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Photoreflectance line shape symmetry and quantum-well ground-state
exciton energy in vertical-cavity surface-emitting laser structures

Sandip Ghosh, Thomas J. C. Hosea,® and Stephanie B. Constant
Department of Physics, University of Surrey, Guildford GU2 7XH, United Kingdom

(Received 21 December 2000; accepted for publication 28 March)2001

We report photoreflectance studies on the coupling between the Fabry—Perot cavityQibdand

the quantum well(QW) ground-state excitonic feature in vertical-cavity surface-emitting laser
structures. Changes in the symmetry of the CM-QW spectral feature occur when the angle of
incidence of the probe beam is altered. Using detailed simulations, we explain how this is related to
an unusual reversal of the roles of the Seraphin coefficients and QW dielectric function, in
determining the line shape. Our study suggests a way to find the exciton energy, in situations where
a distinct QW feature is not seen because of large broadening of the QW dielectric function
combined with high reflectivity of Bragg mirrors and relatively narrow CM width. 2601
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Interest in vertical-cavity surface-emitting lasers VCSEL-2: red emitter with A sG&, sAS/Alg odG&y g2AS DBR
(VCSELS has increased due to their superior characteristic§8 top (Rr=83%), 34 bottonh (Alg/Ga 3o.54N0.4d Cavity
compared to conventional edge emittersi VCSELs the and four 6 nm Ggydng sePI(Al g sGay 5)0.54N0.4P QWS. The
relative energy positions of the single Fabry—Perot cavityPR setup had a 0.32 m monochromator dispersed probe
mode (CM) and peak of the gain spectrum arising from thebeam, Af" pump laser(8 mW), Si detector and phase-
quantum well(QW) ground state excitonic transition in the sensitive amplifier, locked into the phase of the scattered
active region, strongly influences the threshold current denlaser and/or associated PL.
sity, output power, and their temperature dependéiwaile Figure Xa) shows the only featuréor different ¢;) seen
the CM energy Ecy) is easy to find from a reflectanc®)  in VCSEL-1, near the expected energy Bfy. Its energy
spectrum, postgrowth nondestructive estimation of the Qv\positipn.is clea_rly determined by the CM since it foIIo_vv_s the
exciton energy E,,) is difficult due to strong modification of CM dip in R [Fig. 1(b)]. HereE,, cannot be found by fitting
all front surface spectra by the distributed Bragg reflectordn® €arlier line shape modekince the spectra do not show
(DBRS). Edge emission electroluminescerigd ), and pho- Y of the complex structure appropriate to that model. Note,
toluminescencéPL)* have proved usefubut require cleav- however, that the symmetry of the feature (;hanges from a
ing). Nondestructive front surface photoreflectan@Rr)  three-lobed symmetric structurd;(=13°) to twin-lobed an-
works well if the top DBR reflectivity Ry) is not too high tisymmetric (25°) and then back to three-lobed symmetric,

- ; but of opposite phase (40°).
(<95%), and energy broadenind'{,) of E.. is small ) ) .
(<10meV)® If T, and CM broadeningl(c,vsxare small This, we suggest, arises from a coupling between CM

. = ind QW ground state exciton feature. In general, the PR line
o compasble s ey ot e e 0 o B
then the resultant PR line shapes are complex. In such casg(llR)(&R/ael)’ B=(1R)(7R/Je,) are the Seraphin coef-

S = )
. . ) iCients, andA e, , are the modulation induced changes in the
there is a resonance effect, i.e., the amplitude of the coupledc €1.2 9

CM-QW feature in PR increases significantly wHeg,, and
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Ex coincide, enabling estimation &,,.° However, when s N\ — | F Expt. 2951;\/'45
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35°

Ry is high andI'cy, is narrow, very little probe lighiof r 40"\/\,_
energy on either side &), reaches the QW. In addition if
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I's, is large (resulting in smaller amplitude of the exciton '300__'\/\’_
feature, then a separate exciton PR feature is not seen. Here, 3
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we show how, even in such casés,, can be determined |
using PR, by studying the changing symmetry of the coupled
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representative samples were studied. VCSEL-1: infrared Expt. 295K
emitter with Aly 1:Gay gsAS/Alg 9sG &, osAS DBR[26 top pairs
(Ry=99%), 13 bottonh Al, ,Ga, gAs cavity and four 12 nm 126 128 130 132 126 128 130 132

Energy (eV) Energy (eV)
Gay gdng 16AS/Gay 0ASe o P QWS in the active region;
FIG. 1. () CM-QW feature in PR, andb) the CM feature inR of
VCSEL-1, for differentd; . Inset: the full high-reflectance stop bapek-
dElectronic mail: j.hosea@surrey.ac.uk periment(i) and simulation(ii)] for #;=13°.
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schematic of corresponding changéide) and original(dotted CM feature
FIG. 2. (a) Simulated CM-QW feature in PR of VCSEL-1)) energy de- inR.
pendence of QCSE-induceXe; andAe, for VCSEL-1.

=positive constant ande,=0. At point C, Ae;=0 and
dielectric functione.” To verify our hypothesis we performed A e,=positive constant. Thus, &y is increased by; tun-
simulations as follows. The chopped pump beam reduces thgg, the CM-QW PR feature is: first dominated by a symmet-
built-in electric field. This modulates the exciten via the ric Shape WherECM is at A; antisymmetric at B, and then
quantum confined Stark effe(IDCSE),S the dominant effect Symmetric again at Qbut of Opposite phase to that a])A
being a shiftAE,, in Ee,.”'° We considered am of the  This shows thaE.=Ecy, at that, where the CM-QW fea-
form™* ture is approximately antisymmetric, occurring between two
_ 222 2 2 approximately symmetric features of opposite phase. At
()=t (T peol ) UE—E~i7ef)], (1) higher energies the line shape symmetry is likely to be influ-
whereL,, f (2x10®m™?), u (0.06my), and y., (6 meV)  enced by contributions tAe; , from higher order transitions.
are the well width, exciton oscillator strength, reduced mas§he antisymmetric line shape occurs for VCSEL-1 in Fig. 1
and homogenous broadening, respectivéf? Other sym-  at 6,=25°, yieldingE.~1.281 eV, close to 1.28 eV used in
bols have their usual meaning. To account for the inhomosimulations. This was further confirmed by edge emission
geneous broadening due to fluctuations jror composition,  EL® (1.280 eV}.
a normalized Gaussian distribution Bf, values(mean 1.28 The present phenomenon is different from other known
eV) was used for averaging Interband absorption at ener- cases of phase rotation in PRNormally the PR line shape
gies above the exciton binding energy was also includeds determined mainly byAe,,, because they vary much
The R of the complete VCSEL structure was calculated us-more rapidly with energy than, B. The latter are treated as
ing transfer matrice$® with refractive indices from Ref. 14. constants, determining only the relative contributions of
AR was found from the difference betweéh calculated Ae, ,to the spectrum, and thus its phase. Any change,in
with E¢,+ AE andE,, in EqQ. (1). This automatically incor- 3, e.g., due to interference effects, shifts the PR phase. The
poratesa, B, andAe, , in the calculations. From matching line shapes in Figs.(@) and 3b) actually also equal the, 3
the simulation with experiment\E,, and the total exciton (divided by 10) of VCSEL-1 in the vicinity of the CM.
broadeningl’ ., obtained were=60ueV and=18 meV, re- Here, «, 8 vary much more rapidly with energy thake, ,
spectively. Thud =T "¢y (5 meV) which is crucial here. (becausd ., >1"¢\) and therefore it isy, 8 which determine
Figure 2a) shows the simulated PR spectra of the PR line shape. The changes in symmetry and phase arise
VCSEL-1, which reproduce well the experimental symmetryfrom the relative contributions ot and 8, as determined by
variations of the CM-QW feature. Figurét® shows the cal- the magnitude and sign dfe; ,. In other words, the roles of
culated energy dependence of the QCSE-induted,. If A€, and o, B are reversed compared to the conventional
we assumele; is constant and\e,=0, the simulated PR situation.
line shape is in general antisymmetric, while a symmetric  As additional evidence we present results on VCSEL-2,
one results wherde; =0 andAe, constant{see Figs. @)  which has fewer top DBR pairs, therefore allowing observa-
and 3b)]. Changing the signs daf ¢, , phase shifts these line tion of a QW exciton feature, in th€;=13° PR spectrum
shapes byr. One can understand all of this physically as[Fig. 4a)]. Here tool ., (18 meV)>1"¢\ (8 meV), and simi-
follows. A change ine; affects the optical thickness of the lar symmetry variations occur as the CM is tuned acibss
cavity region, which modulates the CM energy Ri[see (1.908 eV in simulations, 1.905 eV in edge EThe simu-
schematic inset of Fig.(8)]. The difference between these lations[Fig. 4(b)] reproduce this effect, confirming our argu-
two R spectra yields the antisymmetricR. On the other ment. We can also reproduce the more complex line shapes
hand, a change ire, alters the cavity absorption, which and resonance effect seen when the QW and CM widths are
modulates the depth of the Cfihset of Fig. 3b)], the dif-  small and comparabfé?l’hen, however, there need not be a
ference giving a symmetridR. If both Ae, , are nonzero, simple symmetry to the line shape near resonance, since the
the line shape is asymmetric. Returning to Figh)2at an  energy dependence af B8, andAe; , all come into play. In
energy lower thanEg (point A), Ae;=0 and Ae, general, the relative amplitudes af and 8 depend on the

=negative constant. At point B, arounfl= E,,, Ae;  VCSEL structure and also the relative positions=gf, and
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found by measurements at a feliy spanning the symmetry
change, none of which need correspond to the cade-pf
=E,,, since interpolation can be used. Tunifagfrom 0°

O Expt. | can only blueshiftEcy, . However, all VCSEL designs have
Ee>Ecym for 6;=0° at 295 K, so that during operation,
heating-induced redshift of the gain peak aligns it with the
CM.2 Therefore,f; tuning can in principle always be used to
find Egy, unless growth is far from the specification. Note
that our analysis does not involve an exciton—polariton since
no explicit exciton—photon interaction term was involved.
Our case derives from the linear-dispersion-model descrip-
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0 | TCMI | L dem | tion of the phenomenon of Rabi splitting in microcavittés.
186 189 192 186 189 192 195 is-
Eneray (V) Energy (eV) The authors thank T. E. Sale, S. J. Sweeney, A. Onis

chenko, and A. R. Adams for useful discussions.

FIG. 4. (a) Experimental andb) simulated coupled CM-QW feature in PR

of VCSEL-2. At 6;=13° there are distinct features from the QW, and CM
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