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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,{Ba ,P 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.
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[. INTRODUCTION of the absorption range of the investigated VCSEL, which
is formed by a Ggdn, ,P active layer quantum well,
Vertical cavity surface-emitting laséwCSEL) structures  Al,Galn,_,_ P cavity spacers, and AlAs/fBa _,As
are of increasing importance in the semiconductor laser fielragg mirrors. Two-photon absorption is well suited for
because they offer large advantages over edge-emitting lasareasurements penetrating deep into a layer structure of a
such as the ease of two-dimensional structured fabricatiorsample since the absorption coefficients are smaller and also
circular beam profiles, and dynamic single-frequencybecause the decay of the intensity is not exponential, but
operationt—® Although they are already commonly used for varies with reciprocal length. Additionally, since the DBR'’s
infrared emitting laser applications, the move to visiblewere tuned to reflect around the VCSEL emission wave-
wavelengths is difficult and has led to strong research effortéength, the lower-energy excitation laser pulses were able to
in the past years. A promising emitting material for visible excite the whole sample. The important difference between
red laser emission, such as that used for digital versatile disasngle-photon and two-photon excitation is that although for
(DVD’s) is Galn,_,P, which has been studied in def4il*>  both the DBR’s are reflective and absorptive, only the two-
There are several important properties to be controlled: Thehoton excitation can penetrate the DBR’'s effectively
reversed band offsets of the sandwiched distributed Braggnough to excite the active zone significantly.
reflectors(DBR’s) and the optical cavity material and an op-  The two-photon excitation was generated by an ultrafast
timized doping profile are the big challenges from an elecaser system. As such the excitation is a purely coherent two-
tronic point of view; the lattice mismatch and the photon excitation, which means that two photons are ab-
AlAs/Al,Ga _,As interfaces are challenges from a crystallo-sorbed by one electron at once, and the final state has an
graphic point of view? even parity to the initial state.
An important step to master the formation of VCSEL

structures is the tight control over the manufacturing pro-
cesses. With common methods, it is difficult to distinguish Il. EXPERIMENT

advancements in electronic conductivity from better opto- ] )
electronic properties leading to higher emission efficiencies. Three different VCSEL structures were analyzed using
Regular photon spectroscopy has to deal with strong absorf/0-photon absorption. One VCSEL structiifég. 1(a), left]

tion in the DBR and the laser cavity and does not allowWwas a microcavity light-emitting devic& ED), i.e., a mini-
sampling of the active layer directly. By means of photo-VCSEL structure, which only features line narrowing. How-
modulated reflectance studies, however, VCSEL's have beegver, due to the smaller number of DBR’s, 15.5 pairs on the
studied nondestructively in the past, as wéft*Our trials of ~ back-reflector side and 7 pairs on the emission side, not only
probing the VCSEL structures studied here with laser excithe main emission of the GalnP active layer could be probed
tation at 632 and 532 nm did not show any photoluminesbut also characteristic signatures of elements of the cavity
cence. and mirrors were sampled. The other two structyreig.

In this paper, we propose the use of two-photon excitatiori(a), right] have identical numbers of DBR'’s, 55.5 pairs on
to quantitatively measure the bulk properties without the in-the back side and 35 on the emission side, but the cavities are
fluence of electrical properties inherent to a specific produceptimized for different wavelengths due to different optical
tion method. The excitation at 804 nth.54 eV\j is well out  lengths of the cavities. The microcavity LED will be referred
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p-GaAs_ the laser is 1.54 e\/804 nm. The photoluminescence of the
‘ sample was detected with a 1@@a fiber, which is transmis-
- Goas ;i 82 :2 é;?na;"l’ sive in the visib_le and ultraviolet spectral range, and an at-
T | 2x 10 0m AlGaInP : 31531’{ tached fiber optics spectrometer. The measurement geometry
7x 1x 80 nm AlGalnP is shown in Fig. 1b). Owing to the high reflectivity of the
DBR DBR array on the substrate, and the fact the GaAs substrate
B is highly absorptive in the whole visible region, the active

layer emission had to be detected through the less-reflective
top DBR array. Since the fiber could not be placed in the

155x excitation beam, the sample was tilted several degrees with
Pk 555 respect to the incident laser beam. All experiments were per-
DBR formed at room temperature. The angle of incidence was

kept at 30°; the detector anglewas optimized for the stron-

gest emission of the sample. For the intensity-dependent

measurements, the laser excitation was attenuated using

neutral-density filters that were previously calibrated for
@ power throughput.

Ill. DISCUSSION

% Except for the GaAs layerss seen in Fig. (B), bottom
0 and tog the whole VCSEL structure does not show single-

% photon absorption for the 1.54-eV laser beam. For two-

. S photon absorption, the change in intensity per space element

neutral density filter i

OD0-0OD1.5

dl
dx
wherel is the intensity andy, is the two-photon absorption

coefficient. Integration over the whole thickness leads to the
well-known equation

=—a,l?, @

| U 1
ve, ?Zazlot-l- 1, 2

fiber optics & whereT is the transmission, is the incident intensity, and
(b) detector is the thickness. It has to be noted that E2).only holds for

) ) constanta,, an assumption valid for the intensities used to
FIG. 1. (a) VCSEL struc_tures with GalnP as the active layer, probe the VCSEL structure presented.

AlxGajn, _,,P as the cavity spacers, and AlAs/Bi, _,As as The generated electron-hole pairs per laser pulse are ex-
Bragg mirrors. Left side, microcavity LEDeferred to as VCSEL 2 pressed by
in the texj; right side, regular VCSEL structurdseferred to as
VCSEL 1 and 3 in the text The difference between VCSEL 1 and Epusd 1—T)
3 lies solely in a slightly altered cavityb) The measurement ge- Gpu|se:L,
ometry for the luminescence experiments. 2Ephoton

()

whereE is the energy per pulsg, is the energy per
pulse photon
to as VCSEL 2 and the other two as VCSEL 1 and 3. single photon, an¥ is the excited volume. Inserting E(R)

The formation of the VCSEL cells is described jno Eq.(3) and substitutingE = o7 leads to
elsewheré? The layered structures are shown in Figa)l pulse™ |0 Tpuisepeam

The DBR’s consist of al_ternating £Ba _,As and AlAs lay- TpulsPbeam |§a2t

ers. Then DBR’s are Si doped, the DBR’s are C doped. Npuise= Gpuise= 55—/ T ot r 1 (4)
The ALGaln;__,P layers in the cavity adjacent to the photon™ 7072

DBR'’s are Si and C doped, as well. The samples were exwhere n,. is the number of electron-hole pairs created,
cited with a femtosecond laser system, a Coherent Innovayyseis the laser pulse duration, akge,nis the area of the
Ar* laser powering a Coherent Mira Ti:sapphire oscillatorlaser beam. Folya,t<1, the generation term has a qua-
and a Coherent RegA amplifier. The incident laser beam wadratic dependence on the incident intensity, which will be the
focused to less than 6@m in radius. The laser beam has an case for the very thin films in the VCSEL structure. For
energy of 2.8uJ per pulse, a repetition rate of 249 kHz, andthicker films or higher excitation intensity, the dependence
a pulse width of approximately 200 fs. Thus, the maximumwill be subquadratic and finally linear fdga,t>1. At the
excitation intensity is 180 GW cif. The photon energy of maximum intensity valud =180 GW/cnf, we getlya,t
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FIG. 2. Maximum of the emission intensity of the VCSEL 2 vs 600 610 620 630 640 650
excitation intensity. The measured intensities are depicted as fu Wavelength (nm)

squares; a theoretical quadratic dependence is shown as solid line.
The emission is dependent on the squared incident intensity, as is FIG. 3. From left to right: Normalized two-photon excited peak
characteristic for two-photon excitation. The inset shows the samemission of VCSEL 1, 2, and 3 at loWL) intensities (=10
graph in a double-logarithmic scale. GW cm?) and high(H) intensities(~180 GW cm 2). The VCSEL
2 emission spectra do not show superluminescence since there are
. . only 15.5 and 7 mirror pairs providing the feedback. VCSEL 1 and
=0.005<1, using the literature value af,=9 cm/GW for 3 with 35 and 55.5 mirror pairs show two-photon induced superlu-
InP (Ref. 15 and an active layer thickness 020 nm.  minescence. The wavelength scale on the bottoaxis is linear;
Hence, with Eq(4) it is possible to check the regime of the the energy scale on the togaxis is reciprocal. The inset shows the
measurement. shift in wavelength for VCSEL 1 at two different angles, but con-
Figure 2 shows the dependence of the emission from thetant intensity. The emission peaks at 55° and 60° match the high-
GaIn;_,P active layer with respect to the incident laser in-and low-intensity spectra depicted as curvésand 1H exactly.
tensity. The measured points and the theoretical quadratic

dependence curve lie on top of each other. The perfect qua- | Fig. 3 the emission peaks of the &# P active lay-
dratic dependence and the fact that there agesdhetween  ers of the VCSEL 1,2,3 structures are shown. The full width
two pulses are strong evidence for coherent two-photon exst palf maximum (FWHM) is 20 meV (6.5 nm), line-
citation in the regime ofpa,t<1. Since the dependence of parrowed stimulated emission, for VCSEL 2, the microcavity
the photoluminescence on the incident intensity in Fig. 2 i§ Ep with a low number of mirror pairs. The FWHM is only
exactly quadratic, it follows that the photoluminescence deg mey (1.8 nm for VCSEL 1 and 3. The reason for the
pends linearly upon the number of excited species, which iyppearance of superluminescence for VCSEL 1 and 3 is the
turn depends in a quadratic manner on the inten§ilo-  more than tripled number of DBR mirror pairs. The labgl
photon absorption This may seem surprising for carrier genotes a high excitation density of 170180 GW &pthe
densities as high as ocm™2, but due to the high reflectiv- |apel L denotes a lower excitation density of 10—15

ity of the DBR's, photons can induce many carrier recombi-gyw cm 2, It is apparent that all three samples show a shift

nations. o of the peak luminescence as a function of the intensity; the
Additionally, Eq.(4) allows the estimation afi,,s.for the  shift appears to be very similar in all three cases.
active Galn;_,P layer. We did not find ax, value for Figure 4 shows the underlying mathematical proportion-

Galn;_P in the literature; however, the two-photon absorp-gjity of the relative peak positions for the samples for several
tion coefficient for InP of 9 cm/GWRef. 15 is a good djfferent incident intensities. The shift in energy is propor-
approximation. The top GaAs cladding layer both reflectsjonal to the intensity and is directly related to a change in
and absorbs the incident laser beam. The intenSity behind thﬁe absorption gap of the emissive material. This phenom-
Cladding |ayer is~70% of the incident beam. The reflection enon is caused by 0pt|ca||y induced band-gap narrowing as
was measured to be on the order of 20%, and the absorptigdhserved recently in thin-film CdS under comparable experi-
of the layer was estimated. WithV=~Apeanf, Epnoon  mental conditions®

=1.54eV, 1,=180x0.7 GWcm %, and lga,t<1, it fol- Band-gap narrowing is a many-body effect due to the
lows thatn~10'° cm™2. This is the number of charge carri- Fermi repulsion of electrons. In genetalband-gap shrink-
ers directly after the absorption, which takes place in 200 fsage is described with the equation below:

Since the stimulated emission takes place in the picosecond

range, the “effective” number of charge carriers is 1-2 or-

ders of magnitude lower. AE4=—kn', (5)
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FIG. 4. Emission peak shifts vs incident intensity for VCSEL 1 Wavelength [nm]

(starg, VCSEL 2 (circles, and VCSEL 3(triangles. A linear fit )
describes the band-gap narrowing very well for all three samples.  FIG. 5. Photoluminescence spectra of an Al-Ga-In-RliGa P
cavity without mirrors. The right curve has been measured with an

incident intensity of 215 GW cit, the left curve with 54
GW cm2. The data points have been fitted with a Gaussian theo-
retical curve to determine the peak position more accurately.

whereAE, is the lowering of the band-gap energyis the
number of charge carrierd,is the exponent, which can vary
from 2 to 6, andk is a proportionality factor. Using E@4) in
thelga,t<<1 regime and with/ = Apeant, it follows from Eq.

(5) limit. Charge-carrier temperatures are often found to be 370—
480 K, orkgT.=30-40 meV>1°
Toulse2 1id ol From Eg.(8), the proportionality factor is calculated to
AEy=— (mr) o™ - (6)  k~10"33JnP2 This is not a perfect agreement with the

value obtained from the experiment and Ed), and there-
Figure 4 follows the model very closely and the exponent{)Ore the Debye model is indeed too simple to describe the
is found to bed=2. The proportionality factor betweeXE, and-gap narrowing satisfying in the VCSEL. Itis, however,

and 1, is found via linear regression to bb=—52 & Useful approximation.

X 10°° eV cn?/GW, and after correcting for reflection and It has been pointed out in Ref. 20 that a similar effect of
absorption Iossés of about  30%. b=—7.4 redshifting can occur due to temperature elongation of the

-5 —9)- cavity. However, in this case the average intensity per second
X107 eV enf/GW (note thatd =2): (i.e., cw intensity is not high enough to heat the sample by
several ten degrees Celsius, which would be the necessary
b — Kk | _ulsét2. (7)  value for the observed redshift. Also, as has been noted
2Ephoton above, the cavities of the investigated VCSEL's are tuned for

. _ . different wavelengths, yet the relative shift stays constant.
-~ 34 /2
From Eq.(7) k can be estimatek~3x10"* "2 Since This is very strong evidence that the band-gap shrinkage of

the dimensionality oh was found to bed=2, which corre- he VCSELs d d d ii ity f
sponds to the case of band-gap narrowing due to the COLE-e -Ls does not depend on specific cavity features.
To verify whether or not band-gap shrinkage really oc-

lombic interaction(Debye model it would be interesting to curs, or if the effect is due to thermal expansion and/or

comparek to the value for the Debye model. The active Iayerchanges in the refractive index, we repeated the measure-

is a quantum well theref(_)re th_e Debye model OVerSImpIIersments for a different device without the DBR’s. The structure
the problem. The proportionality factor'ls

of this cavity is identical to that of the previously discussed

3 VCSEL structures, but without the addition of the top and
K= q ®) bottom DBR’s. This means that the cavity is in direct contact
4r(se0)¥\keT, with the GaAs substrate.

Upon evaluation of the photoluminescence, depicted in
whereq is the electron chargésg is Boltzmann’s constant, Fig. 5, two details become apparent: There is a shift to lower
T, is the temperature of the charge carriergjs the dielec- energies for higher intensities, albeit smaller, and the emis-
tric constant, ana is the dielectric permittivity of the layer. sion is very weak compared to the VCSEL structures. This
The dielectric permittivity for Ggn; _,P is 12(Ref. 18, and  leads to believe that the presence of the lower-band-gap ma-
kgT. was assumed to bee 25 meV (room temperatuge  terial GaAs significantly reduces the number of electron-hole
charge-carrier temperatures are typically higher than latticairs in the cavity when not interfaced with several hundred
temperatures, and thus the value given in Byis the lower nanometers of DBR’s. Judging from the intensity of the
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Energy (eV) picted in Fig. 6. It is important to determine the peak lumi-

230 225 220 215 210 205 2.00 nescence position of both, as they are indicators for the ac-
O essem ] tual band gap of the outer materials; it is imperative that the
band-gap energies of all outer materials are substantially
higher than the highest energy of the cavity gain curve.

The two emission peaks are located at 546 (@27 e\)
and 617 nm(2.01 eV}, respectively. From Refs. 22 and 23
the peaks can be assigned to the outer materials. For
: Al,Ga s ,Ing P, the band-gap energy is reported as 2.30—
617nm 1 2.33 forx=0.25. This corresponds to the emission peak at
2.27 eV. For AlGa_,As, the reported values argg
=1.705+0.695% for the X conduction-band minimum,
which is the lowest foix>0.47. For the VCSEL structures
discussed in this papex=0.5, andE,;=2.053 eV (or 604
nm), which is in reasonable agreement with the photolumi-
nescence peak of 2.01 eV. As such, the respective band-gap
energies for A ,Ga -dngsP and Al sGa sAs have been

FIG. 6. Two-photon excited emission peaks of cavity and DBR'sdetermined to be at a reasonable distance from the highest
in VCSEL 2. The left peaks at 545.5 and 617.0 nm stem fromobserved emission energy of GalnP in VCSEL By, n
Alg 25Gay »dng sP and Al Gay As, respectively. The wavelength =1.96 eV, or 632.5 nm.
scale on the bottorm axis is linear; the energy scale on the top
axis is reciprocal. IV. CONCLUSIONS
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number of electron-hole pairs is expected. The shift observe Sing two-photon excitation with 200-fs pulses at 1.54 eV at
. ! paurs IS exp ' . “room temperature. This excitation in the femtosecond regime
in Fig. 5 is about 3 meV, which is expected when analyzing

Fia. 4 for low intensities causes superluminescence in the VCSEL structures 1 and 3
9. oy . that feature 55.5 and 35 mirror pairs and line-narrowed emis-
Although the emission wavelength of the active

. . . . sion in the microcavity LED(VCSEL 2) with 15.5 and 7
Galn;_,P layers in the VCSEL is determined in part by the _ . . . ) .
DBR’s, it is also modified by the cavity gain curve, the actualmlrror pairs. Optically induced band-gap shrinkage due to

o : i . many-body effects in the Ghn,_,P active layer was mea-
emission Wavelgngth_ being the CO.nVOIUt'OH of the Blitis sured for all samples showing almost identical behavior. The
eﬁacﬂy the cavity ga't';] cut:ve theg[ :CS aI:]ered k_)y t[he b?nd-ge;] and-gap shrinkage was determined to have a square-root
shrinkage, as it can be observed for the emission of just t . : ]
cavity without the DBR'’s as well. While the high number of Sependence on the number of optically induced charge car

7 riers. The proportionality factor was found to be similar to
DBR’s in the VCSEL structures selects the wavelength VeNYL ot of the Fli))etF))ye modely The value for the band-gap shrink-

gzrrgr\:\gg’ gﬁtﬁé‘ Tnle ggj’rgrfeﬁsggalgcﬁtvg\r/]efeng?eitg?ggﬁ e is important knowledge for the design of the VCSEL
P gle. vity, as it can occur both under optical and electrical exci-

inset in Fig. 3 that _the an_gle_s for the high-intengity emiSSiorlLation. Additionally, by measuring the emission peaks of the
f’i”S‘t’ ége;?;\ggtg n35|£y g_rE|CSeS|02 L?(ree\l{scrselfjl_é?ct.s?g). 2;‘;8 ifa mirror materials, the actual optical band gap of the mirrors is
Ju parated by >-. S We measu UMassind and is a useful value to determine the degree of opti-
the d.etecuon fiber could easily p.'Ck up both angles at ONCeization of the different layers for the desired VCSEL appli-
It is important to note that this band-gap narrowing nOtcation. We show that with two-photon excitation, the cavity

only occurs for optical pumping, as in this case, but also du%f a VCSEL can be probed, without damage to the sample
to electrical pumping. Therefore, it is important to keep this ' '

shift in mind when designing the VCSEL for the desired
emission wavelength.

Apart from Galn,_,P emission from the active quantum  B.U. and R.S. thank the Ohio Board of Regents for their
wells, emission features from cavity spacer and DBR mirrorgenerous supportOBOR Research Challenge Fund and
materials were also measured. The emission peaks are déechnology Innovation Enhancement Grants, Pl Ullrich

. . . We report probing of the active zone of VCSEL structures
emission, a decrease of at least one order of magnitude in t)-ge
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