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We study the dynamics of a single-mode short-cavity laser consisting of a 1-um-thick layer of bulk
semiconductor sandwiched between dielectric mirrors and excited by optical femtosecond pulses. The
emission is time resolved by an up-conversion technique with time resolution of 250 fs. The experimen-
tal evidence for low and high excitation is compared with model calculations and is discussed in the
framework of recent microscopic theories. From this comparison we conclude that the heating of the
carrier distributions due to stimulated emission has a dramatic influence on the temporal dynamics of

the emission.

I. INTRODUCTION

The coupled electron-phonon and electron-photon dy-
namics in semiconductor lasers are of great interest; how-
ever, neither is well understood. The small cavity length
of short-cavity semiconductor lasers (SCSL’s) offers the
unique opportunity to study laser dynamics in a system in
which the medium can couple exclusively to one longitu-
dinal mode of the light field. This can be realized by, for
example, a slice of semiconductor in a cavity, comparable
in thickness to the wavelength of light. Such a well-
defined and physically transparent situation is attractive
in order to obtain a detailed microscopic understanding.
This has encouraged recent theoretical approaches.!™3
Moreover, potential applications of semiconductor mi-
crocavity lasers have recently attracted considerable at-
tention.*>

Previous experimental studies on more complex,
device-oriented semiconductor microlasers had limited
temporal resolution®’ and contained no simultaneous
spectral information. In the experiments presented here
we focus on the dynamics of an optically pumped SCSL,
employing simultaneous spectral and 250-fs time resolu-
tion. The data reveal valuable insights into the coupled
electron-photon dynamics in semiconductor lasers.

II. EXPERIMENT

A set of samples particularly well suited for optical ex-
citation has been prepared. A 1-um-thick layer of bulk
In,Ga,_,As, lattice matched to the InP substrate, is
grown by low-pressure metal-organic vapor-phase epi-
taxy. A corresponding absorption spectrum is depicted
in Fig. 1(a). We remove the InP in an area of ~1 mm? by
selective etching with concentrated HCI, in order to
evaporate dielectric mirrors on both sides.® Each mirror
consists of eight pairs of A /4 layers (A=1.55 um) of SiO,
(n =1.46) and Ta,O5 (n =2.10), yielding a reflectivity of
R =0.99 at 1.55-um wavelength. A corresponding mea-
sured transmission spectrum can be seen in Fig. 1(b).
Somewhat similar samples have been described previous-
ly.° The samples discussed here exhibit only one lasing
mode around 1.49-um wavelength [see Fig. 1(c)]. This
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mode is situated 100 meV above the fundamental gap
[E;=0.73 eV; see Fig. 1(a)]. The adjacent longitudinal
modes are outside the high reflectivity band of the mir-
rors, as expected from the design of the samples and
verified experimentally (the mode spacing is 116 meV,
corresponding to an effective cavity length of 1.55 um).
For the optical excitation we use transform-limited
Gaussian pulses with a duration of 250 fs at a 1-kHz re-
petition rate from an amplified passively mode-locked
color-center laser, frequency doubled to a photon energy
of 1.56 ¢V in a 1-mm-thick crystal of B-barium borate
(BBO). In this spectral range the dielectric mirrors of the
SCSL’s are transparent. Pulse energies up to 1 uJ are
available. The laser beam is focused on a spot diameter
of about 30 um. Because we were concerned about possi-
ble transverse multimode behavior of the SCSL emission
at this rather large spot size, we have repeated the experi-
ments using much smaller (5-um diameter) spots deliver-
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FIG. 1. Experiment: (a) absorption spectrum of the 1-um
layer of In,Ga,_,As on the InP substrate; (b) transmission
spectrum of the isolated layer sandwiched between dielectric
mirrors; and (c) emission spectrum slightly above the lasing
threshold.
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ing similar results. Moreover, the SCSL emission is in-
spected with an infrared camera system and exhibits a
Gaussian profile for both excitation spot sizes and all ex-
citation levels, indicating transverse single-mode opera-
tion, i.e., the behavior of the emission does not depend on
the transverse coordinate. To further check this impor-
tant point we also performed the measurements described
below with an aperture (in an intermediate image plane),
revealing no dependence of the behavior as a function of
the transverse coordinate.

The time-integrated SCSL emission is spectrally
resolved by a 0.25-m spectrometer connected to a liquid-
nitrogen-cooled germanium multichannel analyzer (1-
meV resolution). A typical time-integrated emission
spectrum is shown in Fig. 1(c). The energy incident onto
the sample, held at room temperature, is 2 nJ. If the
pump energy is reduced to 1.5 nJ, the emission drops by
more than three orders of magnitude, indicative of a
well-defined laser threshold. An increase of the incident
energy leads to the scenario depicted in Fig. 2. A consid-
erable asymmetric broadening, finally reaching a full
width at half maximum (FWHM) of more than 20 meV
at 30-nJ incident pump energy is observed. The incident
pump energies can only be correlated roughly with actual
carrier densities. Using a spot diameter of 30 um and as-
suming that all photons are absorbed within the 1-um-
thick layer of In,Ga,;_, As, we estimate a carrier density
of 10! cm™? at an excitation level of 2 nJ. The actual
densities, however, are somewhat lower because of Pauli
blocking at the pump photon energy. Pauli blocking be-
comes even more pronounced at higher excitation levels,
hence the relation between incident energy and carrier
density is no longer linear.

In order to study the temporal dynamics we up-convert
the SCSL emission with a fraction of the pump light in a
0.5-mm-thick crystal of LilO;. The sum frequency
(around 2.39 eV photon energy) is fed into another 0.25-
m spectrometer connected to a liquid-nitrogen-cooled
charge-coupled device (CCD) camera (resulting in 2-meV
resolution). Spectra are recorded as a function of time
delay between emission and reference pulse in steps of 0.5
ps. A typical acquisition time for a set of 100 spectra is 3
min. Clearly, the overall spectral resolution is given by
the time-energy uncertainty, hence for 250-fs time resolu-
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FIG. 2. Experiment: Time-integrated emission spectra of the
short-cavity semiconductor laser for increasing pump energy (as
indicated). For clarity, the spectra are displaced vertically.
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tion by about 7-meV FWHM. The incident pump light
can be attenuated by means of calibrated neutral density
filters. The time delay introduced by these filters has been
measured independently, and the data are corrected cor-
respondingly (with an error smaller than 0.25 ps). The
zero time is determined by up-converting a fraction of the
fundamental of the femtosecond laser. The corresponding
experimental error due to the different refractive indices
(around 1.56- and 0.78-eV photon energy) of the glass in
the setup is estimated to be less than 1 ps.

Data for excitation slightly above [Fig. 3(a), where the
pump energy is 2.5 nJ] and well above the threshold [Fig.
3(b), where the pump energy is 15 nJ] are depicted in Fig.
3. For weak excitation the SCSL emission exhibits a
rather large time delay with respect to the pump pulse,
arriving at t =0. Both rise and decay extend over several
ps, exhibiting a small redshift of the laser line with time.
This scenario gradually changes toward higher excita-
tion. At very high excitation levels [Fig. 3(b)] the SCSL
emission exhibits a sharp (400-fs time constant) rise after
a time delay of several ps, a fast overshoot (~1 ps),
another slower rise, and a long trailing edge. The emis-
sion exhibits a huge chirp (20 meV) from large to small
photon energies. Hence the spectral width seen in the
time-integrated data (see Fig. 2) is entirely caused by a
chirp of the single optical mode.
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FIG. 3. Experiment: Time-resolved emission spectra of the
short-cavity semiconductor laser for (a) low and (b) high excita-
tion (see text). In each case, 100 spectra in steps of 0.5 ps are
displaced vertically.
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III. DISCUSSION AND SIMPLE MODEL

After the initial optical excitation, the excited carriers
lose their large excess energy by carrier-carrier and
carrier-phonon scattering. Carrier-carrier scattering is
known to lead to a considerable occupation of low-energy
states on a time scale well below 100 fs (Ref. 10) (also ex-
citing with a large excess energy). The cooling of the re-
sulting hot carrier distribution takes place on a time scale
on the order of 1 ps (Refs. 11 and 12) (measured under
comparable high-density conditions of a semiconductor
optical amplifier within the same material system). The
loss of photons out of the cavity is governed by the pho-
ton lifetime, which is directly related to the reflectivity R
of the mirrors by 7,= —Ln /[coIn(R)], with L being the
cavity length, ¢, the vacuum velocity of light, and
n =3.3 the refractive index. For the present mirrors
with R =0.99 and the effective cavity length L =1.55
pm we obtain 7, =1.7 ps.

Clearly, the observed dynamics (Fig. 3) is not directly
related to any of these time constants. In order to model
the experimental evidence we employ a largely simplified
version of the theory described in Ref. 3. We use a two-
band model within the effective-mass approximation. In-
terband Coulomb correlations and band-gap renormaliza-
tion are neglected. The excitation process is modeled by
[ pump=08(¢2) X N(2 =0). The following extended coupled
rate equations describe the dynamics of the total carrier
density N, the photon density p of the laser mode, and the
common temperature T of electrons and holes:

dN

? = Fspont_ Lgim+ I‘-‘pump ’
d,

711;' =+ nrspont + I‘-‘stim - rloss ’
dT

I =+ I“heat - I‘cool ’

with the rate for stimulated emission (SE)
Cyim=¢o/n(fiw) Xg(#iw,N,T) Xp, where #iw is the pho-
ton energy of the laser mode.!> The gain coefficient g is
given by

g (%iw, N, T)= —g,#iwO(fio— E, )V fiw—E,
X(l—_fe —fh) .

The Fermi-distribution functions f,(k,N,T) and
f»(k,N,T) [depending on #iw via the energetic dispersions
E, (k)] of electrons and holes, respectively, are comput-
ed via the chemical potentials using the Padé approxima-
tion'* and the well-known effective masses of electrons
m, and holes m, of In,Ga;_,As. The coupling
coefficient of the spontaneous emission into the laser
mode 7 comprises both a spectral weighting factor and a
geometrical coupling factor.® The rates for spontaneous
emission D'y, =N /7y and losses of the cavity
Iyos=p /7, are assumed to be exponentials.

SE ejects carriers with a below average kinetic energy
from the system. After fast thermalization the carriers
acquire a higher temperature because carrier-carrier
scattering conserves the total energy of the carrier sys-
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tem. This heating due to SE in SCSL’s has been pointed
out and discussed in detail in Ref. 15 (within the frame-
work of a microscopic theory). Here we follow a much
simpler approach. We assume a constant total energy of
the combined system!® of electrons (treated in the degen-
erate limit) and holes (using the Boltzmann approxima-
tion) after the emission process. For infinitely fast
carrier-carrier scattering we derive

7 1(3 " w2
Theat= + Ttim ‘ﬁ‘"? | kpm. N1/
2 (fio—E,)
3 k,N

The emission of phonons, modeled by T
=(T —T,) /71 reduces the average kinetic energy of the
carriers, hence describing the cooling of the carrier tem-
perature T to the lattice temperature T, with a time con-
stant 7.

The photon energy of the laser mode #iw is given by the
condition for constructive interference in the cavity:
w/coXn(#fiw)L =mr, where m is an integer. The change
of the refractive index An(#w,N,T), which is computed
via a Kramers-Kronig transformation of the gain spec-
trum, gives rise to an energetic shift of the laser mode.
For small shifts we can perform an expansion and obtain

fio,  n(fio,)

Finally, the 8-shaped SCSL emission (with amplitude p) is
convoluted with the spectrum of a 250-fs Gaussian pulse,
allowing for a direct comparison with the experimental
data obtained by up-conversion.

For the modeling we use the parameters 7,=1.7 ps,
T,=300 K, T(t=0)=1000 K, n(fiw,=0.828 eV)=3.3,
m,=0.041Xm,y, m,=0.377Xm, (m, is the free-
electron mass), and E,=0.73 eV. g,=3.81X10* cm™'
(eV) 372 is chosen such that the absorption coefficient at
0.83-eV photon energy [ = —g(#iwg, N =0)=10* cm™]
corresponds directly to the experiment [see Fig. 1(a)]. The
only adjustable parameter is 7,-=2 ps, which is chosen to
match the experiment. Note that this choice is slightly
longer than the literature values (~1 ps) discussed
above.!"12 This can possibly be attributed to the effect of
hot phonons,!” which additionally delays the cooling of
the carriers. The parameters 7y =1 ns and =10"* are
not well known; however, they influence the results only
marginally even when varied by an order of magnitude.
The threshold density in the model is N(z=0)
=1.8X10"% cm™3.

In Fig. 4 the computed time-resolved emissions for low
(@ [N(=0)=2.2X10® cm™3] and high (b)
[N(t =0)=6.0X10'® cm™3] initial carrier densities are
depicted. As in the experiment [compare Figs. 3(a) and
3(b) with Figs. 4(a) and 4(b)] the emission is strongly
chirped for high excitation levels. Even close to thresh-
old the chirp is considerable. The chirp is due to the car-
rier distribution functions changing in time leading to a
redshift of the laser emission via the increasing refractive
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FIG. 4. Model: Time-resolved emission for initial carrier
densities of (a) 2.2X10'® cm™3 and (b) 6.0X10'® cm™3. These
spectra have to be compared with Fig. 3.

index. The temporal response is governed by the negative
feedback brought about by the heating due to SE. For
large SE the carrier system is heated, reducing the gain at
the laser mode, which in turn reduces the rate of SE and
hence slows down the temporal response. Consequently,
the heating due to SE leads to a highly nonexponential
decay of the SCSL emission, in particular for high excita-
tion levels, hence large rates of SE.

Figure 5 compares the spectrally integrated emission
[corresponding to Figs. 3(b) and 4(b), respectively] on a
logarithmic scale exposing the nonexponential behavior.
The experiment and simple model are in good qualitative
agreement. Neglecting the carrier heating, i.e., 'y, =0
in our model [the dashed curve in Fig. 5(b)] leads to a
striking disagreement with the experimental evidence. In
particular, the emitted pulse decays far too fast. The as-
sumption of a constant temperature (7" =300 K) [dotted
curve in Fig. 5(b)] even enhances the discrepancy. This
clearly demonstrates the importance of the heating due to
SE for the transient response of the SCSL. The tempera-
ture rises by about 200 K at the onset of lasing in Fig.
4(b). This considerable amount of heating of the carriers
is consistent with recent predictions based on a micro-
scopic theory.!® The heating due to SE has quite recently
also been discussed in the context of the cw linewidth of a
semiconductor microdisk laser.!®
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FIG. 5. Comparison: Spectrally integrated emission vs time
plotted on a logarithmic scale. (a) Experiment, corresponding
to Fig. 3(b). (b) Model, corresponding to Fig. 4(b). For the
dashed curve in (b) the heating due to stimulated emission has
been neglected; for the dotted curve the temperature is fixed at
300 K (see text). For clarity the three curves are normalized to
equal peak heights. The various dashed straight lines in (a) and
(b) with respective time constants are guidelines to the eye.

The overall agreement between the experimental evi-
dence and simple model is rather good; however, let us
finally mention some discrepancies. The time delay be-
tween the pump pulse and the onset of lasing, the initial
overshoot, and the change of the linewidth in time at
high excitation levels, respectively, are not well repro-
duced. These features can most likely be described by the
level of description of Refs. 1-3 which, however, requires
a substantially larger numerical effort and is well beyond
the scope of this paper.

IV. CONCLUSIONS

In conclusion we have studied the dynamics of a
single-mode short-cavity semiconductor laser excited by
optical femtosecond pulses. In contrast to excitation
slightly above threshold, the transient laser emission ex-
hibits a sharp switch-on (400-fs time constant) and is
strongly chirped for high excitation levels. A comparison
of the experimental data with simple model calculations
reveals the importance of the carrier dynamics, in partic-
ular the heating of the carrier distributions due to stimu-
lated emission for the transient response of the laser emis-
sion. It would be very interesting to compare directly the
experimental evidence with more advanced recent micro-
scopic theories. This could improve the understanding of
the remaining discrepancies.
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