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Femtosecond excitation cavity studies and superluminescence by two-photon absorption
in vertical cavity lasers at 300 K
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Vertical cavity semiconductor lasers have become the main instrument in the application field of inexpen-
sive, low to midrange power, and high-efficiency lasers. Electrical as well as electroluminescence properties of
these lasers can readily be examined. However, for an investigation of the bulk, and most importantly, the
active zone, the majority of conventional optical methods fail due to the high reflectivity of the cavity mirrors
or the absorption of the excitation beam by the mirror material. Laser pulses as short as 200 fs at 804 nm have
been applied to invoke two-photon excited photoluminescence and superluminescence of a vertical cavity
surface-emitting laser based on a GaxIn12xP core at room temperature. From the analysis of the emission and
laser spectra, important properties are found, such as the redshift of the emission wavelength due to many-body
effects, which was confirmed by analysis of the cavity without mirrors.

DOI: 10.1103/PhysRevB.66.245302 PACS number~s!: 78.55.Cr, 42.55.Px, 73.21.Fg, 78.20.Jq
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I. INTRODUCTION

Vertical cavity surface-emitting laser~VCSEL! structures
are of increasing importance in the semiconductor laser fi
because they offer large advantages over edge-emitting la
such as the ease of two-dimensional structured fabricat
circular beam profiles, and dynamic single-frequen
operation.1–5 Although they are already commonly used f
infrared emitting laser applications, the move to visib
wavelengths is difficult and has led to strong research eff
in the past years. A promising emitting material for visib
red laser emission, such as that used for digital versatile d
~DVD’s! is GaxIn12xP, which has been studied in detail.6–12

There are several important properties to be controlled:
reversed band offsets of the sandwiched distributed Br
reflectors~DBR’s! and the optical cavity material and an o
timized doping profile are the big challenges from an el
tronic point of view; the lattice mismatch and th
AlAs/Al xGa12xAs interfaces are challenges from a crystal
graphic point of view.12

An important step to master the formation of VCSE
structures is the tight control over the manufacturing p
cesses. With common methods, it is difficult to distingu
advancements in electronic conductivity from better op
electronic properties leading to higher emission efficienc
Regular photon spectroscopy has to deal with strong abs
tion in the DBR and the laser cavity and does not all
sampling of the active layer directly. By means of pho
modulated reflectance studies, however, VCSEL’s have b
studied nondestructively in the past, as well.13,14Our trials of
probing the VCSEL structures studied here with laser ex
tation at 632 and 532 nm did not show any photolumin
cence.

In this paper, we propose the use of two-photon excitat
to quantitatively measure the bulk properties without the
fluence of electrical properties inherent to a specific prod
tion method. The excitation at 804 nm~1.54 eV! is well out
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of the absorption range of the investigated VCSEL, wh
is formed by a GaxIn12xP active layer quantum well
Al xGayIn12x2yP cavity spacers, and AlAs/AlxGa12xAs
Bragg mirrors. Two-photon absorption is well suited f
measurements penetrating deep into a layer structure
sample since the absorption coefficients are smaller and
because the decay of the intensity is not exponential,
varies with reciprocal length. Additionally, since the DBR
were tuned to reflect around the VCSEL emission wa
length, the lower-energy excitation laser pulses were abl
excite the whole sample. The important difference betwe
single-photon and two-photon excitation is that although
both the DBR’s are reflective and absorptive, only the tw
photon excitation can penetrate the DBR’s effective
enough to excite the active zone significantly.

The two-photon excitation was generated by an ultraf
laser system. As such the excitation is a purely coherent t
photon excitation, which means that two photons are
sorbed by one electron at once, and the final state ha
even parity to the initial state.

II. EXPERIMENT

Three different VCSEL structures were analyzed us
two-photon absorption. One VCSEL structure@Fig. 1~a!, left#
was a microcavity light-emitting device~LED!, i.e., a mini-
VCSEL structure, which only features line narrowing. How
ever, due to the smaller number of DBR’s, 15.5 pairs on
back-reflector side and 7 pairs on the emission side, not o
the main emission of the GaInP active layer could be pro
but also characteristic signatures of elements of the ca
and mirrors were sampled. The other two structures@Fig.
1~a!, right# have identical numbers of DBR’s, 55.5 pairs o
the back side and 35 on the emission side, but the cavities
optimized for different wavelengths due to different optic
lengths of the cavities. The microcavity LED will be referre
©2002 The American Physical Society02-1
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to as VCSEL 2 and the other two as VCSEL 1 and 3.
The formation of the VCSEL cells is described

elsewhere.12 The layered structures are shown in Fig. 1~a!.
The DBR’s consist of alternating AlxGa12xAs and AlAs lay-
ers. Then DBR’s are Si doped, thep DBR’s are C doped.
The AlxGayIn12x2yP layers in the cavity adjacent to the
DBR’s are Si and C doped, as well. The samples were e
cited with a femtosecond laser system, a Coherent Inno
Ar1 laser powering a Coherent Mira Ti:sapphire oscillato
and a Coherent RegA amplifier. The incident laser beam w
focused to less than 60mm in radius. The laser beam has a
energy of 2.8mJ per pulse, a repetition rate of 249 kHz, an
a pulse width of approximately 200 fs. Thus, the maximu
excitation intensity is 180 GW cm22. The photon energy of

FIG. 1. ~a! VCSEL structures with GaInP as the active laye
Al xGayIn12x2yP as the cavity spacers, and AlAs/AlxGa12xAs as
Bragg mirrors. Left side, microcavity LED~referred to as VCSEL 2
in the text!; right side, regular VCSEL structures~referred to as
VCSEL 1 and 3 in the text!. The difference between VCSEL 1 and
3 lies solely in a slightly altered cavity.~b! The measurement ge-
ometry for the luminescence experiments.
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the laser is 1.54 eV~804 nm!. The photoluminescence of th
sample was detected with a 100-mm fiber, which is transmis-
sive in the visible and ultraviolet spectral range, and an
tached fiber optics spectrometer. The measurement geom
is shown in Fig. 1~b!. Owing to the high reflectivity of the
DBR array on the substrate, and the fact the GaAs subs
is highly absorptive in the whole visible region, the acti
layer emission had to be detected through the less-reflec
top DBR array. Since the fiber could not be placed in t
excitation beam, the sample was tilted several degrees
respect to the incident laser beam. All experiments were
formed at room temperature. The angle of incidence w
kept at 30°; the detector angleg was optimized for the stron
gest emission of the sample. For the intensity-depend
measurements, the laser excitation was attenuated u
neutral-density filters that were previously calibrated
power throughput.

III. DISCUSSION

Except for the GaAs layers@as seen in Fig. 1~a!, bottom
and top# the whole VCSEL structure does not show sing
photon absorption for the 1.54-eV laser beam. For tw
photon absorption, the change in intensity per space elem
is

dI

dx
52a2I 2, ~1!

whereI is the intensity anda2 is the two-photon absorption
coefficient. Integration over the whole thickness leads to
well-known equation

1

T
5a2I 0t11, ~2!

whereT is the transmission,I 0 is the incident intensity, andt
is the thickness. It has to be noted that Eq.~2! only holds for
constanta2 , an assumption valid for the intensities used
probe the VCSEL structure presented.

The generated electron-hole pairs per laser pulse are
pressed by

Gpulse5
Epulse~12T!

2EphotonV
, ~3!

whereEpulse is the energy per pulse,Ephoton is the energy per
single photon, andV is the excited volume. Inserting Eq.~2!
into Eq. ~3! and substitutingEpulse5I 0tpulseAbeamleads to

npulse5Gpulse5
tpulseAbeam

2EphotonV

I 0
2a2t

I 0a2t11
, ~4!

where npulse is the number of electron-hole pairs create
tpulse is the laser pulse duration, andAbeamis the area of the
laser beam. ForI 0a2t!1, the generation term has a qu
dratic dependence on the incident intensity, which will be
case for the very thin films in the VCSEL structure. F
thicker films or higher excitation intensity, the dependen
will be subquadratic and finally linear forI 0a2t@1. At the
maximum intensity valueI 05180 GW/cm2, we get I 0a2t
2-2
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50.005!1, using the literature value ofa259 cm/GW for
InP ~Ref. 15! and an active layer thickness oft'20 nm.
Hence, with Eq.~4! it is possible to check the regime of th
measurement.

Figure 2 shows the dependence of the emission from
GaxIn12xP active layer with respect to the incident laser i
tensity. The measured points and the theoretical quadr
dependence curve lie on top of each other. The perfect q
dratic dependence and the fact that there are 4ms between
two pulses are strong evidence for coherent two-photon
citation in the regime ofI 0a2t!1. Since the dependence o
the photoluminescence on the incident intensity in Fig. 2
exactly quadratic, it follows that the photoluminescence
pends linearly upon the number of excited species, which
turn depends in a quadratic manner on the intensity~two-
photon absorption!. This may seem surprising for carrie
densities as high as 1019 cm23, but due to the high reflectiv-
ity of the DBR’s, photons can induce many carrier recom
nations.

Additionally, Eq.~4! allows the estimation ofnpulsefor the
active GaxIn12xP layer. We did not find aa2 value for
GaxIn12xP in the literature; however, the two-photon abso
tion coefficient for InP of 9 cm/GW~Ref. 15! is a good
approximation. The top GaAs cladding layer both refle
and absorbs the incident laser beam. The intensity behind
cladding layer is'70% of the incident beam. The reflectio
was measured to be on the order of 20%, and the absorp
of the layer was estimated. WithV5Abeamt, Ephoton
51.54 eV, I 0518030.7 GW cm22, and I 0a2t!1, it fol-
lows thatn'1019 cm23. This is the number of charge carr
ers directly after the absorption, which takes place in 200
Since the stimulated emission takes place in the picosec
range, the ‘‘effective’’ number of charge carriers is 1–2 o
ders of magnitude lower.

FIG. 2. Maximum of the emission intensity of the VCSEL 2 v
excitation intensity. The measured intensities are depicted as
squares; a theoretical quadratic dependence is shown as solid
The emission is dependent on the squared incident intensity, a
characteristic for two-photon excitation. The inset shows the sa
graph in a double-logarithmic scale.
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In Fig. 3 the emission peaks of the GaxIn12xP active lay-
ers of the VCSEL 1,2,3 structures are shown. The full wid
at half maximum ~FWHM! is 20 meV ~6.5 nm!, line-
narrowed stimulated emission, for VCSEL 2, the microcav
LED with a low number of mirror pairs. The FWHM is only
5 meV ~1.8 nm! for VCSEL 1 and 3. The reason for th
appearance of superluminescence for VCSEL 1 and 3 is
more than tripled number of DBR mirror pairs. The labelH
denotes a high excitation density of 170–180 GW cm22; the
label L denotes a lower excitation density of 10–1
GW cm22. It is apparent that all three samples show a sh
of the peak luminescence as a function of the intensity;
shift appears to be very similar in all three cases.

Figure 4 shows the underlying mathematical proportio
ality of the relative peak positions for the samples for seve
different incident intensities. The shift in energy is propo
tional to the intensity and is directly related to a change
the absorption gap of the emissive material. This pheno
enon is caused by optically induced band-gap narrowing
observed recently in thin-film CdS under comparable expe
mental conditions.16

Band-gap narrowing is a many-body effect due to t
Fermi repulsion of electrons. In general,17 band-gap shrink-
age is described with the equation below:

DEg52kn1/d, ~5!

ll
ne.
is
e

FIG. 3. From left to right: Normalized two-photon excited pea
emission of VCSEL 1, 2, and 3 at low~L! intensities ~'10
GW cm22! and high~H! intensities~'180 GW cm22!. The VCSEL
2 emission spectra do not show superluminescence since ther
only 15.5 and 7 mirror pairs providing the feedback. VCSEL 1 a
3 with 35 and 55.5 mirror pairs show two-photon induced super
minescence. The wavelength scale on the bottomx axis is linear;
the energy scale on the topx axis is reciprocal. The inset shows th
shift in wavelength for VCSEL 1 at two different angles, but co
stant intensity. The emission peaks at 55° and 60° match the h
and low-intensity spectra depicted as curves 1L and 1H exactly.
2-3
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whereDEg is the lowering of the band-gap energy,n is the
number of charge carriers,d is the exponent, which can var
from 2 to 6, andk is a proportionality factor. Using Eq.~4! in
theI 0a2t!1 regime and withV5Abeamt, it follows from Eq.
~5!

DEg52kS tpulsea2

2Ephoton
D 1/d

I 0
2/d . ~6!

Figure 4 follows the model very closely and the expone
is found to bed52. The proportionality factor betweenDEg
and I 0 is found via linear regression to beb525.2
31025 eV cm2/GW, and after correcting for reflection an
absorption losses of about 30%, b527.4
31025 eV cm2/GW ~note thatd52):

b52kAtpulsea2

2Ephoton
. ~7!

From Eq.~7! k can be estimated:k'3310234 J m3/2. Since
the dimensionality ofn was found to bed52, which corre-
sponds to the case of band-gap narrowing due to the C
lombic interaction~Debye model!, it would be interesting to
comparek to the value for the Debye model. The active lay
is a quantum well; therefore the Debye model oversimplifi
the problem. The proportionality factor is17

k5
q3

4p~««0!3/2AkBTc

, ~8!

whereq is the electron charge,kB is Boltzmann’s constant,
Tc is the temperature of the charge carriers,«0 is the dielec-
tric constant, and« is the dielectric permittivity of the layer.
The dielectric permittivity for GaxIn12xP is 12~Ref. 18!, and
kBTc was assumed to be> 25 meV ~room temperature!;
charge-carrier temperatures are typically higher than lat
temperatures, and thus the value given in Eq.~8! is the lower

FIG. 4. Emission peak shifts vs incident intensity for VCSEL
~stars!, VCSEL 2 ~circles!, and VCSEL 3~triangles!. A linear fit
describes the band-gap narrowing very well for all three sampl
24530
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limit. Charge-carrier temperatures are often found to be 37
480 K, orkBTc530– 40 meV.15,19

From Eq. ~8!, the proportionality factor is calculated to
k'10233 J m3/2. This is not a perfect agreement with th
value obtained from the experiment and Eq.~7!, and there-
fore the Debye model is indeed too simple to describe
band-gap narrowing satisfying in the VCSEL. It is, howeve
a useful approximation.

It has been pointed out in Ref. 20 that a similar effect
redshifting can occur due to temperature elongation of
cavity. However, in this case the average intensity per sec
~i.e., cw intensity! is not high enough to heat the sample b
several ten degrees Celsius, which would be the neces
value for the observed redshift. Also, as has been no
above, the cavities of the investigated VCSEL’s are tuned
different wavelengths, yet the relative shift stays consta
This is very strong evidence that the band-gap shrinkage
the VCSEL’s does not depend on specific cavity features

To verify whether or not band-gap shrinkage really o
curs, or if the effect is due to thermal expansion and
changes in the refractive index, we repeated the meas
ments for a different device without the DBR’s. The structu
of this cavity is identical to that of the previously discuss
VCSEL structures, but without the addition of the top an
bottom DBR’s. This means that the cavity is in direct conta
with the GaAs substrate.

Upon evaluation of the photoluminescence, depicted
Fig. 5, two details become apparent: There is a shift to low
energies for higher intensities, albeit smaller, and the em
sion is very weak compared to the VCSEL structures. T
leads to believe that the presence of the lower-band-gap
terial GaAs significantly reduces the number of electron-h
pairs in the cavity when not interfaced with several hundr
nanometers of DBR’s. Judging from the intensity of th

. FIG. 5. Photoluminescence spectra of an Al-Ga-In-P/GaxIn12xP
cavity without mirrors. The right curve has been measured with
incident intensity of 215 GW cm22, the left curve with 54
GW cm22. The data points have been fitted with a Gaussian th
retical curve to determine the peak position more accurately.
2-4
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emission, a decrease of at least one order of magnitude in
number of electron-hole pairs is expected. The shift obser
in Fig. 5 is about 3 meV, which is expected when analyz
Fig. 4 for low intensities.

Although the emission wavelength of the acti
GaxIn12xP layers in the VCSEL is determined in part by t
DBR’s, it is also modified by the cavity gain curve, the actu
emission wavelength being the convolution of the two.21 It is
exactly the cavity gain curve that is altered by the band-
shrinkage, as it can be observed for the emission of just
cavity without the DBR’s as well. While the high number
DBR’s in the VCSEL structures selects the wavelength v
narrowly, i.e.,Dl,1 nm, the resonance wavelength strong
depends on the measurement angle. It can be seen from
inset in Fig. 3 that the angles for the high-intensity emiss
and the low-intensity emission for VCSEL 2~cf. Fig. 3! are
just separated by 5°. Since we measured close to the sur
the detection fiber could easily pick up both angles at on

It is important to note that this band-gap narrowing n
only occurs for optical pumping, as in this case, but also
to electrical pumping. Therefore, it is important to keep t
shift in mind when designing the VCSEL for the desir
emission wavelength.

Apart from GaxIn12xP emission from the active quantu
wells, emission features from cavity spacer and DBR mir
materials were also measured. The emission peaks are

*Electronic address: raoul@kottan-labs.bgsu.edu
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FIG. 6. Two-photon excited emission peaks of cavity and DB
in VCSEL 2. The left peaks at 545.5 and 617.0 nm stem fr
Al0.25Ga0.25In0.5P and Al0.5Ga0.5As, respectively. The wavelengt
scale on the bottomx axis is linear; the energy scale on the topx
axis is reciprocal.
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picted in Fig. 6. It is important to determine the peak lum
nescence position of both, as they are indicators for the
tual band gap of the outer materials; it is imperative that
band-gap energies of all outer materials are substant
higher than the highest energy of the cavity gain curve.

The two emission peaks are located at 546 nm~2.27 eV!
and 617 nm~2.01 eV!, respectively. From Refs. 22 and 2
the peaks can be assigned to the outer materials.
Al xGa0.52xIn0.5P, the band-gap energy is reported as 2.3
2.33 for x50.25. This corresponds to the emission peak
2.27 eV. For AlxGa12xAs, the reported values areEg
51.70510.695x for the X conduction-band minimum
which is the lowest forx.0.47. For the VCSEL structure
discussed in this paper,x50.5, andEg52.053 eV ~or 604
nm!, which is in reasonable agreement with the photolum
nescence peak of 2.01 eV. As such, the respective band
energies for Al0.25Ga0.25In0.5P and Al0.5Ga0.5As have been
determined to be at a reasonable distance from the hig
observed emission energy of GaInP in VCSEL 1,Ephoton
51.96 eV, or 632.5 nm.

IV. CONCLUSIONS

We report probing of the active zone of VCSEL structur
using two-photon excitation with 200-fs pulses at 1.54 eV
room temperature. This excitation in the femtosecond reg
causes superluminescence in the VCSEL structures 1 a
that feature 55.5 and 35 mirror pairs and line-narrowed em
sion in the microcavity LED~VCSEL 2! with 15.5 and 7
mirror pairs. Optically induced band-gap shrinkage due
many-body effects in the GaxIn12xP active layer was mea
sured for all samples showing almost identical behavior. T
band-gap shrinkage was determined to have a square
dependence on the number of optically induced charge
riers. The proportionality factor was found to be similar
that of the Debye model. The value for the band-gap shri
age is important knowledge for the design of the VCS
cavity, as it can occur both under optical and electrical ex
tation. Additionally, by measuring the emission peaks of
mirror materials, the actual optical band gap of the mirrors
found and is a useful value to determine the degree of o
mization of the different layers for the desired VCSEL app
cation. We show that with two-photon excitation, the cav
of a VCSEL can be probed, without damage to the samp

ACKNOWLEDGMENT

B.U. and R.S. thank the Ohio Board of Regents for th
generous support~OBOR Research Challenge Fund a
Technology Innovation Enhancement Grants, PI Ullrich!.

.

4D. K. Serkland, K. D. Choquette, G. R. Hadley, K. M. Geib, a
A. A. Allerman, Appl. Phys. Lett.75, 3754~1999!.

5J. M. Redwing, D. A. S. Loeber, N. G. Anderson, M. A. Tischle
and J. S. Flynn, Appl. Phys. Lett.69, 1 ~1996!.

6B. Pezeshki, M. Hagberg, M. Zelinski, S. D. DeMars, E. Kole
and R. J. Lang, IEEE Photonics Technol. Lett.11, 791 ~1999!.

7O. Imafuji, T. Fukuhisa, M. Yuri, M. Manno, A. Yoshikawa, an
K. Itoh, IEEE J. Sel. Top. Quantum Electron.5, 721 ~1999!.

s

2-5



M
pl.

M
-
IE

J

E

n

ot

ge,

.
ter.

,

le-

SCHROEDERet al. PHYSICAL REVIEW B 66, 245302 ~2002!
8M. Kondow and S. Minagawa, J. Appl. Phys.64, 793 ~1988!.
9M. Guina, J. Dekker, A. Tukainen, S. Orsila, M. Saarinen,

Dumitrescu, P. Sipala¨, P. Savolainen, and M. Pessa, J. Ap
Phys.89, 1151~2001!.

10A. Oster, M. Zorn, K. Vogel, J. Fricke, J. Sebastian, W. John,
Weyers, and G. Tra¨nkle, in Vertical-Cavity Surface-Emitting La
sers V, edited by Kent Choquette and Chun Lei Proc. SP
4286, 148 ~2001!.

11A. Knigge, M. Zorn, H. Wenzel, M. Weyers, and G. Tra¨nkle,
Electron. Lett.37, 1222~2001!.

12A. Bhattacharya, M. Zorn, A. Oster, M. Nasarek, H. Wenzel,
Sebastian, M. Weyers, and G. Tra¨nkle, J. Cryst. Growth221,
663 ~2000!.

13P. J. Klar, G. Rowland, P. J. S. Thomas, A. Onischenko, T.
Sale, and T. J. C. Hosea, Phys. Rev. B59, 2894~1999!.

14T. J. C. Hosea, T. E. Sale, and P. J. S. Thomas, IEEE Photo
Technol. Lett.12, 1328~2000!.

15M. D. Dvorak, B. L. Justus, D. K. Gaskill, and D. G. Hendersh
Appl. Phys. Lett.66, 804 ~1995!.
24530
.

.

.

.

ics

,

16B. Ullrich and R. Schroeder, Semicond. Sci. Technol.16, L37
~2001!.

17E. F. Schubert, Press Syndicate of the University of Cambrid
Cambridge, U.K.~1993!.

18M. Bleicher, Halbleiter-Optoelektronik, ~Dr. Alfred Hüthig Ver-
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