1396 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 8, AUGUST 1997

Wavelength Chirp and Dependence
of Carrier Temperature on Current
In MQW InGaAsP-InP Lasers

Gleb E. Shtengel, Rudolf F. Kazarinov, Gregory L. Belen&gnior Member, IEEEand C. L. Reynolds, Jr.

Abstract—n this paper, we derive a relation between the wave-
length chirp and carrier temperature in semiconductor lasers.
The coefficient relating the change in carrier temperature and
chirp is expressed in terms of the temperature derivative of
the optical gain, and two parameters describing the variation of
refractive index produced by the variation of optical gain due to
change of carrier quasi-Fermi level separation or carrier temper-
ature. We have measured these parameters for MQW InGaAsP
lasers. Using this data, we estimated the rate of the temperature
increase with current above threshold in these devices, which is
0.13 K/mA.
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[ i Fig. 1. TSE spectra of DFB laser recorded from the side of the laser chip
lasers, the m_J_eCtlon current denSIty 1S _ab(_)_Ut 15 k_Aacmat different currents: below threshold (6 mA—dashed line), slightly above
Under these conditions, one can expect a significant differeng@shold (12 mA—solid line), and above threshold (30 mA—dotted line).

between the lattice temperatufe and the temperature of theThe lasing energy is also indicated.
electron-hole-plasma in the active regidn,,. This difference

is determined by the power acquired by carriers in the actiyg gouple heterostructure light-emitting transistors signifi-

layer and their energy relaxation time. Both quantities ha\(;%nt carrier heating at cryogenic temperatures was determined

been disputed in the literature (see [1] and references there m the spontaneous emission profile [6] as well as using an
Since the modal optical gain, wavelength chirp, and Carrighalysis of thermionic emission [7]

leakage over the heterobarrier are sensitive to the carrietr, problem with the estimation of carrier temperature

temperaturel.-;,, the study of carrier heating is importan . . o !
; . . . .from the high energy tail of the spontaneous emission arises
for understanding the laser physics and improving device

design. Experimental studies of the heating in heterostructu{e%m the fact that the density of states is not a well-known

using optical excitation and time-resolved spectroscopy we?'em:tIon of energy. This makes it difficult to analyze the

carried out by different groups (see, for example [2]). | pontaneous emigsior?, e§peciglly in the case of complicated
semiconductor lasers and light-emitting diodes (LED’s), t gser structures with _h|gh injection levels at room t_empe_rat_ure
carrier temperature was usually estimated from the higf?—ee{ for examP'e' Fig. 1). Study of the _therm|on|c emission
energy tail of the spontaneous emission spectra [3]-[6]. Carr[EAUIres a special sample geometry and is generally unsuitable
temperatures up to 400 K at room temperature were reportedh €@l laser structures. _ _
InGaAsP LED's [3]. In [4], the authors studied InGaAsP—Inp N this paper, we propose a new experimental technique
buried heterostructure lasers with a bulk active layer. They dfglich allows us to measure the rate of change of the carrier
not observe carrier heating at room temperature for currdfi@Sma temperature with pumping current above threshold.
densities up to 10 kA/chwithin an experimental accuracy of |he new method is based on the relation between carrier
10 K. In [5], the authors studied photoexcieted InGaAsP—lIfeating in the active layer and wavelength chirp. The paper is
broad-area quantum-well (QW) structures and found consffganized in the following way. In Section II, we derive the
erable heating at low temperatures. In AllnAs—GalnAs—Informula relating the rate of carrier heating to the wavelength
chirp. We also define a parameter, which relates the
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Fermi level separation between electrons and holes) at constahere g is the net modal optical gain in the cavitg; the
temperature. In Section Ill, we describe a method to measumaterial gain in the active layer, angl,; the total optical loss,
ar ande,,, which along with the temperature derivative of thevhich includes internal loss and mirror loss. Optical gain is a
modal optical gain determines the relation between the carrfanction of the carrier concentration in the active layeand
heating and wavelength chirping. In Section IV, we descrilmarrier temperaturg’ (subscripte-h is dropped for simplicity).
the experimental procedures. The results are summarized amdalternative way is to express the optical gain as a function
discussed in Section V. of the carrier temperature and quasi-Fermi level separation
between electrons and holgs This is possible because only
two variables out of threet, 1, andT are independent in case
of Fermi distribution. We prefer using instead ofn because
it is easier to measure. The value of the total optical loss is
Wavelength chirp_ reSl_JIts from the dependence of tfgﬁﬂy weakly dependent on either or 7' [14]. On the other
real part of refractive index on current. The real andang g, () is a strong function of wavelength in DFB lasers.
imaginary parts of refractive index are related through theihe |aser is biased above threshold, any variation of one of
Kramers—Kbnig r.elation. Under_lasing c_ondition the distortionhe apove parameters results in a change of one or two others
of spectral profile of the optical gain (and therefore thgy ihat the threshold condition of (3) remains valid. Thus, we

imaginary part of refractive index) is caused by spectrab \write in differential form, using variablgs and T’
hole burning [8]-[10] and carrier heating [11]. At the lasing 0c

wavelength, this change of the optical gain is compensated by % dp+ 22
the increase of the carrier concentration; however, pinning of o | ar

‘u
the optical gain does not occur at all wavelengths. This result

S .
in dependence of refractive index on current above threshololIn this baper, we study DFB. I_asers that haye HR- ant_j AR-

i . coated mirror facets. The position of the lasing mode in the
and in the wavelength chirp.

In order to characterize the spectral hole burning, Linke ar%op—band is defined by the random cleave position of the HR-

Koch [10] introduced a phenomenological gain compressigr?ated facet with respect to the grating. Lasers with different

. o . position of the laser mode in the stopband have different
parametere. They described the deviation of the lasin L X
: . . agot/OA. TO simplify the problem, we consider and study
frequencyAvr in terms of this parameter:

experimentally a laser operating at the middle of the stopband.
ald ar € Such a device can be regarded as a folded quarter-wave-shifted
Av T4n |l dt ln P(t) + Vacethv ( )} (1) |aser. In this case, the DFB is maximum and so the optical loss
is at its minimum, and therefo@u,. /0A = 0. We express the
where « is the linewidth enhancement factor [12f(¢) the modal optical gain in the laser cavity through the imaginary
output optical power]" the optical confinement facto#/,.. part of the refractive index using
the active layer volumey the quantum efficiency, ankl the

Il. ANALYSIS OF THRESHOLD
CONDITION AND WAVELENGTH CHIRP

_ 1 Oaiot
=7 E))

dA. 4)
T p

2

Plank constant. The first term characterizes the chirp caused by N'= — g E

the dynamics of electron-photon resonance. The second t%ﬂ( € dm

describes the adiabatic chirp, which we addressed in this work. 1 &g

We can rewrite (1) for adiabatic chirp ON" = — T ir (5)
dv _a T'e @) wheree is photon energy, and the light velocity. Then (4)
dI = 47 Vaug becomes

; ; ON" ON"
wheregq is the electron charge. In [10], the authors attributed dp + dT = 0. (6)
to the spectral hole burning, which produces a small symmetric Op | or u

dip in the gain about the laser line. However, the experlmentaIWe can also express the full change of the real part of the

studies of fast dynamics of the optical gain in semiconductmdexN, due to the same small variatiods anddZ’, as in (6)
laser structures have shown that the electron-hole plasma '
ON'

dp +

thermalization time is much shorter than the time needed for ON’

thermal equilibrium between the plasma and crystal lattice o | p ar
[13]. Therefore, in our treatment of the wavelength chirp, L .
we consider the carrier heating to be dominant effect and '€ real part f/)f the refractive indeX’ is related to the
neglect the spectral hole burning effect. In this case, the eneffif9inary party™ via the Kramers—onig relation. Henry
distribution of electrons and holes is described by FerifS introduced the linewidth enhancement factor [12], which
functions with the same temperatue-,. This temperature relates_ small variations of the real and imaginary parts of_ the
may differ from the lattice temperature, also electrons angfractive index due to a change of the carrier concentration

dT = dN’. )
1

holes have different quasi-Fermi level energies when voltage ON'
is applied to a laser diode. on . ON’
The threshold condition for a semiconductor laser is AT = 521 = anr| - (8)
ON ON" |,

g(n, T) =T'G(n, T) — ayer(A) = 0 ©) I |r
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We label this parametet, which reflects the fact that vari- Rewriting (13) for frequency chirp due to current modulation,
ations are due to a change of carrier concentration at constart obtain

carrier temperature. This parameter can also be defined as a dr 47 - Nog 1 d\

derivative with respect to the quasi-Fermi level separation ar (ar —a,) - A2 g “dr
ON’ ﬁ‘u
3N T _ _ 47 - Neff 1 14
|y ar u

Obviously the Kramers—Kimig relation suggests that thereWhereﬁ = dv/dI is the chirp parameter.

is an analogous parameter relating small variations of the real

and imaginary parts of the refractive index due to the change of 1. M EASUREMENT OF iy AND cv,
the carrier temperature at a constant value of the quasi-Fermive start with the Kramers—iriig relation for small changes
level separation of refractive index
ON’ 2 OO6]\7// AN
sn' = 2p [N (15)
aT u aN/ T 5/2 _ 52
R (10) ’
T # where P indicates taking the principal part integral. Equation
" (5) can be used to relat®7 and 6N” as
This definition is very close to one by Hultgren and Ippen I T s
[15]. In order to avoid ambiguity, we use subscript symbol SN’ = _2_62 P/ > (e )2 .de’. (16)
i ge—£

to indicate explicitly the parameter held constant. Combining

(6)—(10), we can relate the change of the real part of the ) o .
refractive index and change of the carrier temperature V& can now determine the coefficients and , by substi-
tuting (16) into (9) and (10), respectively. After some simple

0

N algebra
AN’ = —(ag —a)- 22| Lar, any &9
ar |, ON'
We can now rewrite this formula in terms of laser parameters ar(e) = 8(?\7“” ‘i
that can be measured experimentally. The change of the real
part of the refractive index in the active layer is approximately e |y
proportional to the change of the effective group index, which .. P °°6G(5,)| de’
in turn is proportional to the change of the wavelength _2 o Tz g2 (17)
, s 6G(e)|r
d]\i o Wet _ A (12) and
N Neff A ON’
Using (5), (11), and (12), we express the change of the lasing au(e) = or u
wavelength due to the change of the carrier temperature in the # ON"
active layer oT u
oo !
A2 9g €- P/ 8G(e d
d\ = m(aT—au)'ﬁ -dT. (13) :z o ( )|” 5/2_52' 18
" (18)
d 6G(€)lp

Cgrrier hgating lifts the pinned carrier concentration (and Equations (17) and (18) allow us to determing and ,,
quasi-Fermi level separation) above threshold and resuitsy, experiment provided that the gain spectrum is known.
in wavelength chirp. The carrier heating affects the lasing order to perform this procedure, gain spectra should be ob-
Wavelength in two ways qlescrlbed by the two terms in brackgt§ned in a very broad energy range. However, the commonly
(ar — ay) in (13). The first term corresponds to the changgseq Hakki-Paoli technique [17] for extraction of the gain
of the real part of the refractive index due to change of ﬂ%‘?)ectra from amplified spontaneous emission (ASE) from the
quasi-Fermi level separation. The second term describes {h€sr facet does not allow for that. We determined the gain
change in real part of the refractive index due to the changg, true spontaneous emission (TSE) spectra recorded from

of the gain profile produced by the carrier heating. the side of the laser chip using the relation derived by Henry
To determine accurately the change of wavelength W'[ES]:

current in a small-signal approach, one can measure the
frequency chirp. This can be done using with Fabry—Perot Gle) Lp(e) .{1 — exp <ﬂ>}, (19)
etalon or in a gated delayed self-homodyne technique [16]. &? k
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whereI,,(¢) is the TSE intensity. Equation (19) is based on 100 :
the assumption that carriers have Fermi distribution function. =10 mA
This assumption is supported by experimental data [13] as we = o T=25°C
discussed above. The quasi-Fermi level separatids equal B 0///g o x
to the transparency energy, which can be measured using the g §§
Andrekson technique [19]. Equations (17) and (18) require % -50
some caution in treating the singularity in the integrand at ‘:’Q \
¢’ = £, a procedure described by Henry [20]. It should also < -100 :
be noticed that the TSE intensity can be measured in arbitrary & * e ikt Pagi gl
units because only the ratio of the integral of the spontaneous = "3 Exracted from the TSE using \
emission to its value at a certain energy enters (17) and (18). g b e Honytechniae
088 09 092 094 096 098 1 1.02
Photon Energy (eV)
IV. EXPERIMENTAL RESULTS Fig. 2. Modal optical gain spectra of an uncoated DFB laser determined

. _ -frqm the TSE spectra at 10 mA using the Henry technique (solid line), and
Lasers used for this work were Capped mesa bu”ﬁ% modal gain spectra extracted from the ASE spectra at the same operating
heterostructure MQW DFB lasers [21], [22]. For the gaionditions using the Hakki—Paoli technique (empty circles).

measurements, we used 30+long uncoated devices. The
threshold current was about 11 mA at 25. Shown in Fig. 1 | ¢ dcular | theref thi | b df
are TSE spectra recorded from the side of the laser chip QS of a particular [aser, theretore this value can be used for

25°C for different values of the current. Below threshol&hi_lasgrsr\:v'th d|:erent(§:<)|atlngs. btained f h
the TSE intensity increases rapidly with current as the g. 3 shows the modal gain spectra obtained from the

carrier concentration increases. Above threshold, the carr-ire‘?'E spectrahfor currents (')fl 8 ::lmd 10 mA at 26. hWe
concentration changes very slightly (to offset the decreaseditermined the quasi-Fermi level separation at each current
gain due to carrier heating as discussed above). This resiféd the modified Andrekson technique [23]. This method
in a small increase of the TSE intensity as it is seen in Fig. B, N0t sufficiently accurate to ensure the independence of the

TSE spectra above threshold do not show a dip, which wougin coefficient on the current at high energies. Therefore, a
be expected in the case of spectral hole burning. small adjustment for the transparency energy was needed to

The TSE spectra similar to those shown in Fig. 1 werdake the gain curves converge at high e_nergies, a procedure
measured to obtain the optical gain using (19). A typicé‘nglogous to.that used by. Henry [18]. This conversion of thg
optical gain spectrum is presented in Fig. 2 (solid line). AGiN curves is not seen in Figs. 3 and 4 because the gain
mentioned above, (19) does not produce the value of g&HIVes are plotte_d |n_al|m|ted range of ngelength._The modal
in absolute units. The gain curves obtained form TSE we@&in at 10 mA is higher than at 8 mA in the entire energy
scaled so that the one at 10 mA coincides with the gain curi@hde, but particularly for energies above the lasing energy.
obtained from the ASE spectrum at the same current usiifien (17) is used, this results in a positive valueogf.
the Hakki—Paoli technique (circles). The ASE spectrum KSing the gain curves plotted in Fig. 3, we determined the
perturbed in the vicinity of DFB wavelength, as is the extractelue of ar ~ 2.1 £0.2. We also used an alternative way
gain spectra. Away from the DFB wavelength the gain curvéd determinecr from ASE spectra below threshold. In this
extracted from the TSE and ASE lie very close to ead§chnique, the parameter is determined from the ratio of
other. As discussed in the previous section, it is not necessHt§ change of the modal gain and shift of the wavelength
for determination ofay and «, to normalize the optical Of Fabry—Perot peaks with current below threshold [26]. This
gain obtained from the TSE spectra. However, it providespgocedure gave a valuer ~ 2.0 £ 0.2. These two results
good check for the measurement accuracy and also allowsai€ in a very good agreement that validates the use of (18) to
to determine(dg/dT.-1)|, from the above results. In thesedeterminec,. Fig. 4 shows the modal gain spectra obtained
measurements, we changed the heat-sink temperature, fii@& TSE spectra at two different conditions: 10 mA atZ%
varying both the crystal lattice and carrier plasma temperatufgolid line) and 10.9 mA at 35C (dashed line). To measure
In order to obtain the value dofdg/9T.-1,)|,, the derivative the parametery,, we need to vary the carrier temperature
with respect to the carrier temperature, we need to excluded current at the same time to maintain the quasi-Fermi
the effect of lattice heating. This can be done by takingvel separation constant. Because we varied the heat-sink
into account the fact that the lattice heating causes banddamperature, we shifted the quasi-Fermi level separation to
energy reduction at the rate of approximately,&IK [24], compensate for the bandgap shrinking as discussed above. We
[25]. We also measured the shift of the electroluminescengtso used the same procedure of fine tuning the quasi-Fermi
inflection point for the test sample and obtained the sarlevel separation as in the measurementpf The modal gain
result. Therefore, to estimate the derivative from measurati 35 °C is lower than one at 25C over a small range of
gain curves, we shifted the wavelength with the same ra@nergies below the transparency energy. The curves cross at
From the gain curves obtained at heat-sink temperatures ofteansparency energy and at higher energies the modal gain at
°C and 35°C and shifted by 4 nm, we determined the valud5 °C is higher. This behavior results from the dependence
of (8g/0T.-1|, = —0.454 0.05 (cnT!)/K. The material gain of Fermi function on temperature. The high-energy part of the
and confinement factor do not depend on the value of the toggin spectrum is dominant when used in (18), which results
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Fig. 3. Modal gain spectra determined from spontaneous emission using #ig. 5. The chirp parametet as a function of current. The inset shows the
Henry technique at 25C for currents of 10.0 (solid line) and 8.0 mA (dashedadiation spectra of the same laser above threshold.
line).

when the first-order Bessel functiol (81m0d/ fmod) 1S Z€r0

ol TN ‘ (Blmod/ fmoa = 3.84). Therefore, by varying the current
o~ N\ modulation depthl,,,,q to minimize the RF signal afi,oq
§ -200 N we found the chirp paramete$. The chirp parameter as
£ AN a function of dc current is shown in Fig. 5. At currents
S 0 b close to threshold where the effect of spatial hole burning is
g minimal, the chirp parameter is 156 MHz/mA. In this paper,
& 600 LN ) we measured wavelength chirp at a modulation frequency
= S fmoa = 100 MHz, which is high enough to eliminate chirping
S 00} 10.0 mA 25°C \(\ due to joule heating. The modulation frequency and amplitude
- 10.9 mA 35°C '\ are also small enough to make transient effects negligible, so
-1000 : ; ; : the measured chirp is adiabatic [10]. Using (14), we then get
085 09 095 1 1.05 1.1 1.15 . .
Photon Energy (eV) the rate of the change of carrier temperature with a current

of approximately 0.13 K/mA. The accuracy of this estimation
Fig. 4. Modal gain spectra determined from spontaneous emission using i@eabout 250

Henry technique for currents of 10.0 mA at 2E (solid line) and 10.9 mA
at 35°C (dashed line).

V. DiscussioN

in a negative value fory,. For the conditions in Fig. 4, we The carrier heating is considered to be a cause of the
obtained the valuer, ~ —1.4 &+ 0.3. The fact thatoer and wavelength chirp. This assumption is based on the results
«,, have different signs indicate that both carrier heating amd experimental studies of fast gain dynamics in laser struc-
the increase of carrier concentration contribute to increasetofes [15]. Our measurements of spontaneous emission above
wavelength chirp. Authors in [15] obtained positive value fathreshold also do not show the signature of spectral hole burn-
both« parameters. The source of the difference may arise frang. Sources of carrier heating above threshold are injection
the fact that in pump-probe experiments none of the parametefsenergetic carriers through heterobarriers and free-carrier
(out of n, 11, and T’) is held constant under experimentabptical absorption. The first effect depends on the injection
conditions. current, and the second on the optical field. Therefore, in a
To measure the chirp, we selected a laser from the safirst-order approximation, both effects are proportional to the
wafer, which had coated mirrors and a mid-band longitudindifference between operating and threshold currents.
mode, so that the right side of (4) is zero as was discussedVe found the proportionality coefficient between the change
above, and we can use (14). The threshold current was 16f@he carrier temperature above threshold and the wavelength
mMA. The radiation spectrum at 20 mA is shown in thehirp. This coefficient is expressed in terms of the temperature
inset of Fig. 5. We measured the frequency chirp using tlderivative of modal optical gain and two parametetsand
carrier suppression method in a gated delayed self-homodyne These parameters relate the variation of the real part of
technique [16]. In this technique, the small-signal modulatidhe refractive index and the variation of the optical gain due
of the pumping current is gated with a duty cycle of 50%o0 change of carrier temperature or change of the quasi-Fermi
and the period is equal to twice the delay time of thkevel separation.
fiber-optic interferometer. We used a standard interferometetWe have measured the temperature dependence of the
(HP11980A) with a delay time of 3.:s. The radiation optical gain, the parameterg, anday, and chirp at threshold
from the laser is coupled into the interferometer input arffdr MQW InGaAsP lasers. Using this data, we obtained the
the optical signal from the interferometer output is analyzedte of the temperature increase with current above threshold,
with an RF spectrum analyzer (HP71400). The amplitude which is 0.13 K/mA. The measurements are carried out at
this signal at the modulation frequency reaches its minimuacurrent close to threshold. The observed wavelength chirp
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