
Abstract. The characteristics of single-frequency lasers are
investigated experimentally and theoretically. It is shown that
the model of spectral hole burning with a varying interband
relaxation time adequately describes the spectral and
modulation characteristics of the laser (taking into account
the transport of carriers). The time of carrier capture in a
quantum well is 4 ps and the time of their escape is 80 ps.

Keywords: single-frequency semiconductor laser, carrier transport,
spectral hole burning.

The simulation of modulation, spectral, and power para-
meters of semiconductor lasers has become very popular in
recent years. Nevertheless, these parameters are analysed
separately in the literature. For example, in an analysis of
modulation characteristics of a laser, the theoretical and
experimental characteristics are correlated by introducing
the nonlinearity parameter e of the gain, which is chosen
from the best ét between the theory and the experiment.
However, in this case, the spectral characteristics whose
behaviour also depends on parameter e are not considered.

In this work, we carry out a comprehensive analysis of
the power, spectral, and modulation characteristics of
semiconductor lasers. The characteristics of single-frequency
GaAs=AlGaAs ridge lasers with a single quantum well and a
Fabry ë Perot resonator are investigated experimentally. We
used the model of spectral hole burning [1 ë 3] for describing
the experimental spectral characteristics of the laser. The
modulation characteristics of the lasers were calculated
using a model taking into account the carrier transport
[4, 5].

The lasers investigated by us had an undoped active
region; for this reason, we used in our computations the
model of radiative transitions with the wave vector selection
rules, in which the gain and the rate of spontaneous
transitions can be written in the form [6]:
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ecni � Ec0 � �mri=mc��Ecv ÿ Eg� � �mri=mvit�Ecn

ÿ�mri=mc�Evin;
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evni � Ev0 ÿ �mri=mvit��Ecv ÿ Eg� � �mri=mvit�Ecn

ÿ�mri=mc�Evin;

hn is the photon energy; Acv is the Einstein coefécient; r is
the density of electromagnetic éeld modes in the crystal; La

is the thickness of the active region; mc is the effective
electron mass; mvit are the transverse components of the
effective masses of light and heavy holes; mri � mcmvit=
�mc �mvit) is the reduced mass taking into account the
corresponding holes; vgr is the group velocity of light; and
fc(ecni) and fv�evni� are the Fermi ëDirac functions (sub-
script i � h; l corresponds to heavy and light holes,
respectively, and n is the number of the subband). The
lower integration limit in Eqns (1) and (2) is hnni � Eg�
Ecn �Evin, which corresponds to the energy of initial
transitions for subbands with the number n. Here, Eg �
Ec0 ÿ Ev0;Ec0 is the bottom of the conduction band; Ev0 is
the top of the valence band; Ecn are the ground states of the
electron subbands; and Evin are the ground states of the
hole subbands, which are determined by the longitudinal
components of the effective masses mvil of holes. The upper
integration limit is bounded by the height of potential
barriers.

The broadening of an emission line is described by the
Lorentzian

L�hnÿ Ecv� �
1

p
Gcv

�hnÿ Ecv�2 � G 2
cv

; (4)

where Gcv � �h=tin; tin is the intraband relaxation time of
charge carriers; and 2Gcv is the emission line width.

The averaged square of the matrix element of band ë
band transitions appearing in Acv is deéned as jMj2 �
anijMcvj2, where jMcvj2 � 3:38m0Eg [7]. The coefécient ani
characterising the `polarisation' dispersion for the TE mode
and for transitions to the levels of heavy and light holes is
determined by the expression [6, 8]
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anh �
3

4
�1� cos2 y�; anl �

1

4
�5ÿ 3 cos2 y�; (5)

where cos2 y � (Ecn � Evin)=�Ecv ÿ Eg� and y is the angle
between the size-quantisation axis <100> and the wave
vector for holes.

The total rate of spontaneous recombination is

Rsp �
�
rsp�hn�dhn �

n1
tn
; (6)

where rsp(hn) is deéned by expression (2); tn is the time
constant of radiative recombination, and

n1 �
�Eb

Ec0�Ec1

rc�E�fc�E�dE (7)

is the carrier density in the active region of the laser. The
Fermi quasilevels Fc and Fv in the conduction and valence
bands, respectively, are related through the electroneutrality
equation [9]: La(n1 ÿ p1)� Lb(n2 ÿ p2) � 0, where n1(Fc)
and p1(Fv) are the concentrations of electrons and holes in
the active region, n2(Fc) and p2(Fv) are the concentrations
of carriers in the waveguide layer, and Lb is the thickness of
the waveguide layer.

In our calculations, we took into account the narrowing
of the band gap in GaAs=AlxGa1ÿxAs in the active region
upon pumping the laser structure by a current:

Eg � 1:424� 1:247xÿ 1:6� 10ÿ8�n1=31 � p
1=3
1 �: (8)

In the steady-state case, the volume densities Sm of
photons in the mth mode with energy Em are described by
the expression [1 ë 3]
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Sm � bRsp � 0; (9)

where Ga is the coefécient of optical conénement in the
active region and b is the coefécient taking into account the
contribution of spontaneous emission to the lasing mode.

The coefécients em and Dq have the form [1 ë 3]
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;

where hRcvi2 is the dipole moment; ngr is the group
refractive index; e�0� is the permittivity; lm and lq are
wavelengths of modes with numbers m and q. Laser losses
are given by the expression

a � a0 �
1

L
ln

1

R
; (11)

where a0 are nonresonance losses; L is the laser resonator
length; and R is the reêectivity of mirrors.

The total optical power is determined by the expression
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where Pm is the optical power of radiation in the mth mode
and Va is the volume of the active region.

The calculations were made using the following parame-
ters: mc � 0:067m0; mvhl � 0:34m0; mvll � 0:094m0;mvlt �
0:20m0 [6], T = 293 K, xa � 0; xb � 0:3;La � 80

�
A;Lb �

200 nm, L � 400 mm, Va � 1:6� 10ÿ11 cmÿ3;Ga � 0:024;
hRcvi2 � 4:6� 10ÿ53 C2 cm2, a0 � 20 cmÿ1, and b � 4:7�
10ÿ4.

Fig. 1 shows the theoretical and experimental spectral
characteristics of the laser for the intraband relaxation times
tin � 10ÿ13 s and 1:5� 10ÿ13 s. One can see that the spectral
characteristics calculated from expression (9) for tin �
10ÿ13 s [curve ( 2 ' )] and tin � 1:5 s [curve ( 2 '' )] are
smoothly decreasing functions, while experiments indicate
that the dependence exhibits a slow increase for a power
higher than 4 ë 5 mW. For matching the theory and experi-
ment, it was assumed in [10] that tin is a function of
radiation power:

tin �
t�0�in

1� P=Pn
; (13)

where t�0�in � 2� 10ÿ13 s and Pn � 5 mW are determined
from the best ét between the theoretical and experimental
results. The spectral characteristics calculated taking into
account expression (13) are presented by curves ( 1 ) and ( 2 )
in Fig. 1.

Fig. 2 shows the experimental and theoretical emission
spectra of a laser diode for a radiation power of 5 mW. One
can see that the theoretical and experimental curves coincide
satisfactorily not only for the zeroth mode, but also for
adjacent modes.

Fig. 3 presents the experimental and theoretical light ë
current characteristics for constant intraband relaxation
times tin � 10ÿ13 and 1:5� 10ÿ13 s, as well as for the
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Figure 1. Radiation power in the lasing (m � 0) mode 10 lg (P0=Pnor)
(curves 1, 1', 1'' ) and in adjacent modes (m � �1) 10 lg (P�1=Pnor) (2, 2',
2'' ), normalised to the optical radiation power Pnor (determined from the
experimental conditions) as functions of the total output radiation power
of a semiconductor laser. Calculations were made for tin deéned by
expression (13) ( 1, 2 ) and for tin � 10ÿ13 s ( 1', 2' ) and 1:5� 10ÿ13 s ( 1'',
2'' ). Experimental dependences: m � 0 (&), ë1 (~), +1 (*).
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varying time tin deéned by expression (13). A comparison of
Figs 1 and 3 shows that the inclusion of different intraband
relaxation times strongly affects the spectral characteristics
of a semiconducting laser, but changes its light ë current
characteristics only slightly. Calculations show (see Fig. 3b)
that virtually the entire laser radiation power is concentrated
in the zeroth mode; consequently, an analysis of the
modulation characteristics can be carried out using the
single-frequency approximation.

The modulation characteristics were calculated using the
3N model [4, 5]:

dn3
dt
� D

d2n3
dz 2
ÿ R3�n3�; (14)

dn2
dt
� In2

eVa
ÿ Inet
eVa
ÿ R2�n2�; (15)

dn1
dt
� Inet

eVa
ÿ R1�n1� ÿ GavgrGS; (16)

dS

dt
� GavgrGSÿ

S

tp
; (17)

where n1; n2; n3;R1(n1�;R2(n2);R3(n3) are the densities of
charge carriers and their recombination rates in the active
region, the waveguide layer above the active region, and in
the waveguide layers, respectively (see Fig. 3 from [4]; the
3N model); S;G, and tp are the density of photons in the
resonator, the gain, and the lifetime of photons, respec-
tively; Inet is the current determined by the capture and
escape of carriers from a quantum well; and D is the
ambipolar diffusion coefécient.

In the small-signal analysis, the following linearisation is
used:

G�n1;S� � G�n10;S0� �
qG
qn1

����
0

Dn1 �
qG
qS

����
0

DS

� G0 � gDn1 � xDS; (18)
where

x � qG
qS

����
0

� ÿ G0esh
1� eshS0

; g � g0
1� eshS0

; esh �
e0
a

;

g0 �
qG�1�

qn1

����
0

is the differential gain for G � G�1�(n)=�1� eshS). In
calculations, a linear approximation of the gain maximum
presented by the straight line ( 3 ) in Fig. 4 is used for
G�1�(n). Curves ( 1 ) and ( 1' ) are the dependences of
maximum of the gain on the carrier density calculated
by formula (1) for tin � 10ÿ13 and 1:5� 10ÿ13 s, respec-
tively. Curve ( 2 ) is a logarithmic approximation of the
gain. Although the logarithmic dependence approximates
curve ( 1 ) better, we will use in subsequent calculations the
more traditional linear approximation [curve ( 3 )]; in this
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Figure 2. Experimental (a) and theoretical (b) emission spectra of a laser
diode. The spectra correspond to the optical radiation power
P � 5:0 mW.
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Figure 3. (a) Light ë current characteristics of the total radiation power
for tin � 10ÿ13 s (curve 1 ), 1:5� 10ÿ13 s (curve 2 ), and tin deéned by
expression (13) (curve 3 ), and (b) the dependence of the total radiation
power ( 1 ) and radiation power in the zeroth mode ( 2 ) for tin deéned by
expression (13); dark circles correspond to experimental results. 1' 1
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Figure 4. Dependence of the maximum gain on the carrier density in the
active region, calculated according to the model of radiative transitions
with selection rules for the wave vector for tin � 10ÿ13 s ( 1 ) and
1:5� 10ÿ13 s ( 1' ); curves 2 and 3 correspond to the logarithmic and
linear approximations, respectively.
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case, G�1�(n1) � g0(n1 ÿ n0), where g0 � 4� 10ÿ16 cm2 is
independent of the intraband relaxation time for charge
carriers.

The current Inet is determined by the expression [4]

Inet�n2; n1� � Inet�n20; n10� �
qInet
qn1

����
0

Dn1 �
qInet
qn2

����
0

Dn2

� eVa

�
n20
tc0
ÿ n10
tes0
� Dn2

tc
ÿ Dn1

tes

�
; (19)

where tc0; tes0; tc; and tes are the local time constants of
capture and escape of carriers for a direct current and a
variable signal.

In the case of direct modulation of laser radiation, the
pump current can be written in the form I � I0 � ~Ie jot (I0
and ~I are the constant and alternating components of the
pump current and o � 2pf ), while the densities of charge
carriers and the density of photons can be written as
x � x0 � ~xe jot, where ~x � n1; n2; n3;S.

The modulation characteristic has the following form [4]:

M � 10 lg

�
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1� o2t2ce
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�o2
0 ÿ o2�2 � o2m2

�
; (20)

where

o2
0 �

Gangrg0S0

�1� Rr��1� eshS0�tp
(21)

is the resonance frequency;

m � 1

�1� Rr�tn1
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1� Rr
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� r ÿ 1
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�

�o2
0

�
tp �

�esh � ece��1� Rr�
Gangrg0

�
(22)

is the damping decrement;

tce � rtc � tD; R � tc
tes

; r � Lb

La
; ece �

RrGangrg0
�1� Rr�2 tce;

tD �
�Lb ÿ La�2

8D
;

e0 is described by expression (10) for m � 0; and a are the
losses (11).

Calculations show that the carrier density in the wave-
guide layers is much smaller than in the active region of the
laser, and we can assume that tn2 ; tn3 4 tn1 ; consequently,
the middle term in expression (22) can be neglected. The
modulation characteristics were calculated for tn1 �
0:8� 10ÿ9 s [taking into account the radiative (6) and
nonradiative recombination processes] and tD �5� 10ÿ12 s.

Fig. 5 shows the modulation characteristics calculated
for a radiation power of 1, 2, and 3 mW. By varying the
values of tc and R and using expressions (20) ë (22) for a
constant time of intraband relaxation of charge carriers
tin � 10ÿ13 s [see curve ( 2' ) in Fig. 1], we obtained the best
ét between the theory and experiment. The results are
presented in Fig. 5 [curves ( 1 )] for tc � 4� 10ÿ12 s and
R � 0:05.

Curves ( 2 ) in Fig. 5 present the modulation characteri-
stics for the model in which the time tin was determined by
the expression (13) [see curve ( 2 ) in Fig. 1] for the same

values of tc and R. The coefécient em (10) is a function of t 2in;
consequently, the gain has the form

G � G�1��n1�
�
1� eshS

1� S=Sn

�ÿ1
; (23)

where Sn is the density of photons corresponding to the
radiation power Pn � 5 mW.

The resonance frequency is given by

o2
0 � Gavgrg0S0�1� Rr�ÿ1

�
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1� S0=Sn

�ÿ1
tÿ1p (24)

and the damping decrement is
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�
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Gavgrg0

�
; (25)

where

esh�S0� �
esh�1ÿ S0=Sn�
�1� S0=Sn�3
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Figure 5. Modulation characteristics calculated for power P � (a) 1, (b)
2, and (c) 3 mW. Curves 1 are calculated for a constant intraband
relaxation time tin � 10ÿ13 s, curves 2 are calculated in the model with
tin, deéned by expression (13), and curves 3 correspond to the model
neglecting carrier transport; squares show the experimental results.

306 V.D.Kurnosov, K.V.Kurnosov, R.V.Chernov



A comparison of the theoretical curves ( 2 ) in Fig. 5 with
experimental curves shows their satisfactory coincidence.
Thus, we can assume that the local capture time of carriers
in a quantum well is tc � 4� 10ÿ12 s, while the escape time
is tes � 80� 10ÿ12 s; R � tc=tes � 0:05. For comparison,
Fig. 5 shows the modulation characteristics of the laser
neglecting the transport of charge carriers (curves 3 ).

Fig. 6a shows the modulation characteristics of the laser
for a éxed radiation power P � 2 mW for different times tc
of carrier capture in a quantum well and a éxed time of
charge carrier escape tes � 80� 10ÿ12 s, while Fig. 6b, on
the contrary, shows the same dependences for the éxed
tc � 4� 10ÿ12 s, but for different values of tes. One can see
that to increase the laser response, it is necessary to decrease
the capture time and increase the escape time of charge
carriers from the quantum well.

Thus, the model taking into account the carrier trans-
port describes satisfactorily the modulation characteristics,
while the model of spectral hole burning with a varying
intraband relaxation time adequately describes the spectral
and modulation characteristics of the laser.
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Figure 6. Modulation characteristics calculated for a radiation power
P � 2 mW, tin(0) � 2� 10ÿ13 s, and tD � 5� 10ÿ12 s for tes �
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