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Ultrafast switch-off of a vertical-cavity semiconductor laser

S. G. Hense and M. Wegener
Institut für Angewandte Physik, Kaiserstrasse 12, D-76128 Karlsruhe, Germany

~Received 3 October 1996!

It is shown that perturbation of an electrically pumped semiconductor vertical-cavity surface emitting laser
by means of a short optical pump pulse may lead to a transient switch-off of the laser emission, provided that
the pump pulse has a significantly higher photon energy than the semiconductor laser. This behavior is
opposite to the commonly expected increase in emission for any laser. The unusual response is explained in
terms of a transient heating of the carrier distributions, leading to a transient reduction in population at the laser
mode, hence to a switch-off. Switching time constants as fast as 3 ps are observed, which is much faster than
could be expected from the inverse relaxation frequency.@S0163-1829~97!04115-5#
cy
on
o
e
la

on
pt
e
-
ac
-
nc
m
s
p
rv
wi

t o

m

ch
he
e
se
f
on
s
he

ie
s
s
m
ic
is
h
m

EL
the
an-
am
tire
-
xi-

ctri-
mp
ex-

at
or
he
g in-
for
e
s

ion
ed
an

ha-
the
ab-
re-
a
e
ould
t is

On
ple
nt

in
ser
-
nd
The modulational response of semiconductor lasers
usually considered to be limited by the relaxation frequen
Such limitation is understood within the rate-equati
approach,1 the basic assumption of which is that the shape
the carrier distribution functions adiabatically follows th
carrier density. Experiments up to tens of gigahertz modu
tion frequency have confirmed this picture.2,3On a time scale
comparable with characteristic electron-electron or electr
phonon scattering processes, however, this basic assum
is not valid and physically different behavior may arise. R
cent theoretical predictions4 have in fact shown that the dy
namic response of a semiconductor vertical-cavity surf
emitting laser~VCSEL! may largely be influenced by dy
namic changes in the shape of the carrier distribution fu
tions. Perturbing an electrically pumped VCSEL at roo
temperature by means of a short optical pulse can thus re
in an unusual rapid switch-off of the emission, which is o
posite to common expectation. Here we report the obse
tion of this phenomenon and compare the observations
simple but quantitative model calculations.

The commercially available VCSEL devices5 are operated
under ambient conditions. They exhibit a threshold curren
2.9 mA and their diameter is 8mm. The emission is single
mode with about 1 mW of cw-output power at 850-n
wavelength~corresponding to 1.459 eV photon energy! for a
5.0-mA injection current. More technical details of su
GaAs-based VCSEL’s containing four quantum wells in t
cavity can, e.g., be found in Ref. 6. The devices are p
turbed by optical femtosecond pulses, which are focu
onto the VCSEL’s under normal incidence by means o
microscope objective. The photon energy of the femtosec
pulses exceeds the photon energy of the microlaser emis
by more than 200 meV, which is significantly higher than t
spectral width of the femtosecond pulses~15 meV!. In the
following, this difference between the two photon energ
will be termedexcess energy. The resulting pump spot size i
chosen to be roughly twice the diameter of the element
order to ensure homogeneous excitation. The transient e
sion is collected by the same microscope objective, wh
has an aperture sufficiently large to collect the entire em
sion. It is time resolved via sum-frequency generation wit
fraction of the femtosecond pulses delayed in time, by e
ploying a 1-mm-thick crystal of LiIO3. Spectral filters are
550163-1829/97/55~15!/9255~4!/$10.00
is
.

f

-

-
ion
-

e

-

ult
-
a-
th

f

r-
d
a
d
ion

s

in
is-
h
-
a
-

introduced into the beam in order to separate the VCS
emission from the reflected pump beam. The signal at
sum frequency is detected by a photomultiplier using st
dard lock-in techniques. By up-converting the reflected be
we have ensured that the temporal resolution of the en
setup is only limited by the autocorrelation width of the fem
tosecond pulses, having an actual full width at half ma
mum ~FWHM! of 120 fs.

The parameter space, consisting of the stationary ele
cal injection current, the pump photon energy, and the pu
pulse energy, has been investigated systematically. One
ample for large pump photon energies (\vp51.73 eV! is
depicted in Fig. 1. Following the optical pump pulse
t50, a switch-off of the VCSEL emission is observed f
moderate injection currents. The period in time until t
emission increases again becomes shorter with increasin
jection current. Hence the switch-off gradually vanishes
larger injection currents@Fig. 1~a!#; the laser appears to b
more robust. At 5-mA injection current the switch-off ha
disappeared. With decreasing pump pulse energy@Fig. 1~b!#
or decreasing photon energy@Fig. 1~c!#, the switch-off be-
havior gradually disappears.

Notice that under the present conditions the relaxat
frequency is always less than 10 GHz, which is deduc
from data on a longer time scale. This is much slower th
the initial switch-off observed in Fig. 1.

It is important to discuss an undesired and trivial mec
nism that at first seems like a possible explanation of
observed behavior: If a fraction of the pump pulse were
sorbed by the Bragg mirrors, the resulting reduction in
fractive index of the low-band-gap material would lead to
reduction in reflectivity, hence to a transient switch-off. W
do not see any reason, however, why this mechanism sh
depend on the electric injection current, a behavior tha
clearly seen in the experiment@Fig. 1~a!#. Consequently, we
can rule out this parasitic as the dominating contribution.
the other hand, there may be certain corrections to the sim
picture oulined in the following, which is based on transie
carrier heating.

The switching mechanism is schematically depicted
Fig. 2. Consider the stationary operating semiconductor la
@Fig. 2~a!# with Fermi-distributed carriers. Two simplifica
tions are employed for clarity: Only electrons are shown a
9255 © 1997 The American Physical Society
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spectral holes are neglected. At timet50 the additional
pump pulse is applied@Fig. 2~b!#, thus increasing the numbe
of excited carriers in the conduction and the valence ba
respectively. Since carriers are added at an energy abov
average, both the number of carriers and their mean en
are increased. Due to efficient carrier-carrier scattering,
electron and hole distributions will relax towards new Fer
functions, which are characterized by higher temperatu
@Fig. 2~c!#. As a consequence, the occupation numbers at
spectral position of the lasing mode will decrease, wh

FIG. 1. Experiment. Transient VCSEL emission after pertur
tion with an optical pulse att50. ~a! For a fixed pulse energy of 0.9
nJ and fixed excitation at 1.73 eV photon energy~corresponding to
an excess energy of 0.275 eV!, the stationary electrical injection
currentI inj is a parameter;~b! for a fixed injection current of 4.0 mA
and excitation at 1.73 eV photon energy, the pulse energy
parameter; and~c! for 3.5 mA injection current and a pulse energ
of about 0.9 nJ, the excess photon energy is a parameter.
d,
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results in a reduced modal gain and eventually in the swit
off. Inelastic scattering with LO phonons will cool down th
carrier system while conserving the number of carriers@Fig.
2~d!#. This process is somewhat slowed down by the hea
of the phonon system itself, and inversion will be recover
after several picoseconds. The time scale for the subseq
switch-on is governed by the comparatively low gain in
microcavity containing only four quantum wells as the acti
material. Furthermore, Fig. 2 clarifies why this mechani
cannot be explained by a simple four-level model: Goi
from Fig. 2~b! to 2~c!, the occupation probability decrease
for the levels that correspond to the four-level system. C
sequently, the sum of the occupations of these four lev
will decrease as well. In the four-level system, however,
sum of the occupations has to be constant.

Modeling the data, we closely follow along the lines
Refs. 7 and 8. The basic assumption is that carrier-car
scattering is fast and leads to Fermi-distribution functio
The corresponding density and temperature are compute
a function of time. The application to quantum wells, whi
are approximated as two-dimensional sheets, is straigh
ward. It leads to the following extended rate equations
the photon densitynp ~photons per volume!, the electron-
hole pair densityneh ~carriers per area!, the carrier tempera-
tureTeh ~same for electrons and holes!, and the Bose factor
of hot LO phonons9 N(TLO)51/@exp(\vLO /kBTLO)21#:

dnp
dt

51bGspont1Gstim2G loss, ~1!

dneh
dt

52Gspont8 2Gstim8 1Gpump, ~2!

dTeh
dt

51Gheat2
\vLO

kB

N~Teh!2N~TLO!

teh-LO
, ~3!

dN~TLO!

dt
51

N~Teh!2N~TLO!

teh-LO
2
N~TLO!2N~T0!

tLO
, ~4!

with the rate for stimulated emission Gstim

5ḡnp (Gstim8 5GstimLz /NQW), c the velocity of light in the

-

a

FIG. 2. Schematic band diagram and evolution of the car
distribution functions:~a! before the arrival of the additional pum
pulse, ~b! at the arrival, ~c! after thermalization of the carrier
among themselves, and~d! after the subsequent cooling. The fou
level system depicted on the right-hand side is unable to explain
experimental evidence.



.

-

la
io

O
qu
e

th
e

t
fo
f
th

ns

f

fu
n

is
n-
f t

l
se
pe

en-
re-
n.
f
ri-
ot

ng
n

s

nt.
ld
ier

n

nt,
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medium at the photon energy of the laser mode\v, Lz the
quantum-well width, andNQW the number of quantum wells
The average gain coefficient in the cavityḡ5gNQWLz /L is
related to the gaing approximated byg(\v,neh ,Teh)
5g0Q(\v2Eg)( f e1 f h21). f e(\v,neh ,Teh) and
f h(\v,neh ,Teh) are the Fermi-distribution functions of elec
trons and holes, respectively,L is the cavity length,Q is the
Heaviside step function, andEg is the band-gap energy.b is
the coupling coefficient of spontaneous emission into the
ser mode. The rates for spontaneous emiss
Gspont5neh /teh (Gspont8 5GspontLz /NQW), losses of the cavity
G loss5np /tp , cooling of the carriers due to emission of L
phonons, and the decay of LO phonons leading to an e
librium with the lattice temperatureT0 are assumed to b
exponentials with respective time constantsteh, tp , teh-LO ,
andtLO. As an immediate result of energy conservation,
carrier distribution functions are heated via the pump proc
and due to stimulated emission7,8 ~the latter is of minor im-
portance here!:

Gheat5S 1FTehneh
1

p\2

mekB
G2

\v2Eg

nehkB
DGstim8

1S 2FTehneh
1

p\2

mekB
G1

\vexc
cw

nehkB
DGpump

cw

1S 2FTehneh
1

p\2

mekB
G1

\vexc
pulse

nehkB
DGpump

pulse, ~5!

Gpump5Gpump
cw 1Ḡpump

pulseexpF2S tt D 2G , ~6!

with t 5 F/2Aln2 ~whereF denotes the FWHM!; me is the
effective electron mass; the hole mass does not enter at
point as the Boltzmann approximation has been applied
the hole distribution function.8 \vexc is the excess energy o
electron-hole pairs injected via the pump process. For
optical pump process\vexc is simply given by\vp2Eg .

The parameters of the following numerical calculatio
correspond to the experiment and are given byme50.067,
mh50.22,Eg51.448 eV,\vLO536 meV,\v51.458 eV,
tp55 ps,teh51 ns,teh-LO51 ps,tLO52.45 ps~see Refs. 7,
10, and 11!, g05104 cm21, NQW54, Lz510 nm,
L51mm, T05300 K, b51024, c5c0 /nb with the back-
ground refractive indexnb53.3 and the vacuum velocity o
light c0, \vexc

cw50.3 eV ~injection from the barrier material!,
\vexc

pulse50.275 eV ~see experiment, Fig. 1!, Gpump
cw

51.43109 cm22ps21, Ḡpump
pulse56.031011 cm22ps21,

F5120 fs ~see experiment!.
Figure 3 shows one example of the simulations, the

line correponds to the complete model, the dashed line
glects hot phonons (TLO5T05300 K), and the dotted line
reflects the standard rate-equations (Teh5TLO5T0
5300 K). Under cw-lasing conditions, the carrier density
1.13 1012 cm22. After the short pump pulse the carrier de
sity increases by about 7%. Due to the excess energy o
carriers ~here 275 meV), which is way abovekBTeh'26
meV, the carrier temperature experiences a substantia
crease. For large excess energies the resulting decrea
gain due to the increase in carrier temperature overcom
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sates the increase in gain due to the increase in carrier d
sity and the system can even switch into the absorptive
gime. This leads to a rapid switch-off of the laser emissio
Carriers, however, quickly cool on a time scale o
teh-LO51 ps due to emission of LO phonons and the expe
mental data cannot be explained without the effect of h
phonons~see the dashed line in Fig. 3!, which clearly inhibit
rapid cooling of the carriers over several picoseconds. Usi
the well-known literature parameters for the phono
lifetime,10,11 we obtain a match of the involved time scale
without any fit parameters.

As expected, the initial switch-off gradually disappear
for smaller excess energies~see Fig. 4!, which is also ob-
served in the experiment@Fig. 1~c!#. The dependence on in-
jection current@Fig. 1~a!# could be understood if the carrier
density showed a substantial increase with injection curre
In that case, the additionally introduced hot carriers wou
lead to a smaller increase in temperature of the entire carr

FIG. 3. Model. Transient VCSEL emission after perturbatio
with a short pump pulse att50. Complete calculation including
carrier heating and hot phonons~solid line!, hot phonons neglected
~dashed line!, and the standard rate equations~dotted line!.

FIG. 4. Complete model~see Fig. 3!, with the excess energy as
a parameter. This result has to be compared with the experime
Fig. 1~c!.
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system, hence at large injection currents to an increas
emission rather than to a switch-off. The above simple m
eling, however, does not reproduce this trend in detail as
carrier density is still essentially pinned. Transverse effe
and spectral hole burning, which are not included in
model, would further relax the carrier pinning and could e
plain the observed behavior as a function of injection c
rent. The dependence on pump pulse energy@Fig. 1~b!# is
currently not well understood. It would be very interesting
compare the experimental data with microscopic theo
such as Refs. 4 and 12, however, with the effect of
phonons incorporated.

In conclusion, we have presented experimental evide
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for ultrafast switch-off of semiconductor vertical cavity la
sers after impulsive excitation. The unusual switch-off is
terpreted in terms of a transient carrier heating due to
excitation process, a many-body effect that is particular
semiconductorlasers. This type of switching might prove t
be useful for ultrafast modulation of semiconductor las
well above the usual relaxation frequency.
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