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Resonances between the cavity mode and five excitonic transitions
in an In ,Ga,; _,As/GaAs/AlAs /AlGaAs vertical-cavity surface-emitting
laser structure using photomodulated reflectance
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An In,Ga ,As/GaAs/AlAs/AlGaAs vertical-cavity surface-emitting laser structure has been
studied by conventional reflectance and photomodulated reflect@Respectroscopies. Slight
fluctuations in molecular beam epitaxy growth conditions led to thickness variations-d2%

along the wafer radius. While this did not appreciably affect the energy of the quanturtQVéll
transitions, it did give rise to a significant but smooth variation in the cavity mode energy. PR
spectroscopy was used to study the interaction between the cavity mode and QW excitons, as the
overlap between them was varied by probing different wafer regions. The PR signal was strongly
enhanced when the cavity mode and a QW transition were in good alignment. We were able to
investigate five distinct such resonances between the cavity mode and the ground-state and four
other, higher-order, QW transitions. A theory has already been developed for the PR modulation of
the coupled cavity and exciton modes, based on energy-dependent Seraphin coefficients. A similar
but simplified model was used to fit all the PR spectra, and the resulting QW transition energies then
compared with those predicted by a theoretical model which includes excitonic binding energy
effects. © 2000 American Institute of Physid$s0021-897@0)02623-7

I. INTRODUCTION such as the high reflectance stop band, the central FP cavity
dip, and subsidiary interference oscillations. However, the
The vertical-cavity surface-emitting lasefCSEL) rep- QW transitions are not normally detectable in R at 300 K and
resents a family of semiconductor devices that have a wideo the technique is not practicable for checking the degree of
range of interesting properties, such as single longitudinahismatch between the QW ground-state transition and the
mode operation, small beam divergence, low threshold curcavity mode; poor alignment of the two is the main reason
rent, ease of fabrication, and on-wafer testifigThe basic  that some VCSELS are inoperative. However, it has recently
VCSEL is a multilayer Fabry—Per@EP) structure consisting peen shown that photomodulated reflectatR®) is unique
of an active cavity region with embedded quantum wellsin being able to detect, in a nondestructive fashion, both the
(QWSs) surrounded by two high-reflectivity distributed Bragg cavity mode and the QW transitions at room temperature in
reflector (DBR) mirrors. The resulting FP cavity structure VCSELS?_B and thus the degree to which the growth process
supports a single longitudinal optical standing wave callechas achieved the desired alignment of the two. Furthermore,
the cavity mode, which results in a sharp dip in the reflec\ye have shown that the PR signal is strongly enhanced, and
tance spectrum, ideally near the center of the high reflectivityh,s easiest to detect, when the cavity mode and QW transi-
stop band of the DBRs. To achieve the desired performanceions are in resonandé This effect has already been put to
VCSELs are designed such that the energy of the groundyood use to find quickly the “sweet spots” on a wafer of a
state QW transition coincides with that of the FP cavity dip,yjsible VCSEL structure where operating devices were suc-
at the operating temperature of the active region. VCSEL%eSSfu”y fabricated.
can contain hundreds of layers, and in order to achieve the | order to investigate further the potential of these tech-
above requirements, the growth rate needs to be controlled #ques for VCSEL characterization, we have performed re-
better than 198. For a conventional edge-emitting laser, afiectance and PR studies as a function of position along the
1% error in the thickness of the epitaxial layers may lead tq44ius of an IpGa, _ ,As/GaAs/AlAs/AlGaAs VCSEL wafer
only a~0.5 nm change in emission wavelength, whereas fokt 1oom temperature. We present a detailed PR study of the
VCSELSs the shift could be as much &$8.5 nm” Hence, @ regonances between the cavity mode and five distinct QW
nondestructive, possiblin situ, characterization of VCSEL  gycitonic transitions. The PR spectra were fitted with a sim-
wafers is absolutely essential prior to full processing, in Orplified version of a model for the PR modulation of the
der to check that structures have been grown to spgcificatioraoumed cavity and exciton modes, which we previously de-
Ordinary reflectancéR) spectroscopy can monitor the \ejoped based on energy-dependent Seraphin coeffidiénts,
main features of the characteristic R spectrum of a VCSELgg the resulting QW transition energies compared with
those predicted by a theoretical model which includes exci-
dElectronic mail: J.Hosea@surrey.ac.uk tonic binding energy effects.
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Il. EXPERIMENTAL DETAILS measure of the QW emission spectrifmilo perform this
experiment, a piece about 4 m¥8 mm was cleaved out

The sample studied here is nominally anfrom aregion of the wafer about half way between the center

INg :Gay 75As/ GaAs/AlAs/AlGaAs VCSEL structure de- and the edge, and sandwiched gently between two electrical

signed for operation akt~1 um. It consists of 278 layers contactsone of which was composed of a glass slide coated

with an overall thickness of about 8m grown by solid-  with indium-tin-oxide, as described in detail elsewhére.

source molecular beam epitaXiMBE) on a (100 GaAs The sample was then excited with a square-wave voltage

n+ substrate. The undoped cavity region comprises a com—7 V amplitude and the EL emitted from the cleaved edge

pressively strained 85 A }3:Ga, 75As single QW centered of the sample analyzed using a conventional mono-

in a GaAs cavity, of optical path lengthA, to coincide with  chromator/detector arrangement. The instrumental resolution

the antinode of the cavity optical field. The cavity region isin this experiment was-6 meV (FWHM).

bounded by the upper Be-dopdg-type), and lower Si-

doped(n-type), DBRs which consist of multiple repeats of a Ill. THEORY OF THE PR LINE SHAPES

group consisting of a pair of GaAs and AlAs layers separated . . .

by AlgGaAs and Ap Gay As layers, each 100 A thick. Writt@ﬁc;)écjmg to Seraphin and Bottka the PR signal can be

The AlGaAs layers are included to reduce the band offsets at

the interfaces, which, together with their high doping, lowers AR

the stack resistivity. R ~adetple, @
As a result of the geometry of the effusion cells used in

the MBE reactor, there is a variation in the material growth _ E ﬁ B= l ﬁ 2

thickness across the wafer, which has a roughly parabolic R de;’ R de,’

profile™” The substrate was rotated during growth so th'%herea and B are the Seraphin coefficients add, and

variation is. glso circularly §ymmetric. .In.the present caseAe2 are the modulation-induced changes of the complex di-
these conditions led to a thickness variation<of-12% be-  gjectric functione, +i€,. In general, for both bulk semicon-

tween the wafer center and edge. While this has a negligibl§,ctors and individual layers in a heterostructure, one finds

effect on the energy of the QW transitions, it does give ris§pa the Seraphin coefficients vary only weakly as a function
to a significant but smooth variation in the energy of the¢ photon energyE and are, therefore, usually assumed to be
cavity mode across the sample. _This was particularly convesgnstant in the vicinity of the critical pointéCP9 of the
nient for the present study as it meant that the degree qfang structure, or near excitonic and electronic transitions.
overlap between the cavity and exciton modes could be vafryys in such cases the actual line shape of the PR signal is
ied by probing different regions of the wafer. ~ determined primarily by the line shapes &f; and Ae,.
Simultaneous PR and R spectra were measured with thgowever, this simplification is not valid in VCSEL struc-
probe light at normal incidence using a conventional ary,res: we have recently shown that the Seraphin coefficients
rangement described in detail elsewhEr@he sample was of the QW layers in a VCSEL structures actually contain
mounted on a micrometer translation stage, and R and PBharp features near the position of the cavity mod@his
spectra were taken at various positions on the sample along@n be understood as follows. From E2). for «, the modu-
straight line running from the center of the as-grown wafer toation of the real part of the QW dielectric functien gives
the edge. Position was measured in millimeters, the wafefise essentially to a modulation of the QW refractive index,
center being near a micrometer setting of 24 mm. Measureyhich modifies the optical thickness of the cavity. This in
ments were taken at position intervals of typically 0.5 mm,tyrn modulates the energy position of the cavity dip in the
though in some regions smaller step sizes were chosegeflectance spectrum, leading, therefore, to a first-derivative-
Modulation was provided by a chopp&833 H2, 0.8 mW |ike, or dispersive, line shape for theSeraphin coefficient.
HeNe laser(\=632.8 nm which has a penetration depth in On the other hand, fo the modulation ofe, modifies es-
the present sample of0.6 um. Calculations show that, at sentially the absorption in the cavity, which modulates the
the depth of the cavity2.9 um) the laser power has attenu- depth of the cavity mode in the R spectrum. This leads to an
ated to 6uW, which is still evidently enough to modulate the absorptive peak-likgor inverted peakline shape forg. In
QW. Spectra were measured from typicaihl.18 to~1.34  our previous studies we calculated the line shapesarid3
eV with a spectral resolution, full width at half maximum by numerically differentiating the VCSEL R spectrum with
(FWHM), of ~2.5 meV. respect toe, where R was calculated using the usual Jones
As a means of corroborating the QW ground-state tranmatrix method. We found that the dispersive and absorptive
sition energy measured in the PR spectra, the electroluminegine shapes could be approximated reasonably accurately by
cence(EL) spectrum of the as-grown VCSEL sample wasthe real and imaginary parts of a complex Lorentzian,
also recorded at room temperature. As is well known, theespectively,®
VCSEL EL emitted in the forward direction, through the

DBRs, is highly modified by the R spectrum and has mis- ()= q, (E_E;)FCZ, 3
leading peaks located at the corresponding dips in the R (E-Eo)°+TI¢

spectrum, and so gives little clue as to the true QW emission 2

wavelength. However, we have recently used the technique B(E)= By °2 N (4)
of observing edge-emitted EL to give a much more reliable (E-Eo)+I¢
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whereE, is the energy position of the cavity mode PR fea- TABLE 1. Binary material parameters used to calculate the transition and
ture. For the peak i, T'. is its half width at half maximum exciton binding energies in the InGaAs/GaAs QW of the VCSEL structure.
. l C . . . .
L . . . All binary parameters are linearly interpolated onto the ternary composition
(HWHM) and[BO IS Its amp“tUde(WhICh m,ay be negatl\)e of the InGa _,As, except the band gap, which uses the ternary bowing
The extrema inv at E=E.*I'; have amplitude= 1/2?0- . parameterC: Eqy(x)=xEg"*+(1—-x)ES**~Cx(1-x). The notation and
For the line shapes dfe; andA e, of the QW exciton in  interpolation formulas are identical to those of Ref. 20.

Eqg. (1) we adopt the following conventional model for the

modulated dielectric function based on Aspnes'’s third differ- Parameter InAs Gahs
ential functional form(TDFF)*® Static relative dielectric permittivity, (0) 15.15 12.85
) Lattice constana (A) 6.0583 5.6533
_ Crgue'’ Band gapE, (eV) 0.360 1.424
Aer+idey=—— : no ©) Spin-orbit splittingA, (eV) 0.37 0.34
(E—Equtilqw ¢
Electron effective mass, (mg) 0.023 0.067
whereC is an amplitude,f a phaseE, the CP transition Heavy-hole effective massi, (mo) 0.342 0.377
energy, and’,, a broadening factor. The TDFF is modified Light-hole effective massmy, (Mo) 0.025 0.068
here to include an extr&l}, term in the numerator, which ~-Uttinger parametey, (m, ) 19.67 6.85
. . . Luttinger parametery, (m; *) 8.37 2.10
acts to redu_cg the negat|v_e correlation betw€eandT" g, in Average VB energ, q(eV) 668 _6.84
Aspnes’s original expressidni.The exponenh can have val- yg hydrostatic deformation potential, (eV) 1.00 1.16
ues of 3, 2.5, and 2, for® CPs, 3 CPs, and excitons, CB hydrostatic deformation potential, (eV) —10.9 -8.00
respectively*> Although Eq.(5) with n=2 is not formally ~ Shear deformation |00tgntihl(eV)2 -18 -17
correct for the excitonic line shape in QWs at room temperaE!astic constanCy; (10 dyn cm ?) 0.83 118
. . lastic constan€,, (10*dyn cm ?) 0.48 0.538
ture, it has been shown the true line shape may be accurateﬁémary band gap bowing parame@(eV) 0.45InGaAs

mimicked by a TDFF with a higher value for such as 3°
However, it was found here that the fitted values obtained for
Eqw did not depend crucially on the choice ofand in fact
we used the value corresponding to @ @GP, which repre-

sents somewhat of a compromise between the two possibill='~~ "' ) !
ties. which is valid due to the large band gaps of the materials

Examples of line shape fitting using this model on seriestudied here. The QW was assumed to be compressively

of PR spectra of the resonances between QW excitons argir@ined to the GaAs lattice constant. The CB and heavy-hole
the cavity mode have been discussed in some detail eAflier. VB discontinuities at the heterojunction interfadés, and

HH . . .
There, we always observed that, for normal incidence stud®Ev - respectively were calculated using model solid

ies, B, in Eq. (4) is larger thar, in Eq. (3) by more than an theory?® at the interface between the GaAs barrier and an

order of the magnitude, showing that the majority of the PRIN0.2d5& 7/AS QW, for instance, these wereE =161 meV
- : - and AE"=100meV, respectivelycorresponding to a CB
signal arises from the product gfandAe, in Eg. (1), and v '

: _ HHy _
indicating that the laser modulates mostly the QW absorptio®fsét ratio of Qc=(AE:/(AE.+AEy")=62%)]. Note,
coefficient, rather than its refractive index. This was alsolOWever, that in the subsequent fitting to the experimentally
found to be the case here, so in order to simplify the modeflétermined energieQ. was allowed to vary. The material
we setay=0 andgB,= 1. This point will be mentioned again Parameters for the J®a _,As QW layer were obtained us-
later. This has the effect that the original Seraphin amplituddnd the interpolation scheme of Krﬁﬂ_wmch linearly inter-
parametef, in Eq. (4) is effectively absorbed into the factor polates the blna_ry material values, given in Table I., onto the
Cin Eq. (5). ternary compositiorx, except for the band gap which also
According to this theoretical model of the combined US€S & ternary bowing parameter,
cavity-mode/QW PR signal in VCSEL structures, the line The calculated transition energies were corrected for the
shape is the product of two strongly energy-dependent proe>_<cit0n binding energ¥,,, using the fractional dimension-
files for 8 and Ae,, for the cavity mode and the QW tran- /ity approach!
sition, respectively. This description departs markedly from 1360 2 \2
the conventional PR models where energy-dependent line Eb(eV)=—62— —1/
shapes are added, not multiplied. Thus, when the cavity r
mode and a QW transition overlap, the PR signal is stronglyvheree, is the static relative dielectric permittivity andthe
enhanced compared to the situation where the modes are nfgactional dimensionality of the exciton with a reduced effec-
in resonance. This.fact is of crucial importance to the applitive mass given bys=[m_ '+ y; = (3— a) y,] %, wherem,
cation of the technique here. is the electron effective mass; and vy, the Luttinger pa-
rameters, and the+"” and *“ —" correspond to the cases of
heavy and light holes, respectively. All parameters for the
In,Ga, _,As QW were calculated by linear interpolation be-
The energies of the QW confined states were calculatetiveen the material parameters in Table I. The fractional di-
using the effective mass formalism with the bulk valencemensionality is given by
band described by a three-bafiteavy hole, light hole, and
spin-orbit split-off bandl k-p Hamiltonian”*8 The conduc- = 3—exr{ _
tion band(CB) confined states were assumed to be decou-

pled from the valence ban@vB) states, an assumption

(6)

IV. QUANTUM WELL MODEL CALCULATIONS

L,+ 2/Kpet 2/Kpn
28y

)
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FIG. 1. Normalized reflectance spectra for different positions along the
. g 1 1 Il 1 1 I} I} I}
radius of the VCSEL structure wafer. The position of the probe beam on the 198 1.20 1.22 1.24 T20 122 1.24 1.2 1.28 1.30

sample is given by the values next to each spectiiormillimeters, where Energy (eV) Energy (eV)
24 mm is the micrometer setting near the wafer center and 44.5 mm is near
the edge. The spectra are displaced vertically from each other, for clarityFIG. 2. Examples of the PR spectra for different positions along the radius
The lower edge of the stop band may be seen from positions 38.0 mmf the VCSEL structure wafer. The position of the probe beam on the
onwards. sample is given by the values on the rigint millimeters, where 24 mm is
the micrometer setting near the wafer center, and 35 mm is about half way
towards the edge. The experimental data are shown as ciiates only
whereLZ is the QW width, and(be and kbh the electron and &vew second point is plotted, for clarifywhile the curves show the fits. The

. . spectra are scaled by the factors given on the left and are displaced vertically
hOIe. eval_’]escent envelope funCtlonl/gecay constants in tl} m each other by X102 units. By varying the position of the probe
barrier, given bykb,-: [zmbj(vj - Ej)] 1h, WhereV,’ » Ej, beam on the sample, the cavity mode was tuned through resonance with the
and my,; are the appropriate well depth, confinement energyHu transition at~1.198 eV andH,, at ~1.229 eV, these occurring near the
and barrier effective mai{q's: e, hhorlh respectively The probe positions of 24.0 and 32.5 mm, respectively. The spectrum in the top

effective Bohr radius of the exciton is given k. (A) fjtggf;{}ﬁsrs'ﬁ,“,f'gi”jjf ?gzp\K}f'C'ﬁgf ';gﬁ%lipresems the room temperature
=0.53¢,[m, *+ y1].

The magnitudes of the shifts in the QW transitions asso-
ciated with the quantum confined Stark effé€QCSB were
then calculated separately using the transfer matrix/tunnelin
resonance techniqif@ assuming that the electric field is con-
stant across the active region of the VCSEL.

We shall use the notatioH ,,, to denote the QW exci-

at 44 mm(by FWHM here, we mean the width of the dip at
Half its maximum depth This is due to a combination of the
growth variations and the illuminated spot size on the
sample: near the center of the wafer the variation of the

tonic state formed by theth confined electron state in the _cavr[y _rn_ode energy is very slow and _the eff_ec_t of.lllummat-
ing a finite small spot on the sample is negligible; however,

CB and themth confined heavy-hole state in the VB. Due to near the edge of the wafer the cavity mode energy varies

the strain splitting in the QW of the present sample, there are ; ; o
no confined light-hole statés. much more rapidly(see top part of Fig. ¥and the finite

width of the image of the monochromator exit slit on the
sample encompasses a significant amount of this variation,
leading to a wider apparent cavity dip. The effects of such
Figure 1 depicts the normalized R spectra in the spectratxperimental constraints on the apparent VCSEL finesse
region near the cavity mode, as a function of probe beanhave been considered in detail elsewhére.
position, shown(in millimeters next to each spectrum. Figures 2 and 3 show the corresponding series of
There are no clear features in R which can be attributed tposition-dependent PR spectra. The vertical broken lines in-
QW transitions, as is typical for such room temperature meaeicate the position of the ground- and excited-state QW tran-
surements. This set of spectra shows that the energy of ttstions, as determined later, although in the case of the
cavity dip increases smoothly with position, as also indicatedyround-stateH ;; transition, the PR spectra show its position
in Fig. 4 (upper ploj; the variation is roughly parabolic, as clearly, at~1.198 eV, when it is well separated from the
mentioned earlier. The cavity mode is near the desired poskavity mode feature, for instance between the 30.0 and 37.0
tion of 1.24 eV(for 1 um operation only around the 33—35 mm positions. Also shown in Fig. 2 is the room temperature
mm positions. It may be noted that the width of the cavityedge-emission EL of the sample. This peaks-4t197 eV,
dip also varies. In fact its FWHM increases almost linearlyconfirming the energy position apparent in the PR for the
with position, from about 5 meV at 24 mm to about 10 meV ground-stateH 4, transition. It may also be noted that the

V. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 3. Same as Fig. 2, only showing the cavity mode being tuned through 20 2'5 310 3'5 4'0 s 50
resonance with thel ;5 transition at~1.261 eV,H,; at ~1.278 eV, anH,, Position on Wafer (mm)

at ~1.313 eV, these occurring near the probe positions of 37.7, 40.0, and

43.9 mm, respectively. The spectra are displaced vertically from each othdrlG. 4. Upper plot: the variation of the energy of the cavity dip as obtained

by 2x1072 units, and those on the left are magnified by a factor of 10, from the reflectance spectra of Fig. 1, as a function of position on the

while those on the right are magnified by a factor of 16. VCSEL wafer, the center of the wafer being near the 24.0 mm setting of the
micrometer stage, and 44.0 mm being near the edge. The curve is a fit to the
data with a quadratic. Lower plot: dependence of the PR signal strength on
probe position, according to the empirical definition. The curve is a guide

EL has a FWHM of~33 meV, Considerably wider than the for the eye. The PR signal shows pronounced peaks-24.0, ~32.5,

. . ~37.7,~40.0, and~43.9 mm, when the cavity mode is near to resonance
corresponding feature in the RRWHM ~10 meV). with the Hyq, Hy, His, Hyy, @andHy, QW transitions, respectively. A

Not shown in Figs. 2 and 3 are a separate set of PReasonably accurate estimate of the corresponding QW transition energy can
spectra taken in the vicinity of the GaAs fundamental bandbe obtained by noting the peak position and locating the energy of the cavity

gap near 1.42 eV. As is typical for such bulk PR spectramoqe at the same position on the upper plot, as i_ndicated by the vertical and
. -~ horizontal arrows for the example of ti, transition.
these displayed pronounced Franz—Keldysh oscillations
(FKO9), from which the built-in electric field in the VCSEL
structure could be estimated. Analyzing these FKOs in the
conventional way using either of two alternative graphicalallows a fairly accurate estimate of the energies of these
methods> gave an average value of the built-in electric field transitions as 1.229, 1.261, 1.278, and 1.313 eV, respec-
of 18.0+0.8 kV/cm. tively, all to within an accuracy of about2 meV. Clearly, it
The PR spectra in Figs. 2 and 3 clearly show the effects possible to estimate the energy of the QW transitions rea-
when the cavity mode moves through resonance with theonably accurately, simply by observing the resonances in
various QWH ,, excitonic transitions. Figure dower plot PR amplitude with position. This in turn confirms the prac-
shows the amplitude of the PR spectra as a function of paticality of this method as a means of identifying sweet spots
sition. This was determined simply by measuring the differ-on the wafer where the cavity mode is in resonance with the
ence between the maximum and minimum PR signal in Figsground-state QW transition, and also as a method to obtain
2 and 3, in the vicinity of the cavity mode energy. Figure 4the energies of higher-order transitions.
thus shows that the cavity mode passes through five distinct In order to confirm and refine these estimates of the QW
resonances with the QW excitonic transitions. In fact thetransition energies, it was useful to fit the PR spectra in Figs.
cavity mode barely reaches a resonaftbe strongestwith 2 and 3 with our PR line shape model. Clearly the quality of
theH , transition near wafer center at th&24 mm position, the fits obtained in Figs. 2 and 3 is, in general, very satisfac-
a point which shall be addressed further later. The four subtory, with the model reproducing both the line shape and the
sequent resonances can be identified from Fig. 4 as occurriragcompanying large enhancement of the signal strength near
near micrometer settings of 32.5, 37.7, 40.0, and 43.9 mnthe resonances. It may be noted from Figs. 2 and 3, at posi-
all to within an accuracy of about0.2 mm. Subsequent tions where the cavity mode is not in resonance with any
fitting and theoretical modelling identified these transitionsQW transition that the shape of the cavity mode PR feature is
asHi,, Hi3, Hyq, andH,,, respectively. From the variation always either a simple dip or peak. This can be seen at po-
in cavity mode energy with positiofsee top part Fig.4this  sitons 35 and 42 mm, for instance. This provides
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T T T T T TABLE Il. Experimentally determined QW transition energi@s electron
1.32F 7 volts) from fitting the PR spectra and the corresponding best-fit theoretically
22 calculated values in the |6a _,As/GaAs/AlAs/AlGaAs VCSEL structure,

71 assuming a QW width df ,=89 A, an indium composition of=29%, and

a CB offset ratio ofQ.=56.5%.

1.30F

1.28F

i Hum (V) Hiy Hip His Hay Hao

& 1.2 B

2 Eqw (fit to PR) 1.198 1.229 1.261 1.278 1.313
T b | Eqw (theory 1.198 1.224 1.264 1.282 1.308

1.22F

120k 000000 00 or H i ments and the fitting of the PR spectra, as a function of
eoree position in the wafer. The graph shows the energies of the
o0 = 5 = 5 = = QW excitons obtained by fitting the PR spectra, and the en-
Position on Wafer (mm) ergy of the cavity mode obtained both from PR and the R
FIG. 5. Summary of the results from fitting the position-dependent PR spec-SpeCtra’ WhI_Ch are m_QOOd agreeme_nt. The pO_SItIOﬂS where
tra, showing the strong variation of the cavity mode endfdled circles  the QW excitons are in resonance with the cavity mode cor-
and its interaction with the ground- and excited-state QW transiiopen  responds closely to the positions where the enhancement in
circles. The curve shows the yarigtion of the cavity mode as obtained fromfhe PR signal occur in Fig. 4.
the R spectra, as shown also in Fig. 4. Table Il gives the QW transition energies of Fig. 5. For
the ground-state transition, the experimental energy of 1.198
eV is considerably lower than the desired nominal value near
confirmation of our notion to simplify the model by setting 1.24 eV for the 85 A compressively strained, JgGa, 75AS
ao=0. The reasoning is as follows. When the cavity mode iSQW. The main reason is thought to be due to calibration
well separated from any QW transition, Ed) shows that errors in the In composition, and a departure from nominal
the associated PR feature is given by the expressions for thbickness in the QW. Clearly, the measurement of the single
Seraphin coefficients, Eq&3) and (4), multiplied simply by  ground-state transition cannot on its own confirm this and
the slowly varying tail of the lineshape fdre; +iAe, given  measurements of all allowed and forbidden QW transitions
by Eq.(5). In such regions the cavity mode PR feature mustare very important. Thus, the fitted experimental transition
have approximately the same line shape as some linear coranergies were compared with the theoretically calculated
bination of the two Seraphin coefficients, E¢8) and (4). ones taking into account the excitonic binding energy and the
Since the actual PR spectra themselves in these regions sh@CSE, as described earlier. The shifts due to the QCSE were
a dip or peak structure, and no trace of a derivative linecalculated for the built-in electric field of 18 kV/cm, as de-
shape, then clearly the contribution to the PR from thetermined from the FKOs.
Seraphin coefficien, Eq. (3), must be negligible, confirm- To try to obtain the best fit between theory and experi-
ing the correctness of our simplifying assumption. The factment, three structural parameters were then adjusted in the
that the cavity mode PR feature is either a dip or a peak itheory: the QW indium concentration the QW widthL,,
such regions can be understood by the fact that the tail of thand the CB offseQ.. A computer program was written to
QW Ae, line shape, by which the Seraphin coefficights  calculate the sum of squares of the differences between the
being multiplied, can be either net positive or negative, detheoretical and experimental QW transition energig3:
pending on the corresponding phase factor in the TDFF, Eq=3 (Equ’— Eg‘ﬁo’ 2IN, the sum being taken over the five ob-
(5). served transitionsN=>5). Naturally, the exciton binding en-

In order to model the PR spectra where several QWergies and QCSE shifts depend »nL,, and Q., so the
transitions are near to the cavity mode feature, it was neceprocess of minimizingy® was iterative. A clear minimum
sary in some cases to represard, by the sum of two inde- was eventually found with a root mean square deviation of
pendent TDFFs, Eq5). For the series of PR spectra from x=3.9 meV, forx=29.0%, L,=89A, andQ.=56.5%, as
23.7 to 27.5 mm only one TDFF was required, to represenshown in Table II. For the excitonic binding energigs[Eq.
the H,; transition. From 27.7 to 35.0 mm, two TDFFs were (6)] the fractional dimensionality parametgEq. (7)] was
used, for theH,; andH , transitions. From 35.5 to 41.0 two typically a~2.4, resulting in a shift of the calculated QW
TDFFs were used foH,3 andH,;. At 41.5 mm only one transitions by—6.0, —5.9, —5.8, —5.4, and—5.4 meV, for
TDFF was used to represent thi, transition. Thereafter, theHq;, Hi», Hi3, Hy, andH,, transitions, respectively.
until 44.5 mm, one TDFF was used to represent the  The corresponding shifts due to the QCSE werel meV
transition. and therefore ignored as negligible. This departure from

The other TDFF parameters in Ep) behaved well in  nominal, in particular the higher indium concentratidy
the fits, with either a negligible variation with position, or ~4%) and the wider wellby ~4 A), implies that there were
only a smooth slow variation. For instance, the linewidthmiscalibrations in the MBE fluxes, as was confirmed later by
parameter was virtually constant for each transition, correthe supplier. These measured QW transition energies can
sponding to HWHM values of 5, 6, 8, 24, and 24 meV for also be used to calculate the gain spectrum of the structure,
theHy, Hys, Hys, Hyq, andH,, transitions, respectively. and from this, the carrier density desirable for lasing in the

Figure 5 summarises the results of the R and PR experisystem.
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VI. CONCLUSIONS QWs. By comparing the positions of measured transition en-

We have studied the resonance between the cavity moaeergies with those predicted theoretically, PR can therefore
provide much information about the active region, such as

and the QW excitons in an |Ga _,As/GaAs/AlAs/AlGaAs I width i train. band offset d |
as-grown VCSEL structure, by conventional R and PR specWe width, composition, strain, band Ofiset, and sample

troscopy by probing different wafer regions. When the CaVityquality. A characterization of VCSEL wafers by these tech-

mode and the QW transitions overlap, the PR signal igﬂques allows one to obtain detailed information about exci-

strongly enhanced, compared with the situation where th%onic and cavity properties. This characterization is abso-

modes are not in resonance. utely essential prior to full processingz in prder to check that
Clearly, the nonuniformity of the present wafer was Verystructures have been grown to specification
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