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Spectral properties of a semiconductor a-DFB laser cavity

A.P. Bogatov, A.E. Drakin, D.V. Batrak, R. Giither, K. Paschke, H. Wenzel

Abstract. The experimental and theoretical investigations of
spectral properties of a semiconductor ¢-DFB laser cavity are
carried out. It is shown that in these lasers the curvature of
mode gain spectra near the maximum is higher by more than
two orders of magnitude than in conventional semiconductor
lasers with a Fabry—Perot cavity. The distance between the
adjacent axial modes of an a-DFB laser is shorter than in the
case of a Fabry — Perot cavity laser of the same length, and its
experimental value agrees well with the value obtained in the
simple geometrical model, taking into account a zigzag
propagation of radiation inside the cavity.

Keywords: heterolaser, a-DFB laser, cavity, spectral selectivity,
Fox— Lee approach.

1. Introduction

One of the promising types of a high-brightness semi-
conductor laser is the so called «-DFB laser that contains in
its cavity a phase grating tilted by an angle o with respect to
the cavity axis [1, 2]. The laser design and its operation
scheme are given in Fig. 1. The phase grating is formed by
producing the periodic spatial modulation of the effective
(waveguiding) refractive index »n in the cavity:

n(r) = ny + dncos Qr, (1)

where r is the radius vector of a point with coordinates y
and z in the heterojunction plane; n, is the average effective
refractive index; dn is the modulation amplitude; Q is the
grating vector with components:

2n 2n
0, = ZCOS oand Q. = — 731n o (2)

where A is the grating period.
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Figure 1. Scheme of the a-DFB laser design (a) and the principle of its
operation (b). The pump region is shown in gray.

The vertical (along the x axis) field distribution is
determined by the waveguide, which is formed by the
heterostructure layers, and may be considered fixed, so
that the direction along the x axis may be excluded from
consideration, regarding propagation of light in this struc-
ture as two-dimensional. The refractive index of the medium
in this case is assumed to take its effective value (the formal
determination can be found, for example, in [3]). The
variation of the effective refractive index is achieved by
varying the thickness of one of the heterostructure layers.

If the emission wavelength in vacuum A satisfies the
Bragg condition

2Angsine =mid, m=1,2, ..., 3)

where m is the diffraction order, then the main wave, i.e.
the wave propagating along the laser axis (along z axis) will
undergo diffraction, its energy being transferred to the
energy of the diffracted wave. After passing some distance,
virtually all of the initial energy of the main wave will
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transform into the energy of the diffracted wave. Then this
process will go in the reverse direction until the emission
energy returns almost entirely to the main wave. Hence, the
propagation of the emission in this structure takes a zigzag
form. The average propagation direction for the wave
satisfying the Bragg condition coincides with the direction
of the grating lines, i.e., at an angle « to the laser axis, and
the wave always remains in the pumped region, which is
also tilted at the same angle o with respect to the cavity axis
(Fig. 1b). Therefore, the phase grating operates as an
effective spatial and spectral filter, providing a uniform
transverse distribution of the field amplitude, corresponding
to the zeroth transverse mode, and favours a single-
longitudinal-mode operation.

Note that unlike the DFB laser, the presence of grating
in an «-DFB laser does not lead to the appearance of a
forbidden band in the spectrum. In the «-DFB laser, the
propagation of a coupled wave pair is codirectional and
periodical, whereas in the DFB laser the coupled waves
propagate in the opposite directions and decay asymptoti-
cally, giving rise to a forbidden band in the transmission
spectrum of the DFB structure.

The achievement of a 3-Watt cw output power in o-DFB
lasers in the single-frequency regime with the optical beam
divergence only 2—3 times larger than the diffraction limit
was reported in [4, 5]. The spectral properties of the a-DFB-
laser cavity were considered for the first time in [6, 7] in the
simple one-dimensional analytical model by neglecting the
beam divergence due to diffraction. An improved two-
dimensional model was used in [8]; however, the spectral
properties of the a-DFB-laser cavity were considered within
the framework of the spectrally selective reflection at the
laser diode facet, i.e., in the model of the spatially lumped
spectral filter.

Clearly, the most comprehensive theoretical consider-
ation of the spectral selectivity of an o-DFB laser cavity is
possible only with the employment of numerical methods. In
[4], a numerical model was proposed for the calculation of
the spectral selectivity of the a-DFB laser cavity above the
lasing threshold. In this paper the change in spectral
selectivity due to the saturation effect (spatial ‘hole bur-
ning’) and the change in the refractive index profile caused
by nonuniform self-heating of a laser diode were considered.

In the present work, the results of the experiment and
corresponding numerical calculations of the spectral selec-
tivity for the typical design of the a-DFB laser cavity are
presented. Theoretical calculations were made within the
framework of the Fox—Lee approach using the beam
propagation method based on the fast Fourier transform [4].

In addition, the problem of determination of the
intermode distance for an o-DFB laser cavity is addressed.
The spectral distance between the adjacent axial modes of
the conventional Fabry—Perot cavity is determined by the
emission wavelength, the group refractive index and the
distance between mirrors, or, in other words, by the optical
path length for the emission passing through the cavity. In
the case of an «-DFB laser, however, due to the winding
propagation trajectory of the emission, the optical path
length will not coincide with the cavity length, and its
determination is a nontrivial problem requiring separate
analysis. However, as it is shown below, a simple geo-
metrical consideration yields a good agreement with the
experiment.

2. Experiment

The design of an «-DFB laser under study is schematically
presented in Fig. la. The parameters of the heterostructure
layers and the phase grating parameters are given in [4, 5].
We studied samples of length 2 mm (distance between the
mirrors of the laser diode), with the mirror reflection
coefficients of 94 % and 1 %, the width of the active region
W = 160 um, the tilt angle of grating of 15° and the grating
period A = 594 nm. The threshold current for these diodes
was 840 mA and the differential efficiency was 0.48 W AL
A measured low angular divergence of emission in the
lasing regime (similar to that reported in [4, 5]) confirmed
the efficiency of the grating in the samples as a spatial
(angular) filter.

For comparison, we also performed measurements with
conventional semiconductor lasers with a Fabry—Perot
cavity (without a built-in grating) with the active region
width of 100 pum, the cavity length of 2 mm, and the mirror
reflection coefficients of 94 % and 1%. These lasers were
manufactured of the same heterostructure as the studied o-
DFB lasers and served as reference samples. The threshold
current for them was 280 mA, and the differential efficiency
was 0.9 WA~

The mode gain spectra of the lasers were measured at
different fixed pump currents by the modified Hakki—Paoli
[9, 10] technique based on the recording of the amplified
spontaneous emission (ASE) spectrum in the subthreshold
regime. The mode gain value was determined from the ratio
of a single longitudinal resonance width to the intermode
distance. The measurements were performed at room tem-
perature.

Figure 2 illustrates the typical examples of the measured
ASE spectra for the ¢-DFB laser and for the Fabry—Perot
cavity laser, which served as the data for finding the mode
gain spectra. The general view of the measured mode gain
spectrum reproduces in outline the spectral dependence of
the transmission coefficient for the passive o-DFB laser
cavity obtained in [7]. The intermode distance and the
envelope width for the experimental curve in Fig. 2 can
be, in principle, calculated within the framework of the
employed model, but for the adequate description of the
experiment a more realistic model is needed.
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Figure 2. Amplified spontaneous emission spectrum of the o-DFB laser
(in a subthreshold regime). The inset shows the similar spectrum for the
Fabry —Perot laser, [ is the pump current.
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3. Calculation

The mode gain for the Fabry—Perot cavity laser is given by
the expression:

g(;{) = FG(;“) — Car, (4)

where I' is the optical confinement factor which is
determined from the solution of the waveguiding problem
for the given heterostructure (for the samples under study,
I' = 0.0132); G(4) is the gain in the active region (so-called
material gain); o, is the nonresonant losses in hetero-
structure layers (e.g., due to scattering), which depend
weakly on the emission wavelength. The theoretical depen-
dence G(1) was found by the method analogous to that
described in [11]. The calculations were performed using an
eight-band k-p Hamiltonian and taking into account all
possible transitions between subbands in the quantum well.
The current density was computed as a sum of the radiative
part, calculated consistently with the gain, and a non-
radiative part. The leakage current into the waveguide
layers was calculated by assuming local charge neutrality.
Although we calculated the gain in the active region by
neglecting many-body effects (except for the phenomeno-
logical corrections for the gain spectral brodening with the
hyperbolic secant shape and for the band-gap renormalisa-
tion), good agreement with the experiment was achieved
(see Fig. 3). The value of the nonresonant losses a,, used as
a fitting parameter was 3 cm™'.

The mode gain g for the a-DFB laser can be obtained by
calculating the amplification coefficient 4 for the wave
amplitude after the round trip in the cavity with a tilted
phase grating. The coefficient 4 was calculated as described
in [4], briefly, the procedure is as follows. Starting from
some arbitrary initial field distribution at one of the cavity
mirrors the series of Fox—Lee iterations are performed,
going on until the field distribution does not change any-
more after a successive iteration. The value of 4 is defined as
the ratio of the field amplitude after a round trip to the field
amplitude before it.

Note that for the conventional Fabry —Perot cavity laser
the value of A4 is determined by the relation:

idnn(2)L
A

A =rryexp { + g(i)L} , (%)

where r; and r, are the mirror reflection coefficients (with
respect to the amplitude); n(4) is the effective (mode)
refractive index; L is the cavity length. Correspondingly

1 1
g=—|1In|4 +1n—>. (6)
L( 41 |17 ]

The spectral interval between the adjacent axial modes is
related to 4 by the expression:

3 —1
o/ :2n(67argA) , (7
where arg 4 is the argument of the complex quantity
A = |A|exp(iarg 4). ®)

Expression (7) with account of (5) yields a conventional

expression for the intermode interval 64 in the case of the
Fabry —Perot cavity laser:

72 on
= _— )u . 9
2ny, T ©)

Odpp =

However, this expression is not applicable in the case of the
«-DFB laser since it is not clear what values of L and n,
should be employed for the zigzag optical beam propaga-
tion between the mirrors and in the presence of possible
additional mode refractive index dispersion (connected with
the spectral selectivity due to the grating). Hence, the
quantities g and 34 for the a-DFB laser (g, and 64,) were
calculated from equations (6) and (7), respectively. These
relations are more general than (5) and (9), which are
normally used for the Fabry—Perot cavity lasers.

4. Comparison of the experimental
and calculation results

Mode gain spectra g(4) obtained for the Fabry-—Perot
cavity lasers are presented in Fig. 3. The smooth curves are
calculated dependences and the noisy lines (random spread
is less than 1 cm™') are experimental spectra. On the right
side of the figure the values of the pump current density, at
which these spectral contours have been obtained, are
given.
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Figure 3. Calculated and experimental mode gain spectra for the studied
heterostructure for different pump current densities.

Figure 4 illustrates the experimental dependence of the
mode refractive index on the pump current density due to
variations in the carrier concentration N in the active region.
This dependence was obtained by the method described in
[9, 10] taking into account the thermal contribution to the
experimental dependence, caused by the self-heating of the
laser diode. The derivative on/0T =3.4 x 107* K~' was
determined by independent measurements. We also deter-
mined by this method the thermal resistivity of the laser
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diode (94K W™, and its value
(1.9 x 102K em® W ).

One can see from Fig. 4 that the dependence of An on jis
close to linear in the subthreshold region of the investigated
range of pump current densities (in our case from 75 to
140 A cm™2). Thus, one can conclude that the dependence
of the pump current density j on the carrier concentration N
is close to linear as well. Indeed, assuming for this range of j
a linear dependence An(N), we can deduce from the data of
Fig. 4 a relative degree of nonlinearity for the dependence
J(N). If one approximates the experimentally obtained
dependence j(N) by the expression including the linear
term and the terms proportional to N> and N°® (usually
identified as bimolecular and Auger recombination), the
contribution of the nonlinear terms will amount to less then
10 %. In other words, the rate of the carrier recombination
is almost linear in N and this process can be characterised by
a constant value of the carrier lifetime.

specific
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Figure 4. Change in the mode refractive index with increasing the pump
current density caused by the change in the carrier concentration in the
active region.

The mode gain spectra for the «-DFB laser are presented
in Fig. 5. Compared to the case of the Fabry—Perot cavity
laser, one can note the considerable narrowing of the
spectral contours. A decrease in the width of the mode
gain spectral contour is the result of the «-DFB laser cavity
selectivity caused by the presence of the phase grating.
However, because of the difference in the shapes of the
mode gain spectral contours for the a-DFB lasers and the
Fabry—Perot cavity lasers, it is more convenient to compare
not their contour widths, but the contour curvatures near
the maximum. As a rule, it is just the spectral region near the
gain spectrum maximum that is of great interest because
only within that spectral region the excitation of laser modes
is possible.

The obtained spectral contours were approximated by
the following expression near their maxima:

g(4) = g(20) — alZ. = 2)*, (10)
where g(4y) is the value of the gain at the maximum; A, and
a are the wavelength and the contour curvature coefficient
at the maximum. One can see from Fig. 5 that the value of
Ao for the o-DFB laser is virtually independent of the pump
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Figure 5. Experimental spectra of the mode gain g for the «-DFB laser
for different pump current densities. The smooth gray curve is the
parabolic approximation of one of the spectra near its maximum.

current, whereas the curvature a increases with current. For
the pump current density of 260 A cm™? it is equal to
46 cm™ ' nm™>. In the case of the Fabry—Perot cavity
lasers the value of « is exclusively determined by a spectral
dependence of the material gain G(4). For the upper curve
in Fig. 3, it is equal to 3.8 x 107> cm~' nm 2. Therefore,
one can state that the use of a tilted phase grating increases
the effective spectral selectivity of the active medium by
more than two orders of magnitude.

The effect of the narrowing of the mode gain spectral
contours in the presence of the grating can be treated as
their modulation by means of a narrow spectral contour
f (A — Zg), i.e. one can suppose that

8(2) = &(A) [ (2 = 4o) =~ &(20) f (7 = ). (1
Then for the Lorentzian contour (f(Al)~]1 —I—(AA/V)Q]_l,
where 7 is the half-width of the contour at half-height), the
calculated value of « for the upper curve of Fig. 5 will
correspond to the half-width y = 1.45 nm.

The results of comparison of the experimental mode gain
contours of an a-DFB laser with the calculation are given in
Fig. 6. The calculations were performed for the pump
current density of 260 A cm™> (upper experimental curve
in Fig. 5). The calculations were made for two cases. In the
first case it was supposed that the value of the phase grating
amplitude on in (1) is independent of the wavelength, i.e.,
0(6n)/04 = 0. The obtained curve (shown by a dotted line in
Fig. 6) differs noticeably from the experimental one. In the
second case, the calculations were performed with the
assumption of a possible spectral dispersion of én. Assuming
0(dén)/0L = —0.15 pm~! a good agreement with the experi-
ment was achieved (a solid curve in Fig. 6). Our attempts to
improve the agreement between the calculated and exper-
imental curves at the expense of introducing the dispersion
for other cavity parameters have failed. From Fig. 6 one can
conclude that the dispersion of the phase grating amplitude
on may play an important role in the formation of the
spectral selectivity of the a-DFB laser cavity. Although the
fitting value for the dispersion of dn does not seem strange,
we are not yet able to explain what physical mechanism
might be responsible for it.
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—d(5m)/d% = —0.15 um ! L= (13)
8k ——d@n/di=0 A cos™a
T ;
E AN Because the o-DFB lasers were made of the same
E ,’ \ heterostructure as the Fabry-—Perot lasers, we can set
gﬂ 4r / AN Caleu- ns™ = n, =3.634 (we neglect the difference in refractive
3 lation indices caused by the difference in pump levels). For
= T L=2mm, we obtain from (12) and (13)
ol (ngL)eff =7.79 mm, 8, =7.18 x 107 nm, which is close
to the experimental values.
B N/
- W Experiment .
a4l " '-,-" 7= 840 mA . 5. Conclusions
. ! ! L L We have shown experimentally and by numerical calcu-
1052 1054 1056 1058 1060 1062 lations that the active medium of the «-DFB laser not only
Wavelength /nm performs the spatial filtering of the optical beam but also

Figure 6. Comparison of the experimental mode gain spectrum of the o-
DFB laser (dots) with the calculated one taking into account (solid
curve) and neglecting (dashed curve) the dispersion of the phase grating
amplitude d(én)/dA.

A more detailed analysis of the experimental mode gain
spectra (Fig. 6) reveals a certain random scatter of points
near the curve maximum. This randomness may not be
attributed to the measurement accuracy since the observed
experimental spread of data was larger than the measure-
ment error. The most probable reason for such a scatter is
the presence of spatial optical inhomogeneities inside the
cavity. The influence of such inhomogeneities on the spectral
properties of laser was described earlier (see, for example,
[12-14)).

The phase grating in the cavity changes the effective
optical path of the emission passing from one mirror to
another, and so the intermode distance 3. The value of 84,
found from the ASE spectrum (see Fig. 2) near A = 1058 nm
is 7.2 x 1072 nm. The value of 84, calculated in accordance
with (7) for the corresponding laser cavity parameters was
7.23 x 1072 nm, which agrees well with the experimental
result. The obtained value of 64, allows one to determine the
effective optical path length for the emission propagating
inside the a-DFB laser cavity. According to equation (9) we
obtain:

2
off A

(ngL)™" = 55— (12)

In our case, this quantity is 7.77 mm. Note that in the case
of an «-DFB laser only the product (ngL)ett can be
determined, neither ngff nor LT can be found separately.
As for the Fabry—Perot cavity lasers, the quantity L in
equation (9) is just the length of the cavity, so once the
value of the intermode distance is known, the group
refractive index can be easily found. In our experiment we
obtained 8ipp = 7.7 x 1072 nm (near A = 1058 nm), which
yields n, = 3.634.

The observed decrease in the intermode distance in the
case of an o-DFB laser as compared to a Fabry—Perot
cavity laser (with the same cavity length), from Sgp =
7.7 x 1072 nm to 82, = 7.2 x 107> nm, can be explained to
a good accuracy in the following way. As it has been already
stated, the emission propagates inside the «-DFB laser
cavity in zigzag (see Fig. 1b), and the geometrical length
of such a trajectory from one mirror to another is equal to

also possess a spectral selectivity, which limits the spectral
contour width of the effective mode gain. The half-width at
half-maximum of such a contour was 1.45 nm for the
studied lasers, in the Lorentzian approximation for the gain
spectrum near its maximum. The high selectivity of the o-
DFB laser cavity facilitates an establishment of the single-
mode (single-frequency) lasing in the wide range of pump
currents.

The calculation has shown that the width of the spectral
contour of an «-DFB laser gain may be influenced by the
dispersion of the phase grating amplitude.

The experimentally measured value of the intermode
distance for the «-DFB laser is in a good agreement with the
value, calculated within the framework of a numerical
model. The decrease in the intermode distance as compared
to the case of a Fabry—Perot laser can be regarded as a
consequence of the increasing of the effective optical path
length by the geometrical factor cos™> «, which is connected
with the zigzag propagation of emission inside the cavity.

The experimental results indicate that the dependence of
the pump current density on the carrier concentration is
close to linear in the studied region (from 75 to 140 A cm™2)
and can be characterised by a constant carrier lifetime.
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