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Two InGaAs/GaAs/AlAs vertical-cavity surface emitting las®CSEL) structures have been studied by
conventional reflectancéR) and photomodulated reflectan¢@R) spectroscopies at-300 K and ~80 K.
Growth variations across the samp(es2%) give rise to smooth changes in the cavity mode energy so that it
can be tuned through the position of resonance with the quantum(@Ml) ground-state exciton, by varying
the position of measurement. The R spectra show the cavity mode but at best only a weak excitonic feature. In
contrast, the PR shows two prominent and distinct signals, and there is a strong enharfoprt@a0d times
at resonance. A theory has been developed for the PR modulation of the coupled cavity and exciton modes,
based on energy dependent Seraphin coefficients. This was used to fit all the PR spectra simultaneously in each
complete set of position dependent measurements, using seven parameters, only one of which, the cavity mode
energy, varied significantly. The resulting cavity mode and excitonic energies do not clearly show an anti-
crossing behavior near resonance, implying only a weak exciton-cavity coupling. The ability of PR to detect,
in a nondestructive manner, both the cavity and exciton modes, and the extent to which they are in resonance,
suggests it could be extremely useful in the characterization of VCSEL structures near their operating tem-
perature[S0163-1829)01904-9

I. INTRODUCTION may not be observable. The transition between the two re-
gimes is continuou$>® Coupling can be increased in several
There has been a great deal of recent interest in the inteways: introducing more QW'’s into the cavity, positioning the
action between optical modes and excitonic states in twoQW'’s nearer the antinodes of the cavity mode standing-wave
dimensional(2D) systems such as quantum wel@Ws) in field, increasing the QW exciton oscillator strength using
semiconductor microcavities. In contrast to the bulk casemagnetic fields or low temperatures, increasing the mirror
such exciton polaritons are not stable in 2D because the QWéflectance, i.e., the cavity finesse, or decreasing the cavity
exciton momentum is only conserved in the plane of thdength.
QW, allowing the dipole-allowed exciton to couple to a con- Most experimental studies of light-matter interactions
tinuum of light modes. However, this problem can be over-sin QW exciton cavity systems have been performed in
come by embedding the QW in a high finesse FabmpPe the strong-coupling regime on quantum microcavities
planar optical cavity, which condenses the continuum to &aQMC's).>"* These are similar to vertical-cavity surface
single optical mode. If the energy of this mode is in reso-emitting laser§VCSEL'’s) in that both are Fabry-Pet struc-
nance with that of a QW excitonic transition, stable excitontures consisting of two high reflectance distributed Bragg
polaritons can be formed. By analogy with the atom-cavityreflectors(DBR’s), sandwiching a short cavity, in which the
system, the resultant level repulsion and anticrossing beha®@W's lie at the antinodes of the cavity mode whose energy
ior between the exciton and cavity modes is referred to agatches that of the QW ground-state transition. In general,
Rabi splitting. This may be defined as the energy separatiohowever, VCSEL structures are not designed to maximize
of the two modes, which reaches a certain minimum valuéhe strength of the exciton cavity coupling, but rather to
when they are in resonance. minimize the current for a given output lasing power of the
Theoretical studies show that the occurrence, as well agctual devicé>'® Generally, this different design maxim
the magnitude, of the Rabi splitting in 2D semiconductormeans that, in comparison to QMC'’s, there are fewer QW's
systems depends Strong|y on the QW/CaViW Coup:li_ﬁg, and the output DBR has a smaller reflectance. Thus, one may
again all by analogy with the atom-cavity systésee, e.g., anticipate that in VCSEL's the QW exciton cavity interac-
Ref. 4. There are two coupling regimes which can betion lies in the weak-coupling regime. In such low-Q micro-
Crude|y defined by Comparing the energy Separaﬂaabi cavities, the Cavity polaritons are not radiatively stable, but
splitting) of the cavity mode and exciton, to their half-widths decay into photons propagating external to the cavity.
at half maximum(HWHM): (i) strong coupling, where the Most experimental studies of Rabi splitting in QMC'’s use
Rabi splitting exceeds the sum of the HWHM@#) weak conventional reflectanodR) spectroscopy; *? usually below
coupling, where the opposite is true and where Rabi splitting-150 K since excitonic oscillator strengths are increased at
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low temperatures, leading to a stronger exciton cavityabout 50 meV lower in energy than the cavity mode at room
coupling!! Since real VCSEL's are generally designed totemperaturé! Hence, while the resonance between the
operate near room temperature, the cavity exciton resonanedhhl exciton and the cavity mode occurs near 300 K in
also occurs around 300 K. Unfortunately, previous reflecRMB627, in RMB1048 cooling to-80 K is necessary. Fur-
tance studies on VCSEL'’s have shown that it is very difficultthermore, slight fluctuations in growth conditions led to
to observe clear excitonic signals in the complex R spectrghickness variations ok~2% over the full width of the
near 300 K, even in the region of the flat high-reflectancewvafers. While this does not significantly affect the energy of
stop band,?*and there is only one report of Rabi splitting the ground-state transition in the relatively wide QW's, it
at ~300 K!! This can be overcome using modulation spec-does give rise to a significant, though smooth, variation in
troscopy, in particular photomodulated reflectan@®R),  the energy of the cavity mode across the samplidhis was
where clear features related to both the cavity mode and QWarticularly convenient for the present study as it meant that
transitions have been observed in VCSEL structures at roorthe degree of overlap between the cavity and exciton modes
temperaturé®? could be varied by probing different regions of the wafers.

However, to analyze such PR spectra fully, it is essential The PR and R experiments were carried out with the
to be able to fit them with an appropriate line shape modelprobe light at normal incidence using a conventional ar-
especially when several oscillatory features overlap, as is theangement described in detail elsewh&rélodulation was
case when the exciton and cavity modes are near to resprovided by a chopped333 H2, 0.8 mW HeNe laserX
nance. The theory of PR line shapes is well developed for=632.8 nm) which has a penetration depth in the present
excitonic transitions in bulk and heterostructure semiconducsamples of~0.6 um. Calculations show that, at the depth of
tors(see, e.g., Ref. 22but this is not appropriate for the PR the cavity(~2.9 um in RMB104§ the laser power has at-
signal of the VCSEL cavity mode since this a nonexcitonictenuated to-6 uW, which is still evidently enough to modu-
feature arising from optical interference between the varioutate the QW'’s. The spectral resolution wasl.5 meV
interfaces in the structure. So far, the mechanism giving ris¢FWHM). In order to change the probe position on the
to a cavity mode PR signal has been explained only qualitasamples, the sample mount, or alternatively a nitrogen cry-
tively in terms of a laser induced modulation of the complexostat, was attached to a translational stage equipped with a
refractive indexé®?* micrometer calibrated in millimeters.

Here we present a detailed PR study of resonances be-
tween the cavity mode and QW excitons, particularly the
ground-state exciton, in InGaAs/GaAs/AlAs VCSEL struc- Il EXPERIMENTAL RESULTS

tures. We also focus on developing a model for the PR line Figure 1 depicts the normalized R spectra for RMB1048
shape of these_signals. In the_following paf:ﬁarve describe _at ~80 K and RMB627 at~300 K in the spectral region
a method of using PR to monitor the higher-order QW exCi-near the cavity modelhhl exciton resonance, as a function
tonic transitions in the same structures, and analyze the PR probe beam position. This was moved in a straight line,
signals of these resonances using this line shape model. along the direction of maximum change in the samples, the
corresponding readings of the translational stage micrometer
being shown(in mm) in Fig. 1. Both sets of spectra show
that the energy of the cavity dip shifts smoothly with posi-
Two InGaAs/GaAs/AlAs VCSEL samples designed for ation. The energy of theelhhl exciton, obtained subse-
working wavelength ofA=1um were grown by solid quently by PR, is also shown in Fig. 1, at1.230 eV for
source molecular beam epitaxy on(100 GaAs RMB1048 and~1.222 eV for RMB627. However, there are
substrated!** The first sample, RMB1048, consists of a no clear features in R near the QW transition for RMB627,
GaAs cavity, of optical length~\, with a nominally 85 though a weak dip is visible for RMB1048, especially when
A-thick Ing,4Ga, 7As QW located at the antinode of the the cavity mode lies below thelhhl transition. This is
standing wave at the cavity center. The cavity is embeddegrobably due to the increase in oscillator strength of the
between two AlAs/GaAs DBR’s with stepped interfaces. Theelhhl exciton for RMB1048 at 80 K. However, in both sets
top, Be-doped(p-type), DBR has 16.5 periods, while the of spectra, some indication of thelhhl transition energy
bottom, Si-doped(n-type) DBR, has 28.5 periods. Both can be gleaned from a change in depth of the cavity dip with
DBR’s have doping levels of 1:010"8cm ™3 in the AIAs  position; the dip is shallow when its energy is well below
and GaAs layers and>610'8cm ™2 in the stepped interface elhhl, but increases in depth, by about five times, when it is
regions. The second sample, RMB627, is of a different denear or aboveelhhl. In RMB1048, but not so much in
sign. It has a GaAs cavity, of optical length2\, with an 85  RMB627, the cavity dip is also deepest when it is near reso-
A'Ing ,Ga, 74As QW at each of the three antinodes. The topnance. A characteristic observation of the Rabi splitting ef-
and bottom DBR'’s consist of 14.5 and 23.5 AlAs/GaAs pe-fect is an anticrossing, level repulsion behavior near reso-
riods, respectively. Otherwise, the structure of the DBR’s isnance. This is manifested by a doubling in the FabrgePe
comparable to that of RMB 1048. The QW'’s in both samplesdip structure in R; as resonance is approached, the energies
are compressively strained. Therefore, the ground-state QWf the dips move closer, reaching a certain minimum value
transition is theelhhl exciton formed by the lowest con- (the Rabi splitting at which point the depth of the dips be-
fined electron 1) and highest confined heavy-holell) ~ come comparabl®:'2 This is not observed here in either
states. While in RMB627 the QW has an In compositionsample, even when the spectral resolution was improved to
close to the nominak=22%, in RMB1048 a calibration ~0.5 meV, suggesting that, as expected, both VCSEL
error resulted inx=28% so that theelhhl transition is samples lie in the weak-coupling regime.

Il. EXPERIMENTAL DETAILS
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FIG. 1. Normalized R spectra at normal incidence in the vicinity ~ FIG. 2. Position-dependent PR spedivaen circles; only every
of the high reflectance stop band for VCSEL structures RMB1048second data point plott¢dor RMB1048 at~80 K, corresponding
at ~80 K (left) and RMB627 at~300 K (right), as a function of  to the R spectra on the left of Fig. 1. By varying the position of the
position of the probe beam on the samples, indicated on the right bprobe beam on the sample, indicated on the rightmm), the
the micrometer settingn mm). The high- and low-energy edges of cavity mode was tuned through resonance withahbhl transi-
the stop band are visible at the low and high micrometer settinggion at 1.230 eV; this occurs near the 4.0 mm position. The base-
The baselines are offset vertically by increments of 0.45 and 0.7 folines of the spectra are offset by increments o415~ 2 units and
RMB1048 and RMB627, respectively. The energy of the ground-are scaled by factors shown on the left. The lines represent least-
state QW transitionelhhl (obtained subsequently by PR—see squares fits using Eqsl)—(4).

Figs. 2 and B is indicated by the vertical arrows.
IV. THEORY OF THE PR LINE SHAPES

Figures 2 and 3 show the corresponding PR spectra for PR is usually considered as a variant of electroreflectance

RMB1048 and RMB627, respectively. Also shown are fits tospectro;copﬁor a review see, e.g., Ref. p2and the signal
the experimental datéfor discussion of these, and the line conventionally expressed by

shape model, see Sec.)I\Both sets of PR spectra clearly AR

show two features which can be assigned to the cavity mode R (B)=a(B)Aei(E)+B(E)Aey(E), (1)
and theelhhl exciton. Theelhhl transition energy1.230

eV for RMB1048 at 80 K and 1.222 eV for RMB627 at 300 WhereAe; andAe, are the real and imaginary parts, respec-
K) does not depend noticeably on probe position, but, iﬁiVG'y, of the modulation induced Changes in the Complex
agreement with the R spectra, the cavity feature increases gelectric functione. The Seraphin coefficierftsare defined
energy with increasing micrometer setting, so crossing th&s

energy of theelhhl exciton. For RMB1048, the resonance 1 [ 9R(E) 1 [ dR(E)
occurs near the 4.0 mm position, while for RMB627, it oc- a(E):—(—) , IB(E):—<—>‘ .

curs near 3.5 mm. From the scaling factor indicated on the R(E) 1 de1(E) /] R(E) \de2(E) /g

left of Figs. 2 and 3, it may be seen that the PR signal )
strength is enhanced at resonance, by factors of 25 and 4 a bulk semiconductoky and 8 may be obtained at a given
for RMB1048 and RMB627, respectively. Although the PR angle of incidence or polarization by performing the deriva-
signals ofelhhl exciton and cavity mode are clearly distin- tives in Eq.(2) analytically, using an expression for R ob-
guishable when they do not overlap, a complicated lingained from Fresnel's equatiof$?°In heterostructures, such
shape arises when they do. Thus, without line shape modeés single or multiple QW'’s, the PR spectrum is analyzed in a
ling, it is difficult to decide from the PR spectra whether the similar way—it can be considered as a superposition of line
modes cross, and are thus in the weak-coupling regime, @hape contributions of the different layers, each contribution
whether they exhibit the anticrossing behavior characteristibeing calculated according to Eq4) and(2). The R spec-

of strong coupling. trum can be calculated at arbitrary angle of incidence and
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FIG. 3. Position dependent PR spedimaen circles; only every solid lines are calculated numerically from the Jones matrix ap-
second data point plottgdor RMB627 at~300 K, corresponding proach, while the dashed lines are derived using the empirical line
to the R spectra on the right of Fig. 1. By varying the position of theShape model for the Seraphin coefficients of B3).

probe beam on the sample, indicated on the rightmm), the . . . L
cavity mode was tuned through resonance withethihl transi- Here, we confirm that such PR signals do indeed arise in

tion at 1.222 eV; this occurs near the 3.5 mm position. The baseY CSEL’s, not due to any prominent featuresAig; or Ae,,
lines of the spectra are offset by increments 0b@10 2 units and DUt rather because and g can no longer be considered as
are scaled by factors shown on the left. The lines represent leasglowly varying functions of energy. The theoretical R spec-
squares fits using Eq§l)—(4). trum was first calculated using Jones matrices, which take
account of all reflections in the multilayer structdteThe

polarization using a Jones matrix approdthyhere the op- data for the complex dielectric function of each layer were
tical properties of the layers are usually approximated by théaken from published bulk values. The Seraphin coefficients
bulk values. This does not generally yield an analyticallyof the QW layers in the samples RMB1048 and RMB627
differentiable expression for R, butand 8 can be obtained were then calculated in the vicinity of the cavity dip by per-
by numerical differentiatioR” 28 In general, one finds that ~ forming the derivatives in Eq(2) numerically*’ The full
and 3 vary smoothly as a function of photon energyfor  curves in Fig. 4 show the results fer and 8 (the dashed
both bulk semiconductors and individual layers in a heterocurves are explained in Sec),Mvhich, for RMB1048, come
structure, and are, therefore, usually assumed, often tacitlffom numerically differentiating R with respect to tleof
to be constant in the vicinity of the critical points of the bandthe single InGaAs QW, while for RMB627 the derivative
structure, or near excitonic and electronic transitiohs'In ~ was performed with respect to tleof all three QW's.
contrast,Ae,; andAe, exhibit sharp derivativelike features  Near the energy of the cavity dip, these calculations all
near the critical points and so dominate the PR line shapesxhibit a sharp feature whose line shape can be qualitatively
Thus the influence ofr and 8 on the PR line shape is gen- explained. For RMB1048, with the single QW, the disper-
erally of secondary importance; they alter the ratio of thesionlike line shape otx (~dR/de,) reflects the change in
contributions ofAe; andAe, when the angle of incidence, energy position of the cavity dip, due to the modulation of
or polarization, is varied® and thus provide the phase infor- the refractive index € Je,), and thus optical length, of the
mation in the PR spectrufi:?® cavity. The absorptionlike line shape gBf(~ dR/de,) arises

For bulk semiconductors, and most simple heterostrucfrom changes in the depth of the dip due to the modulation of
tures, the R spectrum is determined primarily by electroniche QW absorption {&,). While the calculateda for
and excitonic band structures. In contrast, in the very comRMB627 is very similar, its3 is different—the main peak is
plex structure of a VCSEL, the R spectrum is deliberatelypositive, rather than negative, and there are small negative
engineered to produce the high reflectance stop band with side lobes. This difference was thought to be due to the fact
sharp cavity dip in its center, and interference fringes orthat RMB627 has three QW'’s, which produces extra optical
either side—excitonic and electronic features generally playnterference effects. This was confirmed by recalculajihg
a minor role. One might anticipate that such prominentfor the RMB627 structure with the number of QW's reduced
though nonexcitonic, features in the R spectrum may havéo one; it was found that the resulting line shape fobe-
counterparts in the corresponding PR spectrum. came virtually identical to that of RMB1048.
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TABLE I. Mean values and standard deviations of six of the fitting parameters of the PR line shape model defined by-&gsas
obtained from fitting the individual sets of position-dependent spectra for RMBEIg82) and RMB627(Fig. 3). These parameters can be
assumed to be virtually constant throughout each set, whereas the seventh pdtamdepands on the probe beam position on the samples.

I I, r. Tqu Equ 0
Sample [1071%(eV)?] [1071%(eV)?] [meV] [meV] [eV] [ded
RMB627 0.3:0.4 —4.2+1.2 2.0£0.2 4.0-0.5 1.2224-0.0008 2% 20°
RMB1048 0.5-0.4 4.4-1.8 1.740.1 1.8:0.3 1.2294- 0.0002 7°28°

Despite these differences, the line shapes of the Seraphifg properties:(i) Away from resonance, i.e. |E El
coefficients of the QW layers of both samples in Fig. 4 can,>2|r w+ T, the PR signal of the cavity mode neBy
to a reasonable approximation, be described empirically byrises solely from the sharp featuredrand 8 multiplied by

the real and imaginary parts of a complex Lorentzian: the slowly varying tail of theAe exciton signal aE,, and
vice versa for the PR signal of the exciton, so the result is not
(E-Ep) I very dissimilar to that of a conventional superposition of two
a(E)=1y B(E)=1;

(E—Ec)2+l“§’ excitonic ogcillator;.(ii) More importa_mtly, however, close
@ o the cavity exciton resonance, i.gEq,—E¢<2|Tq,
+TI'|, the differences to a conventional model become much
whereE. andI'. denote the energy position and half-width, more apparent; the multiplication dfe, andAe, by o and

(E—Eg)?+TI2’

andl; andl, the amplitudes. B gives rise to a strong nonlinear enhancement of the PR
The line shapes ake; andAe, in Eq. (1) are associated signal.
with the allowed QWelhhl excitonic transition. A conven- This line shape model for the cavity exciton resonance

tional description was assumed, given by the linear combieloes not account for a mixing of the two modés., polar-

nation of the first derivatives of a complex Lorentzian with iton formation and is, therefore, strictly valid only in the

respect to energy position and linewidth, as discussed in daveak-coupling regime. However, it may still be useful even

tail elsewhere? for strong coupling, yielding approximate Rabi splitting val-
ues.

(E—Equ)?®-T7

A =
O e E T2,

cosd V. RESULTS AND DISCUSSION

The PR spectra of the cavity modéhhl exciton reso-
2L gu(E—Eqw) sing nance were least-squares fitted using our new line shape
[(E—EqW)ZH“gW]Z ' model, as shown in Figs. 2 and 3 for RMB1048 and
RMB627, respectively. Clearly, the quality of the fits is, in

(E—Eqy)2—T?2 general, very satisfactory, with the model reproducing both
Ag,(E)= aw W _sing the line shape at resonance and the accompanying large en-
[(E—Eqw)?+T3,]2 hancement of the signal strengthy 25 and 40 times, for

RMB1048 and RMB627, respectively

Initially, all seven fitting parameters were permitted to
vary freely. However, it was found that, apart frép, these
did not change significantly throughout either set of PR spec-
whereE,, is the energy position of the exciton aihg, its  tra and they could be effectively held fixed at their mean
HWHM. The angle# accounts for the degree of mixing of values. These, and standard deviations, are given in Table I,
the two types of first derivative§=0° and #=90° corre- which can be summarized as follows: The standard devia-
spond to the derivative with respect to purély, andTl'y,,  tionsinEy,, I'q,, andl'; are all less than 1 me\ii) I, is
respectively. No amplitude parameter is included in @¢.  an order of magnitude larger than, showing that 90% of
since this is accounted for by EB). It might be noted that the PR signal arises from the product®andAe,, and only
Eq. (4) is formally equivalent to Aspnes’s differential PR 10% froma andAe,. The standard deviations of andl,
fitting function for excitons> are ~100% and~30%, the former being expected because

The PR line shape model to describe the two oscillator®f the small contribution to the signal scaledlqy Thus, the
(cavity mode and excitgnis thus given by Eqs(l)—(4). It  variations inl, and |, are small in comparison to the en-
requires seven fitting parametett;,l,,E¢,T'c,Eqw,[qw, hancement observed in PR signal strength, so confirming that
and #), comparable in quantity to that of conventional PRthis latter fact is a completely natural feature of the new line
models to describe, say, two excitonic oscillatousually  shape model(iii) The derivative mixing parametef has
three to four parameters for egciowever, there is a cru- mean values close to 0° with a standard deviation of about
cial difference: while in a conventional two-oscillator model £25°. Hence, about 70% or more of the modulationeof
the two line shapes are summed, in our new model two ossomes from the energy derivative of the complex Lorentzian,
cillators are multiplied together. in agreement with previous studies of QW sampfes.

As the cavity and exciton oscillators move through the We may compare the Seraphin coefficients derived earlier
position of resonance, our model has the following interestin the Jones matrix theory with the empirical line shapes for

_ 2TE—Eq
[(E—Eqw)?+T5,)?

cosd0, (4)
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a and B given by Eq.(3). These are shown as the dashed

curves in Fig. 4. Thd'. used is the mean value from the ? 2 ‘} ? ?
fitting, but E., and an arbitrary intensity scaling factor, are 1.26 1 RMB1048 80K ot
chosen to facilitate comparison with the Jones calculations. It + E,(ARR) ® ¢
can be seen that the empirical curves are broader than those Y e E_ (ARR) *
calculated theoretically. However, this is expected and re- 9; 1241 [ EZVZR) 4 ®

flects the fact that the actual structure deviates significantly S %

from nominal, in that the observed cavity digee R spectra T ¢ 40 % ¢ o 0 00
of Fig. 1) has a much lower apparent finesse than is calcu- 122 @

lated theoretically! the broader empirical Seraphin coeffi- # ®

cients simply reflect the need for a realistic and appropriate 100 1

broadening in fitting of the cavity mode feature in the PR
spectra of Figs. 2 and 3. Furthermore, the interference side 104 | _A- RRIR |

K
lobes inB for RMB627 cannot, of course, be reproduced by 2
the simplified empirical model of Eq3). £ A (ORRI AR R )
These differences between the theoretical and empirical T 1077
line shapes of the Seraphin coefficients can in part explain 2
the slight discrepancies between the experimental PR spectra 102 4
and fits in Figs. 2 and 3. In the PR spectra of RMB®Rig.
3), the fits very accurately reproduce the experimental line (’) 2 "'1 é é

shapes up to the 3.5 mm position. However, two discrepan- -
cies occur at higher micrometer settings. First, in the spectra Position [mm]

at 4.0 and 4.5 mnii.e., close to resonance, witfy,~E.) a FIG. 5. Summary of the results from the position dependent R
sharp extremum feature is not well described. Secondly, fogng PR spectra of RMB1048 at80 K. Upper graph: the solid

5.5 and 6.0 mnii.e., off resonance, witlk,,<E.), a broad circles and solid diamonds represent the energies ofeftrenl
shoulder on the high-energy side of thiehh1 exciton is not  exciton E,,, and cavity modeE.., respectively, obtained by fitting
well represented. The first discrepancy is probably caused byie PR with Eqs(1)—(4); the open squares represent the cavity
the neglect of the side lobes 8 in Eq. (2) (see Fig. 4 mode energies deduced from the minima in the R spectra. The bars
although these lobes are weak, the significant changes whian the PR data indicate the HWHM values obtained in the fits, not
occur in the magnitude and sign dfs, aroundEg, mean  error bars. Lower graph: dependence of the signal strength on probe
that the PR signal could be strongly enhanced in the vicinityoosition, according to the empirical definitions given in the text.
of the lobes, perhaps causing the additional extremum ob-
served in the 4.0 and 4.5 mm spectra. Away from resonance,
Ae, can be considered as roughly energy independent anekperiments and the fitting of the PR spectra as a function of
the presence of the side lobesgrshould not be significant. position. The upper graph shows the fittethhl PR en-
The second discrepancy is probably caused by the fact thargy, and the cavity mode energy obtained from both the PR
theelhhl transition is not purely excitonic at 300 K so that and corresponding R spectra, which are in good agreement.
the Lorentzian model for the complex dielectric function The figures also show the HWHM'’s obtained in the fitting
[Eq. (4)] is not strictly appropriate. which are intended as a guide to the broadening of the two
In the PR spectra of RMB104@ig. 2), the overall qual- PR signals, rather than error bars. The lower graph shows the
ity of the fits is somewhat better than for RMB627, probablydependence on probe position of the signal strerigtite
because Eqg3) and (4) are now more appropriate, in the logarithmic scalg which we defined empirically as follows:
former case because no side lobes occur in the Jones calda-the R spectra, by the relative depth of the cavity dip and,
lation of B (see Fig. 4, and in the latter because teéhhl  in the PR spectra, by the difference between the largest posi-
transition is more closely excitonic at80 K. However, tive and negative extrema ihR/R.
slight differences may still exist between the empirical and For RMB1048(Fig. 5), the cavity mode energy changes
real Seraphin coefficients and, again, these would be emeoughly linearly with probe position whereas thateifhhl
hanced in the vicinity of the resonance, as is perhaps olremains virtually constant. The crossing point occurs near
served in the PR spectrum at 4.0 mm. An interesting effect.0 mm. Here, the minimum difference in energy of the two
occurs in moving from 8.0—9.0 mm where the sign of themodes is~3.5 meV, which is smaller than the sum of their
cavity PR feature switches. We believe this is caused by theespective HWHM's [ +1I'y,~4 meV). Therefore, if a
cavity mode approaching a higher-order QW transitionRabi splitting occurs for RMB1048 it is less than 3.5 meV
whose contribution td\e starts to dominate, but which hap- and may not be resolved. In the lower part of Fig. 5, the
pens to have an opposite sign to that of & hl transition.  strengths of the R and PR signals both show a resonant be-
This was accounted for in the fit of these two PR spectra byravior peaking near the crossing point of 4.0 mm, though the
allowing for a resonance with a second: feature. This resonance is far more pronounced in the PR.
yielded an energy position of 1.260 eV (HWHN2 meV), The situation is similar for RMB62TFig. 6). The energy
indicating that it is due to thelhh2 QW transition(at 80  of the exciton hardly changes, while the cavity mode shows
K). Such higher-order resonances are studied in more detal roughly linear behavior with probe position. Only in the
in the following papef® vicinity of the crossing point, between 4.0 and 4.5 mm, do
Figures 5 and 6 summarize the results of the R and PRhe cavity mode energies obtained by fitting the PR deviate
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o1 2 3 4 5 6 7 ~2.7 meV. Both these estimates are consistent with our con-
o clusion that any Rabi splitting in RMB627 and RMB1048 is
124 RMB627 300K R . & <~5 meV and<~3.5 meV, respectively.
5 4
512 ttbeteedteeees)
o @ VI. SUMMARY AND CONCLUSIONS
Ao #® ¢ E(RR)
1.20 1 CLd e E, (4RR) We have studied the resonance between the cavity mode
°hi O E(R) and ground-state QW elhhl exciton in two
qgo INnGaAs/GaAs/AlAs VCSEL structures, by conventional R
spectroscopy, and presented a detailed study of these effects
= 10 W 1 using PR. Due to growth variations, changing the probe po-
) —4— (R-RJR sition on the sample allows the cavity mode to be tuned
% 102 | —A— (ARR| - ARR| ) | through the position of resonance with the exciton. The PR
T spectra exhibit two strong and prominent features originating
2 1001 I from the cavity mode and exciton, and show a very marked
resonance behavior, with an enhancement in signal strength
104 1 of more than an order of magnitude. In contrast, the corre-

e sponding R spectra show only a distinct cavity mode, and at
o 1 2 3 4 5 6 7 best only a weak excitonic feature, and the resonance behav-
Position [mm] jor is far less pronounced. Thus, our experiments indicate

FIG. 6. Summary of the results from the position dependent Rihat PR has significant advantages over R spectroscopy, in

and PR spectra of RMB627 at300 K. Upper graph: the solid hat it detects both the cavity and excitonic mod_es, gives a
circles and solid diamonds represent the energies ofetttehl measure of the degree of ov_erlap, and, most ImportantlY’
exciton Ey, and cavity modeE., respectively, obtained by fitting yields a strongly enhanced S'gr_‘al ,When the modes are in
the PR with Eqgs(1)—(4); the open squares represent the CaVityclose resonance. This Ias.t fact indicates that PR may be a
mode energies deduced from the minima in the R spectra. The baMey Sensitive nondestructive room-temperature technique of
on the PR data indicate the HWHM values obtained in the fits, nogreat practical importance in VCSEL characterization, since
error bars. Lower graph: dependence of the signal strength on proilk may be used to locate regions of the wafer where the
position, according to the empirical definition given in the text. ~ resonance condition required for laser operation has been
achieved.

) , .. We have also focused on developing an appropriate line

noticeably from those obtained from R. However, this isghapne model for fitting the VCSEL PR spectra in the vicinity

more likely to be caused by the aforementioned problems iRyt the cavity exciton resonance. As a starting point, this uses
the fitting rather than an indication of any anticrossing be-,

havior. Near the crossing point, the minimum difference inthe same fundamental equation as the conventional PR
' i ' . S model. However, there is a crucial conceptual difference:
energy of the two modes is5 meV, which again is smaller since the reflectance cavity mode originates from compli-
than the sum of their respective HWHM'SI{tIq, cated interference effects between different layers in the
~6 meV). Therefore, if a Rabi splitting occurs for RMB627 ; - Y
it is less than 5 meV and may not be resolved. In the lowesStructure, the Seraphin coefﬁuents have _sharp features rather
part of Fig. 6, the PR signal shows a strong resonance ne an the more usua! slowly varying funct|o_n_s of energy. By
the crossing point whereas R shows only the onset of a p|6{]umer|cally calculating the Seraphin coefficients of the_ QW
teau. layers of the two VCSEL structures, we have established
These results indicate that both samples are in the weakbat, as a function of energy, they can be approximated by
coupling regime, in the sense that, if there is a Rabi splittinghe real and imaginary parts of a complex Lorentzian. The
between the exciton and the cavity mode, it is comparable tghodulation induced changes in the complex dielectric func-
or smaller than, the sum of their HWHM'’s. This is in agree-tion of the QW are described by a conventional model, such
ment with previous studies. For example, Houdteal. re-  as that based on first derivatives of a Lorentzian. Thus, the
ported a Rabi splitting of 4.5 meV at 300 K for a 4-:fong PR spectrum is represented by the product of two oscillatory
GaAs QMC, with six Ig 1G& g/AS QW'’s, and top and bot- line shapes which is quite different from the summation
tom Aly,Ga, As/GaAs DBR’'s with 15 and 19 periods, which occurs in conventional models, say for two excitonic
respectively’ Assuming that the cavity of RMB627 with transitions. This model has very different properties, espe-
three QW’s is comparable to that of Holdreal. and taking  cially when the two oscillators are close to resonance.
into account that the Rabi splitting scales with the square We have successfully fitted this line shape model to sets
root of the number of QW's in the cavity, one would expectof position dependent PR spectra for the two samples, where
that RMB627 would have a Rabi splitting 6f3 meV at 300 essentially only one parameter is changing due to the growth
K. Fisheret al. observed a Rabi splitting between the cavity fluctuations—the energy of the cavity mode. This satisfacto-
mode andelhhl exciton of 4.6 meV at 80 K, for a sample rily reproduces not only the observed spectral line shapes,
with a N-long Aly sGa, gAs cavity with three GaAs QW's in  but also the strong enhancement of the PR signal near reso-
the center and with AlAs/Al,Ga, gAs DBR'’s of 20 periods nance. The fitted energy positions and linewidths of cavity
each? Again, assuming that their cavity is comparable to thatmode and QW exciton indicate, at best, only a weak cou-
of RMB1048, the Rabi splitting scales for a single QW to pling between the cavity and the QW exciton, i.e., no anti-
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crossing, or Rabi splitting, is unambiguously observed. the theory of PR line shapes developed here, and use this to
In summary, we have shown that PR spectroscopy, tostudy the resonance between these and the cavity mode.
gether with an appropriate line shape model, can provide a
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