems have also emerged as an important technology. 

Producing a reduction in the hole effective mass, these lasers provide a lower 

threshold, higher differential gain, and lower linewidth enhancement factor. 

Strained quantum-well semiconductors also provide an extra degree of freedom 

in band-gap engineering in the search for high performance high-speed laser 

systems. 

It is very important to be able to characterize strained quantum-well 

distributed-feedback lasers to both verify the physical models, and to evaluate 

device design. The amplified spontaneous emission (ASE) spectrum of a laser 



biased below laser threshold is rich with information and particularly well suited 

for device characterization. Much work has been done using the ASE spectrum 

from Fabry-Perot lasers to measure important material parameters such as gain, 

differential gain, carrier-induced index shift and the linewidth enhancement 

factor [1],[2]. In this paper, we explore the properties of the ASE spectrum from a 

distributed feedback laser, developing a systematic procedure to extract these 

same parameters. 

Previously, Soda and Imai [3] examined the spectrum by calculating the 

light due to a single spontaneous source exiting one of the facets (by a multiple 

reflection analysis using coupled-mode theory) and numerically integrating the 

result over the entire cavity. Makino and Glinski [4] applied transfer matrices to 

the same methodology to obtain an analytical expression for the spectrum. 

Weber and Wang [5] used an eigenmode approach to obtain an analytical result. 

Also, the ASE from a distributed-feedback laser has been previously used in a 

limited way to extract laser parameters [6] such as coupling coefficient, and gain 

and refractive index in the stop band region by fitting the ASE spectrum in this 

region.   Using our model for the ASE from a distributed-feedback laser in 

combination with a first principles theoretical model for the electronic and 

optical properties of strained quantum-wells, we present a systematic method to 

extract the gain, refractive index change, and linewidth enhancement factor 

spectra from the ASE spectrum.   There has been relatively little work on 

comparing the measured gain spectrum directly with that calculated using a 

realistic semiconductor quantum-well band structure.   We show that the 

theoretical model agrees quite well with our experimental observation. 



In Section II, we present our derivation for the ASE from a distributed- 

feedback laser, treating the spontaneous emission as current sources distributed 

throughout the laser cavity and solving for the electromagnetic fields in the 

presence of these sources. We use a comprehensive theoretical model for the 

gain and refractive index spectra of strained InGaAsP quantum-well lasers, 

designed for applications in long-wavelength 1.55 urn communication systems. 

Experimental procedures are discussed in Section in and methods to extract the 

gain based on the Hakki-Paoli method [2], refractive index change, and linewidth 

enhancement factor are presented in Section IV along with comparisons to 

theoretical calculations. Finally a brief conclusion is given in Section V. 

II. Theoretical Model 

A. Amplified Spontaneous Emission from aDFB laser 

To derive the amplified spontaneous emission from a distributed-feedback 

laser, we model the spontaneous emission from a differential slice of the cavity as 

an effective source for optical waves. Consider an equivalent current-sheet 

source located at z = Zs, radiating in a periodic structure with gain (i.e. a DFB 

cavity) pictured in Fig. 1. The power radiating from this current source will be 

equal to the power of the spontaneous emission events occurring between zs and 

zs + dzs which couple to the lasing mode when [1] 

\j\ = -W{fico)dz,=^r(nco)AEncodzJ (1) 

where ß is the fraction of the spontaneous emission events which couple into the 

waveguide mode, rjp(^ü))A£ is the spontaneous emission rate per unit volume of 



photons with energy between tico and tico + AE. A physical model for r^hco) 

will be shown in Section n.B. 

As is well known in the literature, the propagation of waves in a periodic 

media with a permittivity 

£(x,y,z) = e(x) + Ae{x,z) (2) 

where e{x) accounts for the index-guided single-mode waveguide with an 

unperturbed modal field Ey(x) and Ae(x,z) is periodic in z, can be described by an 

electric field of the form 

E = yEy(x)[A(z)eiß'1 + B(z)e~ip'1] (3) 

where ß0 = n i/A is the Bragg wave vector, t is the order of the grating, and A is 

the period of AE. The amplitudes A(z) and B(z) of the forward and backward 

propagating waves are governed by the coupled-mode equations [7], [8] 

M& = iAßA(z) + iKabB(z) (4) 
dz 

*M = iKbaA(z) + iAßB(z) (5) 
dz 

where Aß = ß - ß0 is the detuning from the Bragg wavelength, ß is the wavevector 

in the semiconductor given by koneff-iG/2 with ko representing the wavevector in 

free space, neff as the effective index of the waveguide mode, and G as the modal 

gain, and Kab and Kba are the coupling coefficients [7]. 



The general solutions of the coupled-mode equations are given as 

A(z) = Aei,p + rmBe-i'r~ (6) 

B(z) = rpAe*z + Be'* (?) 

where 

rm 

_q-Aß_ -Kab 

q + Aß 

rP 

_q-Aß_ 

K*b 

Kta 

q + Aß 

(8) 

(9) 

and q is the eigenvalue of the coupled-mode equations given by 

q = ±J(Aßf-KabKba (10) 

Notice that the choice of sign for q is automatically taken into account by 

including both forward and backward propagating parts in the amplitudes A(z) 

and B(z). In these equations, exactly the same analytical solutions are obtained if 

q is switched to -q. 

It is important to understand the behavior of the complex wave number q 

since the waves in the periodic structure behave as if they propagate with q as 

their wave vector. That is, the real part of q corresponds to the propagation of 

the wave, and the imaginary part of q corresponds to the attenuation (or 

amplification) of the wave. Using ß=kone-iG/2 and assuming lossless coupling, 

we obtain 



.cY  .   p q = ±^\8-i-j -\Kab\   =qr+iqi (ii) 

where 8 = kone - ß0 is the deviation of the wave vector in the semiconductor from 

the Bragg wavevector and G is the gain coefficient. 

The values of qi and qr are plotted for the positive root of q in (10) (qr goes 

to 8 when 181 » I Kab I) in Fig. 2(a) for the negative gain case, Fig. 2(b) for the 

zero gain case, Fig. 2(c) for the low positive gain case, and Fig. 2(d) for the high 

positive gain case. The negative root of q may be obtained by flipping the signs 

of both real and imaginary parts. For the zero gain case we see that q is purely 

real for 18 I > I Kab I, so the wave will propagate with no loss or gain. For 181 < 

I Kab I the radiation wavelength is said to be in the stopband and q is purely 

imaginary. Thus, there is no propagation and the mode will be rejected by the 

periodic structure. 

For the case with gain, as 181 » I Kab I, q- approaches 8 and q; approaches 

-G/2. If the radiation wavelength is far away from the stopband, it propagates 

as if it were in a normal waveguide, with no periodic perturbation of the 

permittivity function. If the radiation wavelength occurs in the stopband, there 

is now a finite, but small, value for the real part of q, so the mode is not entirely 

rejected. We see that gain tends to soften the effects of the stopband. In fact, if 

IGI»I «ab I / then the waves will propagate as if there were no periodic part to 

the permittivity. 

For the equivalent current sheet Js at z = zs, the optical electric fields can 

be written as 



E, = yEy{x)[A,{z)eiß'1 + Bi(z)e~iß'z] for 0< z <zs (12) 

E2 = yEy(x\A2{z)eiß't + ^(z)«"*'*] for z, < z < L (13) 

Where Aj(z) and Bj(z) are given by (6) and (7), with constant coefficients A; and 

Bi. By matching boundary conditions at the facets, positioned at z=0 and z=L 

(Ai(0) = riBi(O) and B2(L) = r2 e
2ißoLA2(L) where ri and r2 are the complex 

reflection coefficients), we obtain 

A=VHk (14) 

^=r^l"y8^ as) 
A,     l-ra«

2AIT. 

The quantity ci (c2) represents the total coupling of the backward (forward) to the 

forward (backward) propagating mode. These expressions contain the 

information of how the feedback from the facets, which is relatively independent 

of wavelength, and the feedback from the grating, which is strongly dependent 

on wavelength, combine to give the total coupling of the modes, ci and c2 can be 

interpreted as the effective facet reflectivities including the effect of the grating. 

Whether these feedback mechanisms add constructively or destructively 

depends strongly on the magnitude and phase of the reflectivities of the facets. 

Next, matching the boundary conditions for the tangential electric and 

magnetic fields at z = zs, we obtain 

. _m (cxa + b)Jt         ,16) 

*= 2 (i-^)M(^-2,7U+v**)](i-w*) 



where 

a = (eiß'l'+rpe-iß°z')eir" (17) 

b = (e-iß'z'+rmeiß^)e-^ (18) 

The transmitted electric field from the right facet is 

E^e^l + c^K (19) 

where t2 is the field transmission coefficient at facet 2. 

The power due to a single equivalent emission source can be integrated 

over the length of the cavity to obtain the total amplified spontaneous power, 

since the radiation from each source is incoherent. Combining (16) and (19) and 

ignoring the zs dependence in the denominator (since I ß I » I Kab I, I Kba I)/ we 

obtain the total amplified spontaneous power 

Llr-   I2 1        \2 I 1 I21. I2    -2?,t L 

» „ f&U . JSüL ÜJiU rf|c,a + t|i&,(20) 
'    J.2U.    '    8l.W,|l-V1"-'r.|!|l-W

2*|,r       ' 

This integral has several terms, but only those which are exponential or 

those which oscillate on the order of qr will be significant. The final expression 

for the amplified spontaneous power out of the right facet is 



p - M' W{ti(o)\t2 

8r?770li9r|l-r2e
2^LrJ-|l-clC2,

2^ 
x 

I'^M^HirH''*^ ' e       -1 (er""L-\\ 
2iqr 

(21) 

+ C.C. 

A similar derivation can be followed to obtain the amplified spontaneous power 

out of facet 1. 

The amplified spontaneous emission spectrum is dominated by the fast 

varying term \-cxc2e
2iqL in the denominator of (21). The spectrum shows rapid 

oscillations with maximum and minimum profiles which are determined by the 

gain and the cavity reflection coefficients. By setting the term 

expf/fo^L+Ö^ +0c,)l where 0,. and 6Cj are the phases of ci and c2/ equal to 1 

and -1 respectively, we can generate the maximum and minimum profiles. The 

ratio of the two is given to be: 

S = 
I    V    1+ c.c2k 'max        _ I  1   ?' 

V   min 

-lq,L 

\-\cxc2\e -1q,L 
(22) 

This ratio is analogous to that obtained in the Hakki-Paoli method for a Fabry- 

Perot cavity, but here the facet reflectivities ri and ti have been replaced by ci 

and C2, the combined reflectivity of the grating and the facets. Also, the 

imaginary part of the q has replaced the modal gain of the laser. This ratio will 

be used in section HI to obtain the gain spectrum. Also, the position of the 

maxima are given by the formula: 

2q,L+0.+de =2mn (23) 

10 



For wavelengths away from the stopband region, 6Ci = 6ri , 8Ci = 6ri, and qr 

becomes koneff and the positions of the maxima reduce to the familiar formula for 

Fabry-Perot modes: 

*.-->V <24> 
In   2n 

These mode positions will be used in section IE to extract the cavity length, the 

effective index, and the carrier induced change in the effective index. Near the 

stopband, the mode positions deviate from the normal Fabry-Perot positions, so 

information in this area must be interpolated from the surrounding data. 

B. Optical Gain and Refractive Index Model 

The electronic subbands and corresponding wave functions of the strained 

quantum-well structure in the active region are modeled based on the effective- 

mass theory [9], using the theory of Bir-Pikus [10] to take into account the effects 

of strain. The effective-mass equation is then solved by a finite difference 

method [11]. The spontaneous emission rate r^hco) for a single quantum-well 

can be calculated as 

w-i&i^Tü^s (26) 

ii 



where q is the magnitude of the electronic charge, h is Planck's constant divided 

by 2TC, C is the speed of light in free space, rrio is the electron rest mass, Lz is the 

well width, yis the Lorentzian half-linewidth, fc
n[f

v
m) is the Fermi occupation 

probability for electrons in the nth (m^) conduction (valence) subband, and E^ is 

the transition energy between the n* conduction and mth valence subbands. The 

details of the theory can be found in [1] 

The material gain can be determined from the spontaneous emission rate 

[13] using 

6 ösp 
(tico-AF) 

1-exp 
kj 

(27) 

for p = TE or TM, and the modal gain gu = Tpg is obtained by multiplying the 

material gain by the optical confinement factor V, which is the polarization- 

dependent optical confinement of the waveguide mode weighted by 

nwLz/Wmode/ where nw is the number of wells and Wm0de is the effective width 

of the optical mode profile. The confinement factor of the waveguide mode is 

calculated using the effective index method with the core dimension d, which is 

the total thickness of the well, barrier, and spacer layers, and the refractive 

indices n(K) of the bulk InGaAsP spacer layer and the InP cladding layer [1],[16]. 

The induced change in the effective index due to interband transitions is 

given by [7], [14] 

12 



ncSmoLl£o "•»        27r 

(g;(*.)-H     (/:(*,)-/:(*,)) (28) 

It should be pointed out that the optical confinement factor r' for the quantum- 

well active layer appears in both the modal gain gM and the induced effective 

index change Sn^f. The effective index iVf as a function of the carrier density N 

can be written as n<;ff(N) = n«,ff(N = 0) + Sn^ff arid usually Sn^f is much smaller 

than rieff(N = 0). 

The linewidth enhancement factor, which determines the semiconductor 

laser linewidth and plays an important role in high-speed direct modulation of 

the laser, can then be obtained by [15] 

a =   4*d&i«/av (29) 

'       A  dgJdN 

where dgM/dN is the differential gain and d5ntff/dN is the incremental change in 

the effective index due to carrier injection. Both a large differential gain and a 

small d8neff/dN can reduce the linewidth enhancement factor ae. Note that the 

effect of the optical confinement factor I^ is canceled in (29). 

III. Experiment 

The laser used in our experiment is a buried heterostructure laser grown 

on an InP substrate.  The active region consists of seven 1.6% compressively 

13 



strained Ini.xGaxAsyPi_y quantum-wells with a photoluminescence (PL) 

wavelength of 1.5564 urn and a well width of 70 Ä. The barriers are composed of 

lattice matched In].xGaxAsyPi.y with a PL wavelength of 1.255 urn and a barrier 

width of 100 Ä. The total core is 0.25 urn thick and 1.2 urn wide. The InP 

cladding region is doped n=3xl0^8 cm"3 and p=2.5xl0^ cm~3 on top and 

bottom, respectively, to provide current injection. A diagram of the bandedge 

profile for this laser is given in Fig. 3. One facet of the laser is cleaved while the 

other is AR coated. 

The amplified spontaneous emission (ASE) spectrum of the distributed- 

feedback laser was measured using a high-resolution 1.25 meter spectrometer 

and a liquid-nitrogen cooled germanium detector. Measurements were made 

with the laser biased below threshold at several injection current levels. The 

temperature of the laser was maintained using a thermoelectric cooler. Heating 

of the laser was minimal since measurements were made below threshold. Data 

was taken from both facets to compare the spectra from each side. 

A typical measured spectrum is shown in Fig. 4 with a detail of the 

behavior in the vicinity of the stopband shown in Fig. 9 (a). The spectrum shows 

the typical behavior of a rapid oscillation corresponding to the modes of the 

cavity modulated to give the maximum and minimum profiles which one would 

find in a Fabry-Perot semiconductor laser. However, the distributed-feedback 

structure introduces a well known stopband into the spectrum and enhances the 

modes in that vicinity, leading to possible single mode operation. The 

asymmetry in the spectrum around the stopband can be attributed to the 

feedback from the facet reflections in the DFB laser. The details of this spectrum 

will be discussed in the next section. 

14 
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numbers can be plugged back into (23) along with the peak wavelengths 

extracted from the ASE spectrum to obtain the effective index evaluated at each 

mode. The extracted effective index is shown in Fig. 5 as circles. The solid line is 

the effective index calculated using the effective index method on the laser 

waveguide. This fit of the effective index spectrum serves as a self-consistent 

check of our methodology. 

B. Extraction of Gain 

The modal gain spectrum of this laser is extracted using the Hakki-Paoli 

[2] method. If (22) is solved for the negative of the imaginary part of q, which 

serves as the effective gain coefficient, we obtain 

-2«'-H£iHinM (3i) 

The maximum and minimum profiles of the ASE spectrum were extracted and fit 

with a smooth curve so that the ratio between maxima and minima could be 

obtained using the same wavelength for each. This Hakki-Paoli ratio term (the 

first term on the right-hand side of Eq (31)) has a large deviation from the true 

gain within 25 nm of the Bragg wavelength (see Figs. 6 and 7). The deviation 

can be mainly attributed to the mirror loss of the cavity. The effective mirror loss 

term, —lnjc^l, in (31) is the total mirror loss of the DFB cavity including the 

contributions of the feedback from the DFB grating and the feedback from the 

facets. It is convenient to break this total effective mirror loss into a mirror loss 

due to the facets and a mirror loss due to the DFB grating.   This is done by 
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introducing effective DFB mirror reflectivities t>i = q/n and D2 = C2A2 and ( 31) 

becomes 

-*.-M£iKtaM-itoM (32) 

where app is the mirror loss of the end reflectors and CCDFB is the mirror loss of the 

DFB grating. The Fabry-Perot mirror loss term is essentially a constant over the 

range of interest, but the DFB mirror loss term has a dramatic dependence on 

wavelength, which is what ultimately leads to the selection of a single mode in 

the lasing spectrum, near the stopband region. This term is unknown, so we 

cannot obtain the true gain spectrum in this region. Away from the stopband 

this term vanishes, leaving the gain spectrum unpeturbed as seen in Figs. 6 and 7. 

We take advantage of this fact by fitting the gain data with the theory and then 

taking the difference between the data and the theory to estimate the effective 

DFB mirror loss term. 

To fit the gain we use the band structure and gain theory presented in 

Section n. The bandgap offsets are determined from the model-solid theory [17]. 

When applying the theory, we assume that the quaternary Ini_xGaxAsyPi-y can be 

linearly interpolated between InP and a ternary compound. We use 

Ini.xGaxASyPi.y = (l-x)InP+ x GaAsy/xPi_y/x for x > y and Ini.xGaxASyPi.y = (1- 

y)InP + y Ini_x/yGax/yAs for x < y. The material parameters used in our 

calculations are summarized in Table I and Table H The bandgap offsets 

without the strain deformation potentials for the laser tested are found to be 

303.9 meV for the conduction band and 37.1 meV for the valence band. The 
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bandgap renormalization is taken into account by adding AE*GR = -CN  , where 

C is a fitting parameter [18], to the bulk bandgap Eg listed in Table I. 

To match the gain data with the theory, it is necessary to accurately locate 

the transparency energy from the measured gain spectrum. This task is 

complicated since it is difficult to estimate the level of net gain at which the gain 

spectrum approaches a constant far below the band edge in the long wavelength 

limit. A solution to this problem is to measure the gain for both TE and TM 

polarizations from the laser since both spectra must cross the transparency level 

at Fc-Fv, the quasi-Fermi level separation energy.   Fig. 6 shows the experimental 
5-11 measured at 20°C for TE and TM polarizations at injection data for —In 

L 5 + 1 

currents of 2.5 and 3.5 mA. This data was measured at a temperature lower 

than the data to be matched in an effort to shift the transparency energies away 

from the stopband regions where the effective DFB mirror loss can shift the 

crossing point away from the transparency level. The temperature can cause this 

level to shift, due to the temperature dependence of the intrinsic loss, however, 

over this small temperature change, this shift would be negligible. From our 

measurement, we estimate the transparency level to be -60 cm"*. 

In Fig. 7 we show the measured and calculated TE polarized modal gain 

spectrum at five injection current levels at T= 30°C The carrier densities are 

determined by using the calculated bandstructure to find the carrier density 

which gives a quasi-Fermi level separation equal to the transparency energy for 

each of the current injection levels. Next, the value of C is varied to match the 

peak gain wavelength of the middle (3 mA) gain spectrum. That same value is 

then used to determine the final carrier densities at each of the other current 

injection levels. The carrier densities are found to be N = 9.6xl01'7, 1.25x10^^, 

1.375xl018 ,1.485xl018, and 1.53xl018 cm'3, for the injection currents 1, 2,3,4, 
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and 5 mA respectively. The bandgap renormalization coefficient is found to shift 

the bandgap by 13 meV for a two-dimensional (2D) carrier density of lxlO12 

cm"2. The experimental data and the theoretical curves agree quite well with 

each other. Also, the effects of bandfilling, which blue shift the peak gain 

wavelength and increase the bandwidth of the gain spectrum are clearly 

demonstrated in Fig. 7 

C.   DFB Effective Mirror Loss 

We estimate the effective mirror loss of our laser by taking the difference 

between the Hakki-Paoli gain data and the theoretical fit of that data. Fig. 8 

shows a plot of this difference with the symbols representing the difference at a 

current of 4 mA. The solid curve shows the theoretical effective DFB mirror loss. 

The magnitudes of ri and r2 were chosen such that r2 has a small reflectivity and 

ri has the reflectivity of a cleaved facet. The phases of the facet reflectivities are 

virtually impossible to control in practice, so they are varied to fit the full ASE 

spectrum. The coupling coefficient and Bragg wavelength are also treated as 

fitting parameters. The values used to fit the full ASE spectrum as discussed in 

the next section were used to produce this curve. We see that the effective DFB 

mirror loss explains the deviation of the Hakki-Paoli gain data from the actual 

gain very well. It is very important to combine both theory and experiment to 

extract the gain accurately especially near the stopband region because of the 

strong wavelength dependence of the DFB mirror loss. 

D. Fit of ASE Spectrum 

The full ASE spectrum from both facets of the laser can be fitted with our 

theory. Fig. 9 (a) shows the measured amplified spontaneous emission spectrum 
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near the stopband region from both laser facets with the laser biased just below 

threshold (1=4 mA , Ith = 4.7 mA) at a temperature of 30°C We see for our laser 

that there is only a small difference between the spectra from the two facets. This 

difference can be explained by the fact that the forward and backward 

propagating waves see different structures leading to different effective 

transmissions for the two facets. There is no difference in the selection of modes, 

however. Fig. 9 (b) shows our calculated spectra using (21) with our theoretical 

model for the effective index spectrum and the gain spectrum, with the extracted 

cavity length, and facet reflectivities of I rj I = .55, <I>i=850 and I r21 = .27, $>2 = 70°, 

a coupling coefficient of 30 cm"1, and a Bragg wavelength of 1.5521 |im. These 

values were used to fit the DFB mirror loss in the previous section. We see that 

the calculated spectra are able to match the behavior of the measured spectra 

very well for each facet. 

E. Differential Gain, Refractive index change, and Linewidth Enhancement Factor 

Measured (symbols) and calculated (solid) curves for the differential gain 

(dG/dl) are given in Fig. 10 at I = 2.5, 3.5 and 4.5 mA. The differential gain is 

obtained directly from the extracted gain data by taking the difference between 

two gain spectra at two nearby current levels and dividing by the current level 

difference (AI = 1 mA). We ignore the DFB mirror loss term since it is weakly 

dependent on gain. Inside of the stopband region, the differential gain can be 

interpolated from the data around it. The strong dependence in the differential 

gain spectra is due to the filling of the electronic bands. Carriers fill the lower 

energy states first and slowly fill the higher states as more and more are injected. 

A change in the level of carrier injection will lead to a larger change in the 

population at higher energies since there are more states available there and in 
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turn will cause the larger differential gain. At higher current injection levels, the 

differential gain decreases because of the same effect and also because the bands 

start to saturate. 

The carrier-induced index shift may be obtained by studying the shift of 

the mode positions with current injection. Each peak wavelength demonstrates a 

blue shift with higher current injection and can be measured as a function of 

injection current. Using (23) and including the dispersion of n^f, the relationship 

between X(I) and the carrier induced index shift can be derived to be: 

dn<ir = n<ff 
dl      A ntff dX t <33> 

The resulting carrier induced index shift for the laser is shown in Fig. 11 (symbols 

are the experimental data and solid curves are the theoretical results). The 

effective index shifts to smaller values as the injection current is increased. In 

contrast to the differential gain, the effective index change is very weakly 

dependent on wavelength. Also, as the injection current level is increased, the 

change in effective index decreases. The reason for this saturation effect is 

similar to what happens to the differential gain as explained above. Again data 

in the stopband can be interpolated from the surrounding data outside of the 

stopband. 

The linewidth enhancement factor is obtained from the ratio between the 

carrier induced index shift and the differential gain. Using the extracted data 

from above, the linewidth enhancement factor is plotted in Fig 12. The solid 

lines represent the theoretical plot using (29). The wavelength dependence of cce 
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is almost entirely due to the wavelength dependence of the differential gain. As 

the current is increased, cce increases slightly. At laser threshold (1.55 |im, and 

4.7 mA), oce is about 3.5. We can see the agreement is good for the currents at 1= 

2.5 and 3.5 mA. At 1=4.5 mA, the errors are larger because of the smaller dG/dl, 

which makes the errors in oce bigger than those at the two other currents. 

V. Conclusions 

We have presented a theoretical model and a systematic experimental 

procedure to extract the gain, refractive index and linewidth enhancement factor 

from the amplified spontaneous emission spectrum of an InGaAsP strained 

quantum-well distributed-feedback laser. The theoretical ASE spectrum has 

been used to match the experimental data and to extract the coupling coefficient 

and the facet reflectivities The measured effective index spectrum agrees well 

with the theoretically calculated values, and the extracted cavity length is in 

excellent agreement with a direct measurement. The gain spectrum can be 

extracted accurately using the Hakki-Paoli method by carefully accounting for 

the effective mirror loss of the DFB laser. Also, tracking the differential gain 

along with the shift of modes with injection current allows measurement of the 

linewidth enhancement factor, which is a crucial parameter for the high speed 

modulation of DFB lasers used in long-distance fiber communication systems. 

We also show that a first-principle calculation using the material and structural 

parameters of a strained quantum-well laser agrees very well with the 

experimental data for the optical gain and the refractive index change. Our 

theoretical approach and systematic experimental procedure provide an efficient 

and accurate tool in the design of DFB strained quantum-well semiconductor 

lasers. 
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Figure Captions 

Figure 1 - A schematic of the distributed-feedback laser cavity showing the 

amplified spontaneous emission from both facets. An equivalent current sheet is 

shown as the source of spontaneous emission at z = zs. The total amplified 

spontaneous emission power emitted from the laser is found by integrating the 

resulting power from a single source over the position of the current source zs 

along the length of the cavity. 

Figure 2 - Plots of the real and imaginary parts of qL with (a) GL = -0.8, (b) GL = 

0, (c) GL = 0.8, and (d) GL = 2.4. KabL=KbaL=2 in these plots. 

Figure 3 - The conduction and valance band edge profiles of the strained 

InGaAsP quantum-well laser used in our experiment. The wells are 

compressively strained InGaAsP with a PL wavelength of 1.5564 Jim. The 

barriers are made of lattice matched InGaAsP with a PL wavelength of 1.255 (im. 

Figure 4 - The amplified spontaneous emission spectrum from a distributed- 

feedback laser biased below laser threshold showing the longitudinal modes and 

the selection of modes near the stopband region due to the periodic grating. 

Figure 5 - A plot of the effective index extracted from the mode positions in Fig. 3 

as a function of wavelength. The open circles are experimental data. The solid 

line gives the theoretically calculated effective index profile using the refractive 

index from [16] for the InGaAsP core layer and the InP cladding. From the 

theoretical fit we obtain a cavity length of 396 |im. 

Figure 6 - A plot of the Hakki-Paoli ratio for TE and TM polarizations measured 

at 20°C From the intersection of the TE and TM curves, we determine the 

transparency level to be -60 cm"l. 

Figure 7 - A plot of the measured TE modal gain spectra up to laser threshold at I 

= 1,2,3,4, and 5 mA. The theoretical material gain multiplied by the optical 

confinement factor is also plotted (solid lines). 
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Figure 8 - A plot of the total effective DFB mirror loss for the laser under study 

(symbols). The solid line represents the theoretical effective DFB mirror loss 

using the same parameters as the fit of the ASE spectrum in Fig. 9. 

Figure 9 - (a) A plot of the measured amplified spontaneous emission from both 

laser facets at 30°C and an injection current (4 mA) below laser threshold, (b) The 

theoretically calculated amplified spontaneous emission spectrum for both facets 

using the extracted effective index and gain profiles. The theory explains the 

behavior of the measured spectra very well. 

Figure 10 - A plot of the measured differential gain (symbols) compared with our 

theoretical calculations (solid curves) for I = 2.5,3.5 and 4.5 mA. 

Figure 11 - A plot of the measured carrier induced effective index change 

(symbols) compared with our theoretical calculations (solid lines). 

Figure 12 - A plot of the linewidth enhancement factor for our laser obtained 

from the ratio of Figs. 10 and 11 (symbols) compared to our theoretical 

calculations (solid curves). 
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TABLE I 
MATERIAL PARAMETERS USED FOR THE CALCULATIONS [12] 

Ini.xGaxAsyPi.ywell x = 0.09, y = 0.70 
Electron effective mass mn/mo 0.08 -0.116v + 0.026* + 0.06y2 + 

0.064*2 -0.059jcy + 0.032xy2 -0.02x2;y 
Bandgap Eg (eV) L35 + 0.642x-1.101y + 0.758x2 + 

O.lOlv2 -0.159xy-Q.2&x2y + 0A09xy2 

Ini.xGaxASyPi.y barrier _      0.1894y 
X    0.4184 -0.013y 

Bandgap Eg (eV)                                    1.35 - 0.775y + 0.149y2 

Electron effective mass mn/mo 0.08 - 0.039y  
* The quaternary interpolation formula, P(Ini-xGaxAsyPi-y) = xyP(GaAs)+x(l-y) 
P(GaP) + (l-x)y P(InAs) + (l-x)(l-y) P(InP) is used for the Luttinger parameters 
YL 7i, and Y3, spin-orbit split-off energy A, and the energy parameter Ep [1]. The 
material parameters for GaAs, GaP, InAs, and InP are taken from [7], [12], and 
[17], and are listed in Table II 



TABLE H 
MATERIAL PARAMETERS FOR BINARY 

COMPOUND SEMICONDUCTORS [7], [12], [17] 

—   GaAs InAs GaP InP 

Yi 
Y2 
Y3 
Spin-orbit energy A (eV) 
Optical-matrix Energy parameter Ep (eV) 

6.80 20.4 4.05 4.95 

1.90 8.30 0.49 1.65 

2.73 9.10 1.25 2.35 

0.34 
25.7 

0.38 
22.2 

0.08 
22.2 

0.11 
20.4 
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CMF6    Fig. 1    A plot of the amplified 
spontaneous emission spectrum taken at 
30°C with an injection current of 4 mA 
(/* = 4.7 mA). Theory is shown offset 
from the experimental data. 

3       |520   1330   1540   1550   1560   1570   1580   1590 
WaTelength (nm) 

CMF6    Fig. 3    A plot of the linewidth 
enhancement factor at 30°C for various 
injection currents below threshold. 
Theoretical curves are given by the solid 
lines. 

CMF6 9:15 am 

Theory and experiment on the amplified 
spontaneous emission from DFB later» 

J. MincK C. S. Chang, W. Fang, S. L 
Chuang, Y. K. Chen,* T. Tanbun-Ek/ 
University of Illinois at Urbana/Champaign, 
Department of Electrical and Computer 
Engineering, 1406 W. Green St., Urbana, 
Illinois 61801 
In the quest to Improve distributed feed- 
back lasers for telecommunication sys- 
tems, it is critical to be able to character- 
ize these lasers effectively. The amplified 
spontaneous emission of a laser biased 
below threshold provides a wealth of in- 
formation and has been used in the past 
to characterize Fabry-Perot lasers.u In 
this paper, we use our model for the am- 
plified spontaneous emission from DFB 
lasers coupled with our model for the 
material gain of strained quantum well 
lasers' to analyze data measured on a 
155-um InGaAsP/InGaAsP strained 
quantum well DFB laser in an effort to 
systematically extract important laser 
parameters. 

The amplified spontaneous emission 
is modeled by treating the spontaneous 
emission as a current sheet, radiating in 
a DFB cavity with gain and arbitrary re- 
flectors. The power emitted from each 
facet is found by solving the coupled- 
mode equations for the electric fields due 
to a delta-function source placed at an ar- 
bitrary position in the cavity. To obtain 
the full amplified spontaneous emission 
spectrum, this result is integrated over 
the length of the cavity to account for 
spontaneous emission throughout the de- 
vice. 

The device under study is a 1-55-oirt 
buried heterostructure laser grown on an 
InP substrate. The active region is made 
of 1.6% compressively strained InGaAsP 
^"d the spectrum of this DFB laser, bi- 
ased below threshold, was measured us- 
ing a high-resolution 1.25-m spectrome- 
ter and a cooled germanium detector. 
Figure 1 shows the spectrum at 4.0 mA 
and 30°C near the stopband region. The 
theoretical fit with our model is shown 
offset from the experimental data. 

The material gain of the laser is ob- 
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CMF6    Fig. 2    A plot of the modal gain 
measured at 30°C at various injection 
currents. The solid lines represent the 
theoretical fit. 

tained from the amplified spontaneous 
emission spectrum in the spirit of the 
Hakki-Paoli method.' This method, how- 
ever, is complicated by the fact that the 
periodic grating adds an effective mirror 
loss term, which depends quite strongly 
on wavelength, particularly near the stop 
band (Using) region. This effective mirror 
loss term can have the effect of enhancing 
the gain on one side of the stop band and 
degrading the gain on the other side. Fig- 
ure 2 shows the modal gain coefficient as 
a function of photon energy at several 
current levels up to threshold (/„ = 4.7 
mA) at a temperature of 30°C. The solid 
lines give a theoretical fit. Noting that the 
DFB mirror loss term is a very weak 
function of current injection, the differ- 
ential gain is easily obtained by taking 
the difference between gain curves mea- 
sured a small current level apart. 

The peak positions of the spectrum 
are subsequently measured over the cur- 
rent range up to threshold and used to 
obtain a spectrum for the current induced 
effective index shift. By taking the ratio 
of index shift to differential gain, we ob- 
tain the linewidth enhancement factor.' 
Figure 3 shows the linewidth enhance- 
ment factor for this laser at different in- 
jection currents below threshold. Solid 
lines show the theoretical fit of the data. 

In summary, use of the amplified 
spontaneous emission spectrum to ex- 
tract key material parameters from a dis- 
tributed feedback laser biased below 
threshold is demonstrated both theoreti- 
cally and experimentally. 

'AT&T Bell Laboratories, 600 Mountain Ave., 
Murray Hill, Nm Jersey 07974 
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Measurement of spatially dependent carrier 
lifetimes in 1.55-ujrt DFB quantum well 
lasers using microwave modulation 

W. Fang, C G. Bethea,* Y K. Chen,* 
T. Tanbun-Ek,* S. L Chuang,** Department 
of Electrical and Computer Engineering, 
University of Illinois at Urbane-Champaign, 
1406 West Green Street, Urbana, 
Illinois 61801 

We study the effect of a distributed feed- 
back (DFB) structure on the carrier life- 
time in a semiconductor laser. In DFB la- 
sers, the spatially inhomogeneous optical 
intensity along the longitudinal direction 
of the active region gives rise to spatial 
hole burning. We show that this inhomo- 
geneous intensity also creates a spatially 
dependent differential carrier lifetime, 
and that this spatial dependence exists 
even when the laser is biased below 
threshold. The differential carrier life- 
times are measured from the intrinsic mi- 
crowave modulation responses for a laser 
biased below threshold. 

The laser diodes tested are 1.55 inn 
DFB lasers with an InGaAsP/InGaAsP 
multiple quantum well active region on 
an InP substrate. The dimensions of the 
active stripe are approximately 300 pjn in 
length and 1-jun wide. The typical 
threshold of these lasers is 9 mA at room 
temperature. The front facet is antireflec- 
tion (AR) coated and the rear facet is 
high-reflection (HR) coated to maximize 
the power output from the front facet. 

The optical intensity profile of a DFB 
laser is obtained by measuring the spatial 
dependence of the spontaneous emission 
(SE) spectrum above threshold.1 Spatial 
hole burning in the 1.55-pjn DFB laser is 
demonstrated in Fig. 1. The growth of the 
SE at the front (AR facet) and the satu- 
ration of the SE at the rear (HR facet) of 
the laser cavity indiates that the optical 
intensity is higher at the rear than the 
front. 

The intrinsic modulation response is 
measured using optical injection of mi- 
crowave-modulated carriers directly into 
the quantum-well region of the laser." 
Optical pumping of the 1.55-|xm DFB la- 
ser is achieved using an externally mod- 
ulated 1.3-p.m Fabry-Perot laser. The 
wavelength of the pump laser corre- 
sponds to an energy near the top of the 
quantum wells. The pump light is in- 
jected into the laser through one of the 
facets where it is strongly absorbed 
within a short distance, even when the 
laser is under current injection. Thus, 
spatially selective pumping of the active 
region is obtained depending on which 
facet (either HR or AR) is pumped. The 
modulated output of the 1.55-pjn laser is 
collected from the opposite facet and de- 
tected using a high-speed photodetector. 
The intrinsic modulation responses are 
measured as a function of applied cur- 
rents to the laser using a microwave spec- 
trum analyzer. 

The microwave modulation response 
of the amplified spontaneous emission 
(ASE) for a 1.55-ujn DFB laser biased be- 
low threshold is shown in Fig. 2 for both 

response  is  dominated  by  the 

1» )<C0 IJ00 1600 1700 
-> Wt*«kbf& (aa} 

CWR6    Fig. 1    Measurement of spatial 
hole burning in DFB Lasers. The 
spontaneous emission at (a) the front of 
the User continues to grow while that at 
(b) the rear of the laser is saturated due 
to a high optical intensity. 

CWR6    Fig. 2    Intrinsic microwave 
modulation responses for injected 
currents of 01, 0.4, 0.7, 1.0, 2 0, 4 0, 6.0, 
and 8.0 mA for (a) front (AR facet) 
pumped and (b) rear (HR facet) 
pumped case«. The threshold current is 
9 mA. 

0 1 1 10 
Cvrat (EA) 

CWR6    Fig. 3    The differential carrier 
lifetime versus injected current for front 
(AR facet) and rear (HR facet) pumping. 
The threshold current is 9 mA. 

front and rear pimping. A theoretical fit 
(solid lines) accompanies the measured 
data (symbols). The theoretical fit is ob- 
tained by solving the small-signal rate 
equations of a laser biased below thresh- 
old. There are no observed resonances in 
the ASE modulation response, and only 
an RC-type rollover is exhibited. In ad- 
dition, the modulation responses are not 
similar at currents near threshold. This is 
because the rate of stimulated emission is 
not the same throughout the cavity due 
to the inhomogeneous intensity profile 
inside an HR/AR coated DFB laser. 
We add, however, that when the laser is 
biased above threshold the modulation 

resonance, and then the resonance»^' 
quencies are observed and are indetw"* 
dent of the pumping position.      ^>B*"^ 

The differential carrier lifetime u '* K 
tracted from the theoretical fit of the fcl*! 
trinsic modulation response. The difW'' 
ential carrier lifetime is plotted verjuifl^l 
applied current in Fig. 3. As shown, fc!': 

differential carrier lifetime, and henct 6* i 
carrier lifetime, at the front (AR-cotS' 
side) of the laser is longer than that at tr* 
rear (HR-coated side) when the laser u 
biased near threshold. This is conadstem 
with Fig. 1 where the stimulated emjj. 
sion is stronger at the rear than the front 
For intermediate values of current, t}* 
slope of the differential Lifetime venm 
current is approximately -1/2 on i log- 
log plot, which agrees with the J/cd = B«1 

law   for   radiative   recombination.'  FQJ 

very small currents, the slope flattens due 
to defect and single-carrier recombin*. 
tion. At currents very close to threshold, 
the slope approaches -1, especially at tf* 
rear, and shows that stimulated emission 
is beginning to dominate the carrier re- 
combination process. 

The measured modulation response» 
of the ASE, which vary with pumping 
position, indicate a spatially dependent 
carrier lifetime below threshold. The car- 
rier lifetime measurements are in agree- 
ment wjth the measurements of the spa- 
tial hole burning and the optical intensity 
profile. The carrier Lifetime is a function 
of current injection, and we show that it 
is dominated by radiative recombination 
(both spontaneous and stimulated). With 
increasing carrier density, the spontane- 
ous emission rate increases, thereby re- 
ducing the carrier Lifetime. Near thresh- 
old, the carrier lifetime is reduced further 
in regions where the optical intensity is 
stronger due to a faster stimulated emis- 
sion rate. 
'AT&T Bell Laboraicr.es, 600 Mountain 
Avenue, Murray Hill, Sew Jersey 07974 
"Department of Electrical and Compiler 
Engineering, Unii<crsity of Illinois at Urbare- 
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Amplified Spontaneous Emission Spectroscopy 
in Strained Quantum-Well Lasers 

Chih-Sheng Chang, Student Member, IEEE, Shun Lien Chuang, Senior Member, IEEE, Jeffrey R. Minch, 
Wei-chiao W. Fang, Student Member, IEEE, Y. K. Chen, Senior Member, IEEE, and T. Tanbun-Ek 

Abstract—Amplified spontaneous emission spectroscopy is used 
to extract the gain and refractive index spectra systematically. 
We obtain the gain and differential gain spectra using the 
Hakki-Paoli method. The refractive index profile, the induced 
change in refractive index by an incremental current, and 
the Iinewidth enhancement factor are measured from the 
Fabry-Perot peaks and the current-induced peak shifts in the 
amplified spontaneous emission spectra. The measured optical 
gain and refractive index are then compared with our theoretical 
model for strained quantum-well lasers. We show that a complete 
theoretical model for calculating the electronic band structure, 
the optical constant, and the Iinewidth enhancement factor agrees 
very well with the experiment Our approach demonstrates that 
amplified spontaneous emission spectroscopy can be a good 
diagnostic tool to characterize laser diodes, extract the optical 
gain and index profiles, and confirm material parameters such 
as the strained quantum-well band structure parameters for a 
semiconductor structure under carrier injection. 

I. INTRODUCTION 

IN RECENT years, strained quantum-well lasers have been 
shown to demonstrate higher performance over their lattice- 

matched counterparts in terms of reduced threshold current 
density, high temperature operation, and high-speed modula- 
tion [1], [2]. Some of the most important parameters affecting 
the performance of high-speed semiconductor lasers include 
the optical gain spectrum, the refractive index change with 
injected current, and the Iinewidth enhancement factor [3]. 
Although semiconductor lasers have been developed with 
record breaking direct modulation speeds, communication 
systems cannot utilize the full bandwidth of the laser due to 
its large Iinewidth enhancement factor or chirp. The Iinewidth 
enhancement factor increases the dispersion and limits the 
maximum bit rate of long-distance fiber optic communication 
networks. It depends crucially upon the differential gain and 
current induced change in the refractive index. Intensive 
research has been devoted to both maximizing the differential 

Manuscript received March 6. 1995: revised August 3. 1995. The work 
done at the University of Illinois was supported by the U.S. Office of Naval 
Research under Grant N00014-90-J1821. J. R. Minch was supported by ONR 
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Foundation Fellowship. 
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IEEE Log Number 9415321. 

gain and minimizing the change of refractive index in semi- 
conductor lasers in order to reduce the Iinewidth enhancement 
factor [4]-[7]. 

Theoretical models for the gain and refractive index change 
for strained quantum-well lasers have been developed [8]-[l 1] 
recently. However, not much experimental work has been 
compared with theoretical models which take into account va- 
lence band-mixing effects in a strained quantum-well structure. 
The reasons are probably due to the fact that many material 
parameters in strained InGaAsP quaternary compounds such 
as the effective mass parameters, the deformation potentials, 
and the optical refractive indices have not all been determined 
experimentally. Most of these parameters are interpolated 
from the parameters of the bulk binary or ternary com- 
pounds. If the linear interpolation formulas can give reasonable 
agreement with experimental data, then theoretical models 
using these material parameters can certainly provide useful 
information on optimizing the design of various optoelectronic 
devices. 

We present a comprehensive theoretical model for the 
amplified spontaneous emission, gain, and refractive index 
spectra of a strained InGaAsP quantum-well laser, designed 
for applications in long-wavelength 1.55 /zm communication 
systems, in Section II. The spontaneous emission intensity 
is modeled using an equivalent electric current source of 
radiation and is calculated directly from Maxwell's equations 
in the presence of gain. We then discuss our experimental 
procedures in Section HI for the gain measurements, based on 
the Hakki-Paoli method [12], and the extraction of the refrac- 
tive index profile and the Iinewidth enhancement factor [13]. 
We compare our theoretical calculations with the measured 
gain, refractive index change, and the Iinewidth enhancement 
factor profiles in Section IV and present our conclusions 
in Section V. We demonstrate that our theoretical model 
and experimental procedures for the amplified spontaneous 
emission spectroscopy provide a very sensitive diagnostic tool 
to investigate a strained semiconductor quantum well in the 
presence of carrier injection by a forward voltage bias. 

II.  THEORY 

A. Amplified Spontaneous Emission Spectroscopy 

The spontaneous emission is modeled as a distribution of 
uniform current sheets along the longitudinal direction inside 
the laser diode. We consider a current sheet -xJs6(z - zs) 

1077-260X/95S04.00 © 1995 IEEE 
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radiating in a bulk semiconductor with refractive index n. The 
power radiated to the right due to the current sheet is 

Pt = A±\Jt (1) 

where A is the area of the current sheet and i) is the character- 
istic impedance of the semiconductor, i.e., r\ = (/z0/e)1/2 = 
r\0jn where r)0 = (fM0/e0)

1/2 = 377 Q is the characteristic 
impedance of free space. We compare this to the radiated 
power due to the spontaneous emission of photons with energy 
between hu and hu + AE within a thin layer between zs and 
zs + dzs, given by 

|Jsl2=£w(fia»dz, 

Fig. 1. A schematic configuration showing the amplified spontaneous emis- 
sion from an equivalent current sheet as the source of spontaneous emission 
at position z = zs. The total emission intensity is the integrated amplified 
intensity over the source distribution zs along the longitudinal direction of 
the laser cavity. 

Pt=W(%u)Adzs 

= ^ rsp(hu>) AE%uAdzs, (2) 

where ß is the fraction of the spontaneous events that are cou- 
pled into the waveguide mode, rsp{hui) AE is the spontaneous 
emission rate per unit volume of photons with energy between 
%u) and hu> + AE, and A is the cross-sectional area. The factor 
of 1/2 accounts for the emission in the +z direction. From (1) 
and (2), we can model the spontaneous events within the thin 
layer as a current sheet with 

\JS\
2 = -W(fiu;)dzs 

V 
(3) 

Equation (3) gives a direct relation between the spontaneous 
emission and an equivalent current sheet as the optical radia- 
tion source at position zs. 

To model the spontaneous emission of a laser, the equivalent 
current sheet is placed in a cavity, which provides feedback 
and mode selection. In a Fabry-Perot cavity as shown in 
Fig. 1, the fields due to the equivalent current sheet can be 
described as 

-ik0nz\ Ei=xEl(net*°nz + e 

for    0 < z < zs 

En =xE2[eik°n{z-L) + r2e~ik°n{z-L)) 

for   zs < z < L, 

be obtained from Et = (1 + r2)E2 at z = L and 

7(z.,M = ^|(l+r2)£2|
2 

2T?„ 

= £-\l+r2\W 
1+ri eGz' cos(2k0nezz) + e2Gz'\r1

m 

(4) 

(5) 

where k0 = 2x/\, A is the wavelength in free space, n (r2) 
is the field reflection coefficient for the left (right) mirror, and 
L is the cavity length. Note that n = r2 = (n - n0)/(n + n0) 
for a symmetric cavity and power conservation requires that 
\r2\2+{n0/ri)\t2\2 = 1, where n0 = 1 is the refractive index of 
free space and t2 = 1 +r2 is the field transmission coefficient. 
Also, the power reflectivity is R = \r2\2. By matching the 
boundary conditions for the tangential electric and magnetic 
fields at z = zs, E2 is found to be 

(6) 

The output intensity of photons with energy between hui and 
hui + AE due to the layer dzs emitted from the right facet can 

|1 _ rif.2eGLei2fc„neL|2 

(7) 

,G{L-z.) 

(8) 

where the waveguide modal field and the presence of gain are 
taken into account by replacing the propagation constant k0n 
with k0ne - iG/2. ne is the effective index of the waveguide 
mode, and G is the net gain of the active medium. In a laser 
diode, G = gM - a{, where gM is the modal gain and a; is 
the intrinsic loss. Since I(zs, ULJ) is the intensity generated 
by |JS|

2 due to a finite sheet width dzs as given in (3), the 
total amplified spontaneous intensity emitted from the right 
facet is found by integrating the intensity I(zs, hu) over the 
entire cavity, 

JASE(M 

-i: I(za, hu)dzs 

= (1 - R) 
W(Ku>)L 

GL 
(eGL - 1)(1 + ReGL) 
\l-ReGLei2k°n'L\2 

(9) 

, (10) 

where we have used rx = r2 = V^ and neglected the terms 
with a l/(Jfc0ne) prefactor since k0ne > G. By using the 
fact that G is a slowly varying function of wavelength as 
compared to the fast varying function e

i2k°n<L, we obtain the 
ratio between adjacent maxima and minima of 7ASE 

IASE, max 

lASE, min 

1 + ReGL 

1 - ReGL (ID 

This result is used in Section HI to extract the gain spectrum 
G from the amplified spontaneous emission spectrum using 
the Hakki-Paoli method. Note that a peak wavelength of 
a Fabry-Perot mode in the amplified spontaneous emission 
spectrum occurs when 

2-K —L = rnir, 
A 

(12) 
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where m is the mode number. The procedure to extract the 
effective index ne(A) and the induced change in the effective 
index due to current injection will be discussed in Section III. 

B. Gain and Refractive Index Model 

The subband structure and the corresponding wave functions 
of the active region are solved by the effective mass theory 
[14]. The theory of Bir-Pikus [15] is used to take into account 
the effects of strain, and the effective mass equation is solved 
by a finite difference method [11]. The spontaneous emission 
rate rsp(huj) for a single quantum-well can be calculated as 

rsp(hw) = nW  (25 
,TE+    TM, 

TT2hc2 
sp Vsp 

(13) 

0 **     T)    vr,    J 
(*.)|2 

nece0m 

fn(W-fW<)](l)ktdkt 

2TT 
(14) 

where q is the magnitude of the electron charge, h is Planck's 
constant divided by 2TT, C is the speed of light in free space, 
m0 is the electron rest mass, Lz is the well width, 7 is the 
Lorentzian half-line width, fc

n (/£) is the Fermi occupation 
probability for electrons in the nth (mth) conduction (valence) 
subband, and E^m is the transition energy between the nth 

conduction and mth valence subbands. The superscript p 
in (14) stands for polarization, p = TE = x or y and 
p = TM = 2. The momentum matrix elements Mp for the 
TE and TM polarizations are 

+ 3|<sm./^„)|2}. 

o\K)? 

|M. TM|2 _ = M 1 
"■■Ih rr9rn,so K 

(15) 

(16) 

where d>n is the conduction band envelope function, gm hh. 
gm.ih, and gmso are the heavy-hole, light-hole, and spin- 
orbit split-off band components of the mth valence envelope 
function, and 

M? = 2^ 

!<%xl*}|2 

(17) 

is the bulk value of the momentum matrix element. Ep is 
an energy parameter which can be found in [16]. Universal 
curves for momentum-matrix elements of the TE and TM 
polarizations of strained quantum-well lasers as a function 
of strain have been presented recently [17] using an infinite 
barrier model. 

The material gain can be determined from the spontaneous 
emission rate [18] using 

s = sL 1 — exp 
%u> - &F 

(18) 

for p  =  TE or TM, and the modal gain gM  =  Tg is 
obtained by multiplying the material gain by the optical 

confinement factor T. The optical confinement factor T is 
the optical confinement of the waveguide mode weighted by 
nwLz/Wmode, where nu. is the number of wells and Wmode 

is effective width of the waveguide mode. The confinement 
factor of the waveguide mode is calculated using the core 
dimension d, which is the total thickness of the well, barrier, 
and spacer layers, and the refractive indices n(A) of the bulk 
InGaAsP spacer layer and the InP cladding layer. 

The induced change in the effective refractive index due to 
interband transitions is 

7i, m 

lE?n(kt)-1uj) 
ESinikt^ESn^ + hu] 

UM) - K(kt)} 
föW-M2 + 72' (19) 

which has been derived in [19], [20]. It should be pointed 
out that the optical confinement factor T for the quantum- 
well active layer appears in both the modal gain gM and the 
induced effective index change Sne. Note that the effective 
index ne as a function of the carrier density N can be written 
as ne(N) = ne(N = 0) + 6ne and usually 6ne is much 
smaller than ne(N = 0). 

The linewidth enhancement factor, which determines the 
semiconductor laser linewidth and plays an important role 
in the high-speed direct modulation of lasers, can then be 
obtained by [3] 

ae = - — 

d6ne 

^ ~dN~ 
A   dgM 

dN 

(20) 

where dgM/dN is the differentia] gain and d6ne/dN is in- 
cremental change in the effective index due to carrier injection. 
Both quantities can be approximated by first calculating (18) 
or (19) at two nearby carrier densities, and then finding the 
ratio of the differences. Note that the effect of the optical 
confinement factor T is cancelled in (20). Both a large differ- 
ential gain and a small dbne/dN can reduce the linewidth 
enhancement factor ae. 

HI. EXPERIMENTS 

The device tested is a buried heterostructure laser grown on 
an InP substrate, designed for applications in long-wavelength 
1.55 urn communication systems. The active region consists of 
five strained InGaAsP quantum wells with InGaAsP barriers. 
The well width and strain are 105 Ä and 0.26% tensile, 
respectively, and the PL wavelength is near 1.485 /xm. The 
lattice matched InGaAsP barriers are 78 A thick with a 
bandgap wavelength Aff = 1.28 /an. The multiple quantum 
wells are surrounded by InGaAsP spacer layers with the same 
composition as the barrier material. The entire InGaAsP region 
is sandwiched by n- and p-doped InP layers which provide the 
electrical injection. The bandedge profile of the laser structure 
is shown in Fig. 2. The total thickness of the InGaAsP region 
is about 2200 Ä and its width is about 1 ßm. 
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p-InP 
2x10» cm-3 
Eg=l 35 eV 

InGaAsP/InGaAsP 
InGaAsP      well/barrier      InGaAsP 

spacer spacer 
n-InP 

4xl01«cm-3 

Fig. 2. The conduction and valence band edge profiles for the InGaAsP 
strained quantum-well laser structure under study. The InGaAsP well region 
is slightly tensile strained with a PL wavelength of 1.485 pm. The barrier 
InGaAsP regions are lattice-matched to InP and its bandgap wavelength is 
1.28 urn. 

Amplified spontaneous emission measurements are taken 
using a 1.25 m spectrometer and a cooled germanium detec- 
tor. The laser is mounted on a thermoelectric cooler plate. 
The thermal effects which would have resulted in a red 
shift of the bandgap energy have been removed by using a 
thermoelectric temperature controller to keep the temperature 
of the thermoelectric cooler plate at a constant, 25°C. The 
data acquisition procedure to extract the peak wavelengths in 
the amplified spontaneous emission spectrum is tedious and 
a high-resolution spectrometer is required. In Fig. 3(a), we 
show a typical detected amplified spontaneous emission signal. 
A small portion of the spectrum is enlarged in Fig. 3(b) to 
compare the change in the amplified spontaneous emission 
spectrum with injection current. The peaks exhibit a blue shift 
in the presence of a larger injection current. 

The gain spectrum of the laser is measured based on the 
Hakki-Paoli method [12] for current biases below threshold. 
The modal gain is obtained from the peaks [Jmax(A)] and 
valleys [7min(A)] of the longitudinal Fabry-Perot modes, 

1 ,   QW 

where 

QW = 
J^(A)-J^(A) 

il&W + i&W' 

(21) 

(22) 

Note that the detected signal I is proportional to the total 
amplified spontaneous emission intensity IA.SE (ft^) derived in 
(10). The above modal gain formula (21) is equivalent to (11). 

Using the fact that gM approaches zero in the long wave- 
length limit (A = oo, i.e., far below the bandgap) and R is a 
weak function of wavelength within the range of measurement, 
we obtain 

««'i-lsr        <23) 

The peak wavelengths of the Fabry-Perot modes are ac- 
curately determined by fitting each peak region, consisting 
of three sampled points, the local maximum and its two 
neighbors, to a parabola. The peak wavelength of each mode 
in the amplified spontaneous emission spectrum is a function 
of the refractive index. Using (12) and taking into account the 
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Fig. 3. (a) The amplified spontaneous emission spectrum below lasing 
threshold showing minima and maxima due to the Fabry-Perot modulation of 
the emission intensity, (b) An expanded region of (a) at two currents, 1 = 6 
and 8 mA, showing the blue shifts of the peak wavelengths with increasing 
current. 

dispersion of ne(A), the change in the refractive index can be 
determined from 

A   AAS 
An, = —r 

2L AAr 
(24) 

where AAS is the wavelength shift of a Fabry-Perot mode due 
to a change in injected carriers and AAm is the Fabry-Perot 
mode spacing. 

The linewidth enhancement factor can then be extracted 
using 

AA, 1 (25) a„ = 2TT 
AA„ 

In 
Q(A) 
Q(oo) 

where A{m[Q(A)/Q(oo)]} is the change in gM(X)L due to 
a change in injected carriers. Note that the above formula is 
independent of the cavity length L. In general, ae varies with 
wavelength and the injection current density. 

IV. COMPARISON BETWEEN THEORY AND EXPERIMENT 

In order to obtain the cavity length, we present a systematic 
method to estimate the cavity length from the peak positions 
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TABLE I 
THE MATERIAL PARAMETERS USED FOR THE CALCULATIONS [16] 

1450 1500 1550 
Wavelength  (nm) 

1600 

Fig. 4. A plot of the measured effective index (circles) from the mode 
spacings in Fig. 3 as a function of wavelength and comparison with the 
theoretical effective index profile using the refractive index profile from [21 ] 
for the InGaAsP core layer and the InP cladding. From the experimental data 
and the theoretical fit. we obtain a cavity length of 398 /im. The data given 
by the rectangles and triangles are for different cavity lengths L = 410 and 
390 fim. respectively. 

in the amplified spontaneous emission spectrum. Consider two 
peaks at Ai and A2 with effective indices ne(Aj) and ne(A2), 
respectively. The cavity length L is given by 

Am 
1 = 

^e(Ai) _ ne(A2) 

Ai A2 

(26) 

where Am = mi - m? is the number of modes between Ai 
and A2 and m, = 2ne(\i)L/\i. 

By using the formula from Adachi [21] for the refractive 
index of a quaternary InGaAsP semiconductor, we find the re- 
fractive indices for the waveguide layer and the InP substrate at 
both wavelengths Ai and A2. The effective indices ne(X\) and 
ne(A2) can then be determined by calculating the propagation 
constant of the lowest waveguide mode. Choosing wavelengths 
from each end of our measurement range, Ai « 1460 nm and 
A2 « 1590 nm, we find the cavity length I to be 398 fim 
using (26). The cavity length is also estimated to be about 
380 ± 20 ßm by direct measurement under a microscope. 
Our method of extracting the I from (26) agrees very well 
with the direct measurement. After determining the cavity 
length, the longitudinal mode number my, and hence every 
m, is known. Then, the effective index can be extracted for 
each mode m in the amplified spontaneous emission spectrum 
using (12). The extracted effective index spectrum is shown 
in Fig. 4 as circles. The solid line is the calculated dispersion 
of the effective index ne(A) of the lowest (TEo) mode of 
a waveguide that corresponds to the waveguide of the laser 
tested, using Adachi's formula [21] for the refractive indices 
of the waveguide core and InP cladding. We can see from 
Fig. 4, that the solid line and the circles match very well. Also 
shown are the extracted effective index profiles by assuming 
two arbitrary cavity lengths, 390 and 410 /J m. These two 
curves are plotted to demonstrate the sensitivity of our estimate 
of the cavity length. From these curves, this method is found to 
be able to give an estimation of L within 2/iUi. The overall fit 
of the effective index profile ne(A) serves as a self-consistent 
check of the validity of our method. 

Ini-rG»,AsvPi-v well =0.45. y=0.8S 

Bandgap E, (eVj 

Electron effective mass mn/m0 

1.35 +0.642T- 1.101./ -<-0.758x! 

+0.101!/2 - 0.159IJ - 0.2Sx2!/ T 0.109iy: 

0.08 - 0.116y + 0.0261 + 0.06yJ 

+0.064I1 - 0.059xy + 0.032y2z - 0.02i/r; 

1DI.,G»,AS,PI-V lattice matched to InP 

Bandgip E, (eV) 

Electron effective mass m„/m»  

1.35-0.775;/+ 0.l49i/2 

0.0S - 0.039s 

" The quaternary interpolation formula. P(ln,.,Ga,A»,Pi.lr) = iy P(GaAs) + i(l - y) 

P(GaP) + (1 - x)y P(InAs) + (1 -i)(l - y) P(InP) is used for the Luttinger parameters 

■ji, -ft, and tj, spin-orbit split-off energy A, and the energy parameter E, (see Eq. (17)). 

The material parameters for GaAs. GaP, InAs, and InP arf taken from [16). |19]. [22]. and 

Usted in TaUe II. 

TABLE II 
MATERIAL PARAMETERS FOR BINARY 

COMPOUND SEMICONDUCTORS [16], [19], [22] 

CaAs InAs GaP InP 

7i 6.S0 20.4 4.05 4.95 

1: 1.90 8.30 0.49 1.65 

•ft 2.73 9.10 1.25 2.35 

Spin-orbit energy A (eV) 0.34 0.38 0.08 0.11 

Energy parameter Ev (eV) 25.7 22.2 22.2 20.4 

We also compare our measurements of the gain spectrum 
with our theoretical model. The laser described in Section m 
is modeled using the band structure and laser gain theory pre- 
sented in Section II. The bandgap offsets are determined from 
the model-solid theory [22]. When applying the theory, we 
assume that the quaternary Ini-xGaxASyPi-y can be treated 
as a compound consisting of a binary compound InP and a 
ternary compound. We use Ini-zGajASyPi-y = (1-x) InP + 
x GaASy/xPi-y/x for x > y and Ini-xGajASyPi-y = 
(1 - j/) InP + y In^/yGaz/yAs for x < y. The material 
parameters used in our calculations are summarized in Tables 
I and n. The bandgap offsets without the strain deformation 
potentials for the laser tested are found to be 44 meV for 
the conduction band and 100 meV for the valence band. 
The bandgap renormalization is taken into account by adding 
AEfGR to the bulk bandgap Eg listed in Table I. We use 
[23] &EfGK = -ON1?3, where C is a fitting parameter. The 
calculated valence subband structure is shown in Fig. 5(a). 
The TE and TM matrix elements for the C1-HH1 and C1-LH1 
transitions are shown in Fig. 5(b). Because the quantum wells 
are only slightly tensile strained, the strain-induced upward 
shift of the light-hole bandedge is smaller than the quantum- 
size effect. The top valence subband remains a heavy-hole 
subband. This phenomenon is confirmed by the TE polariza- 
tion of the laser output and by a blue shift in the measured TM 
polarized gain spectrum with respect to the TE gain spectrum. 
It should be noted that a slightly tensile quantum-well laser 
does not provide the best performance [1] because of the 
strong valence band mixing. The small separation between 
the heavy-hole and the light-hole subbands yields a negative 
heavy-hole effective mass near the band edge and increases the 
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Fig. 5. (a) The valence subband structures for the strained InGaAsP 
quantum-well laser structure under investigation. The top subband remains 
heavy-hole-like since the well is only slightly tensile strained, (b) The 
normalized optical matrix element for both TE and TM polarizations due to 
the C1-HH1 and C1-LH1 transitions in the strained quantum well. 

transparency carrier density. For superior laser performance, 
a large separation between the heavy-hole and light-hole sub- 
bands is desired to take full advantage of the two-dimensional 
density of states in achieving population inversion. When the 
two valence subbands are too close, more carriers are wasted 
in distributing among these subbands instead of contributing 
to the gain process. Although there has been prediction of 
some advantages using tensile strained quantum wells [17], 
[24], [25], such as a higher differential gain and the reduced 
chirping parameter or linewidth enhancement factor [4]-[6], 
our choice of the tensile strain in this quantum-well laser 
does not take advantage of these qualities since the heavy-hole 
subband remains as the dominant transition path. 

In Fig. 6, we show the measured and calculated TE polar- 
ized modal gain spectra at three different injection currents, 
6, 8, and 10 mA. The carrier densities are determined from 
the transparency energies which can be obtained at each injec- 
tion current from the experimental modal gain spectrum. By 
assuming a bandgap renormalization coefficient C and using 
the calculated bandstructure, a carrier density which gives the 
quasi-Fermi level separation AF equal to the transparency 
energy is found. We vary the value of C to match the peak 
gain wavelength of the 8 mA gain spectrum. The same value 
of C is then used to determine the carrier densities at the 
other injection currents. The carrier densities are found to 
be N = 2.41, 2.66, and 2.82 x 1018 cm"3, for the three 
injection currents, 6, 8, and 10 mA, respectively. The bandgap 
renormalization coefficient is found to give a bandgap shift 
of -30 meV for a 2-D carrier density 1 x 1012 cm-2. 
The T for the tested laser is about 0.1, calculated directly 
from the waveguide theory using the refractive indices and 
the waveguide dimension d. The experimental and theoretical 

■o e 
§ -20 

1420 1460      1500      1540      1580 

Wavelength (nm) 

Fig. 6. Our measured modal gain spectra (symbols) below threshold at / = 
6, 8, and 10 mA using the Hakki-Paoli method. The theoretical material gain 
spectrum multiplied by the optical confinement factor is also plotted (solid 
curves). 
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Fig. 7. (a) The measured modal gain difference spectra and (b) the refractive 
index change at three injection currents I = 6, 8, and 10 mA (symbols) are 
compared with our theoretical results (solid curves). 

results agree very well with each other. Note that only two 
fitting parameters, C and 7, are used, and the experimental 
spectra are explained very well with the full valence band- 
mixing model. The slight difference on the low energy side 
shows that the gain broadening mechanism below the band 
edge does not follow a Lorentzian lineshape. 

Both measured and calculated data of modal gain difference 
and the induced refractive index change as a function of 
wavelength are plotted in Fig. 7. The modal gain difference 
is obtained from the difference of two gain spectra at two 
nearby current levels, and it tends to increase with increasing 
photon energy (shorter wavelength). This is due to band 
filling effects, i.e., the increased carriers tend to pile up 
at the higher energy levels as the lower levels are already 
populated. We obtain the differential gain spectra by dividing 
the curves in Fig. 7(a) by the carrier density difference. The 
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Fig. 8. The linewidth enhancement factor obtained from (25) as the ratio 
of Fig. 7(a) and (b) is plotted as a function of the optical wavelength. The 
symbols are experimental data and the solid curves are our theoretical results. 

same procedure is used to extract the current-induced change 
in effective index spectra. The change in the refractive index 
profile is related to the change in the gain spectrum through a 
Kramers-Kronig transformation. Our formula (19) is a direct 
numerical evaluation of the refractive index profile and it 
automatically takes into account the Kramers-Kronig relation 
and the scattering broadening mechanism. 

In Fig. 8, we show the linewidth enhancement factor ae, 
extracted using (25). The theoretical plot using (20) is also 
shown. The linewidth enhancement factor is proportional to 
the ratio of the refractive index change per injected carrier con- 
centration and the differential gain profile. Since the refractive 
index change is roughly constant over the entire wavelength 
range of interest, the ae spectrum is determined mainly by 
the differential gain profile. ae tends to decrease at shorter 
wavelengths because of the increased differential gain caused 
by the band filling effects. 

V. CONCLUSION 

Theoretical models and experimental procedures for deter- 
mining the gain, refractive index and linewidth enhancement 
factor from the Fabry-Perot peaks and peak shifts in the 
amplified spontaneous emission spectra of a strained InGaAsP 
quantum-well laser have been presented. The gain and the 
refractive index change profiles of a strained quantum-well 
laser structure can be extracted accurately by taking into 
account the optical confinement factor. The measured effective 
refractive index profile agrees with previously reported values 
[21], after taking into account the waveguide effect and the 
effective index. The measured refractive index profile is also 
used to extract the cavity length which agrees very well with 
the direct observation. Furthermore, accurate monitoring of the 
differential gain and the Fabry-Perot peak shift with injection 
current allows measurement of the linewidth enhancement 
factor, which has a direct impact on the high-speed modulation 
of semiconductor lasers. The laser tested has a linewidth en- 
hancement factor of approximately 5 at the lasing wavelength, 
and is comparable to the values cited in the literature. Strain 
effects can be used to design quantum-well lasers to operate 
at a lasing wavelength where the linewidth enhancement 
factor can be minimized. The excellent agreement between our 
theoretical results and experimental data verifies the material 

parameters and the quantum-well band structures used in 
our model. ASE spectroscopy provides an excellent tool for 
diagnosing a strained quantum-well structure under current 
injection. 
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